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Abstract

Data on the light output response of BC-505 liquid scintillator to neutrons ranging in energy from 0.5 to 12MeV have been fitted with

the parameterization of Chou using the GEANT4 toolkit to simulate the response of the scintillators. Excellent agreement is obtained

with the parameters kB ¼ 0:0061� 0:0003 g cm�2 MeV�1 and C ¼ ð1:0� 0:1Þ � 10�5 g2 cm�4 MeV�2.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The measurement of precise photoneutron cross-sections
requires a complete understanding of the response of the
detectors used to detect the outgoing neutrons. An
important component to that understanding is the relation-
ship between the energy deposited in the scintillator
material and the light produced. This depends on the type
of particle depositing the energy and on the type of
scintillator material. Liquid scintillators are often used for
neutron detection because they afford the opportunity to
distinguish between neutrons and photons through the use
of pulse shape discrimination. In the application described
here the liquid scintillator BC-505 was chosen over NE-213
(which has similar particle detection properties) because of
its relatively benign chemical properties which allow it to
be encased in a Lucite cell for easier construction and
handling. However, little information is available on light
output parameters for BC-505 or its equivalent NE-224.
Some information on the light output of protons for NE-
e front matter r 2006 Elsevier B.V. All rights reserved.
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224, in the energy range of interest, has been published by
Madey et al. [1] and Czirr et al. [2]. A description of the
light output response for all particle types is necessary
for complete description of a detector’s response to
neutrons. This work describes the experiments and data
analysis procedure for determining light output parameters
for BC-505.
2. Parameterizations

When exposed to nuclear radiations organic scintillator
compounds emit light in response to the ionization
produced by the incident radiation. This ionization is
produced directly by charged incident particles or indir-
ectly by recoil nuclei or electrons from the interactions of
uncharged incident particles, such as neutrons and g-rays.
When these charged particles lose energy as they pass
through the medium they create a column of ionized and
excited molecules along their paths. A small fraction of the
ionization energy deposited by the particle is then emitted
as light via florescent de-excitations.
In general the light output is not directly proportional to

the energy deposited by the ionizing particle and is found
to depend on the particle type and its energy. This is
particularly true for low-energy particles and for particles
heavier than an electron [3,4].
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Several authors have investigated the light output
response of various scintillator materials using several
models to parameterize the response curve.

Birks [4] uses a parameterization that relates the
differential light output dL=dx to the energy loss
dE=dx;

dL

dx
¼ S

dE

dx
1þ kB

dE

dx

� �� ��1
(1)

where S is the absolute scintillation efficiency and the
product kB is treated as a single constant related to the
quenching of light output.

Chou [5] has proposed an empirical extension to Birks’s
relationship that better fits the observed light output for
scintillators at lower energies;

dL

dx
¼ S

dE

dx
1þ kB

dE

dx

� �
þ C

dE

dx

� �2
" #�1

(2)

where kB and C are adjustable constants.
Wright [6], using a different quenching mechanism, has

derived the following expression for the differential light
output:

dL

dx
¼ S ln 1þ a

dE

dx

� �� �
(3)

where S is a scaling parameter related to the absolute
scintillation efficiency and a is a quenching parameter.

We can write Eqs. (1)–(3) in the general form

dL

dx
¼ Sf

dE

dx

� �
. (4)

For a particle, of energy E, that stops in the material, the
total light output can be calculated from

LðEÞ ¼

Z R

0

dL

dx
dx ¼ S

Z R

0

f
dE

dx

� �
dx (5)

where R is the range of the particle.
It is usually impossible to determine the absolute

scintillation efficiency for a given scintillator, since this
depends on its storage history and its exposure to light and
other radiations. Therefore, the light output LðEÞ is
expressed in terms of the equivalent electron energy Lee

which is the energy of an electron, which stops in the
material, that would give the same light output as seen
from a particular particle. As discussed in Ref. [7],
expressing LðEÞ in terms of equivalent electron energy
folds the absolute scintillation efficiency into the determi-
nation of the detector gain.

The detector gain g relates the detector output A (e.g. an
ADC channel number) to the light output generated by a
particle in the detector. Often a detector is calibrated with
the energy deposited in it by electrons (e.g. by photoelectric
or Compton electrons when a photon source is used). Then
the gain g may be defined by

gAðEeÞ ¼ LðEeÞ � Ee (6)
where LðEeÞ is the light output for an electron of energy Ee.
Since the response of a scintillator to electrons is essentially
linear, we define LðEeÞ to be in units such that it is equal to
the electron energy Ee.
When a particle other than an electron deposits energy E

into the scintillator and a detector response AðEÞ is
observed, then

gAðEÞ ¼ LðEÞ ¼ Lee (7)

where LðEÞ is the light output for that particle which is
equal to the equivalent electron energy Lee, the energy of an
electron that gives the same light output.
When a particle has sufficient energy for it to be

considered a minimum ionizing particle, its energy loss
dE=dxmin, is approximately constant with energy, and
therefore the light output from such a particle passing
through a material of thickness Dx and depositing energy
Emin is in general

LðEminÞ ¼ Sf
dE

dxmin

� �
Dx (8)

while the energy deposited is

Emin ¼
dE

dxmin
Dx. (9)

If the minimum ionizing particle is an electron, the linearity
assumption and the unit definition in Eq. (6) imply that
LðEminÞ ¼ Emin. It is assumed that any particle with
sufficient energy for it to be minimum ionizing will deposit
energy in the material in a similar way to an electron, and
therefore LðEminÞ ¼ Emin applies to all minimum ionizing
particles. Therefore, equating Eqs. (8) and (9) yields

S ¼
dE=dxmin

f ðdE=dxminÞ
. (10)

Inserting this into Eq. (5) we obtain

LðEÞ ¼ Lee ¼
dE=dxmin

f ðdE=dxminÞ

Z R

0

f
dE

dx

� �
dx. (11)

The parameterizations of Birks, Chou and Wright
are further discussed in Ref. [7] for the plastic scintillator
NE-102.
In addition to the above parameterizations that depend

on the specific energy loss, a phenomenological parameter-
ization such as the one used by Cecil et al. [8] has often
been used. For a proton of energy Ep the total light output
is given by

LðEpÞ ¼ Lee ¼ a1Ep � a2ð1� e�a3E
a4
p Þ (12)

where a1, a2, a3, and a4 are parameters which must be
determined from fitting data. With this formulation the
light output for particles other than protons must be
estimated using a phenomenological scaling.
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3. Experiments

Light output parameters for BC-505 liquid scintillator
are needed to describe the response of neutron detector
cells, each of which consist of a Lucite box filled with BC-
505 and coupled to a photomultiplier tube via a Lucite
light guide. Eighty four of these cells formed a neutron
detector array [9] that was used at the Saskatchewan
Accelerator Laboratory (SAL) tagged photon facility [10]
for a precision measurement of the gp! npþ cross-section
near the pion threshold by detecting the recoil neutrons
[11]. Eighty eight of these cells now form a large acceptance
neutron detector array known as Blowfish [12] which is
currently being used at the Duke University High Intensity
Gamma Source (HIGS) [13]. This detector has a spherical
arrangement of the BC-505 cells at a radius of 40.64 cm
resulting in a geometrical acceptance of about 25% of 4p sr
for detecting neutrons emanating from the centre of the
sphere. This detector has so far been used in a measure-
ment of 2Hð g!;nÞ where neutrons with energies as low as
160 keV were detected [12].

An accurate simulation of the BC-505 cell to determine
its efficiency for detecting neutrons over a wide energy
range requires a knowledge of light output for all particle
types with energies as low as 0.05MeV.

The results of two experiments were analyzed to
determine light output parameters for BC-505 over a wide
energy range.
(1)
 A 16-cell subset of the original 84-cell array was used in
an experiment carried out at the meson channel M13 at
TRIUMF to measure the absolute efficiency for
detecting the 8.9MeV neutrons from the (stopped p�)
p�p! ng reaction. As part of this experiment, the
liquid hydrogen target used for the stopped p�

measurement was replaced with a carbon target and a
range of neutron energies was produced from quasi-free
absorption of the stopped pions by the carbon nucleus.
The neutron energy was then determined from time-of-
flight. The result was a set of pulse height spectra from
neutrons with energies from 6 to 12MeV along with the
spectrum from the 8.9MeV tagged neutron spectrum.
This experiment was reported in detail in Refs. [9,14].
(2)
 A 252Cf source placed in a fission chamber located in
the centre of the Blowfish detector was used as a source
of low-energy neutrons. The neutrons were ‘‘tagged’’ by
detecting the recoil fission fragments using a parallel
plate ionization chamber. In this way the energy of the
neutrons could be determined from time-of-flight and a
set of light output pulse height spectra was obtained for
neutron energies between 0.4 and 1.3MeV. This
measurement is reported in detail in Ref. [15].
For the SAL and TRIUMF experiments a specialized
Monte-Carlo code (NPS) [14] was used to simulate the
interaction of neutrons with the detector. That code used
the nuclear cross-sections taken from the ENDF/B-VI
library [16] and used the light output parameterization of
Cecil (Eq. (12)). These parameters were adjusted so that the
simulation fitted the experimental light output spectra.
For the fission chamber measurement with Blowfish the

CERN GEANT3 Monte-Carlo simulation suite [17] was
used along with the ENDF/B-VI nuclear cross-sections
[16]. It was found that the Cecil light output parameters
found from the higher energy TRIUMF measurement did
not give a good description of the light output spectra at
the low energies of this measurement. A new set of Cecil
parameters was found that fitted the low energy data and
excellent fits to the shape of the light output spectra were
obtained [15].
It was this discrepancy between the low energy and high

energy light output parameters that prompted this work.
We wish to find a description for the light output from BC-
505 that will be applicable over a wide energy range. As
well we would like to have a description that will allow the
calculation of light outputs for all particle types.

4. Simulations

Both experimental configurations described in the
previous section were simulated using the GEANT4 toolkit
[18] version 7.0. The hadronic interactions were modelled
using the ‘‘LHEP_PRECO_HP’’ physics list which uses
evaluated data for modelling the interactions of neutron
with energy less than 20MeV. It uses the Wellisch–Axen
systematics for the calculation of nucleon–nuclear reaction
cross-sections in the Giant Resonance region.
The light output description of Chou (Eq. (2)) was

chosen. This two parameter fit allows a better description
of the light output curve at low energies than was possible
with the one parameter Wright description (Eq. (3)). The
Chou formula also allows a description for all particle
types without the phenomenological scaling required by the
Cecil parameterization.
The light output for a given set of parameters kB, and C

were calculated using numerical integrations techniques
using specific energy losses calculated from the Bethe–-
Bloch formula, with appropriate shell corrections at low
energies. This specific energy loss calculation has been
shown to be accurate to within 2% [7].The calculated
specific energy loss for minimum ionizing particles for BC-
505 of dE=dxmin ¼ 2:00MeV=ðg=cm2Þ was used in the
calculation of the light output. It has been shown that the
light output is relatively insensitive to the value of this
parameter [7]. Tables of light output curves were generated
for all the most likely charged particles generated by
neutron interactions with BC-505. These include: 1H, 2H,
3H, 3He, 4He, 8Be, 9Be, 10Be, 12C, 13C, 16O. A GEANT4
class uses these tables to interpolate light output for all
particle types encountered during tracking.
To match the experimental resolution the light output, Lee,

in the simulation was smeared by the following function:

Lsmeared ¼ Lee þ Rðs1Þ þ Rðs2Þ
ffiffiffiffiffiffiffi
Lee

p
(13)
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where RðsÞ is a random number sampled from a normal
distribution that has centroid zero and standard deviation s,
with s1 ¼ 0:005MeV and s2 ¼ 0:077 ðMeVÞ1=2. In addition
the neutron time-of-flight was smeared with a time resolution
sampled from a normal distribution with standard deviation
st ¼ 0:25 ns to match the experimental conditions.

In a reexamination of the TRIUMF data two observa-
tions were made: first, in the original analysis, the data
points that were fitted to obtain the Cecil parameters were
obtained by finding the inflection point (where there is a
zero in the second derivative) in the end-point of the light
output spectrum from incident neutrons of known energy.
This inflection point was assumed to be equal to the light
output from the maximum energy recoil proton. This
procedure was checked using the simulation. For the
8.9MeV tagged neutrons it was found that the inflection
point in the end-point of the simulated light output
spectrum agreed very well with that expected from the
known light output curve that was an input to the
simulation (Fig. 1a). However, for the light output spectra
generated from neutrons with energies in �1MeV bins, the
inflection point was consistently lower than that expected
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(Fig. 1b,c). Second, an error in the energy calibration was
discovered that required an adjustment of the light output
spectra obtained from that experiment. The energy-
corrected light output spectra were used in the analysis
reported here.

The two parameters kB and C in Eq. (2) were adjusted to
find the best fit of the simulation to the experimental data
from both the TRIUMF and Blowfish fission chamber
measurements. The best fit was found by minimizing the w2

between the simulation and the experimental light output
spectra near the end points.

5. Conclusions

The best fit to the available light output data for neutrons
in BC-505 using the Chou parameterization was found with
the parameters kB ¼ 0:0061� 0:0003 g cm�2 MeV�1 and
C ¼ ð1:0� 0:1Þ � 10�5 g2 cm�4 MeV�2, while using the cal-
culated specific energy loss for minimum ionizing particles
in BC-505, dE=dxmin ¼ 2:00MeV=ðg=cm2Þ.

GEANT4 simulations, using the above parameters for
the light output, are shown along with the experimental
data in Figs. 2–4. It can been seen that there is excellent
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Fig. 5. The light output curve for protons in BC-505, plotted on a linear

(a) and a log scale (b). The solid curve is the Chou parameterization using

the best fit light output parameters noted in the text. The solid circles are

the NE-224 data from Madey et al. [1]. The open squares are the NE-224

data from Czirr et al. [2]. (There are no error bars quoted by Czirr et al.)

The dashed line is the Cecil parameterization quoted by Madey et al.
agreement between simulation and experiment near the
end-points of the light output spectra.
The light output curve for protons, calculated using the

above parameters, is plotted in Fig. 5 along with the NE-
224 data from Madey et al. [1] and Czirr et al. [2]. It can be
seen that our parameterization is in excellent agreement
with the earlier light output data. For comparison the Cecil
parameterization quoted by Madey et al. is also plotted.
This parameterization for the light output is a vital

component of ongoing studies aimed at understanding the
efficiency of BC-505 scintillators for detecting neutrons,
which in turn is needed for planned absolute photoneutron
cross-section measurements over a wide energy range using
the Blowfish neutron detector array.
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