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Abstract
A continuing problem in nuclear physics research and medicine is the accurate
detection of neutrons for radiation protection purposes. The detector most commonly
used for this purpose is the REM counter. This is a detector based on a proportional
counter that is sensitive to thermal neutrons, embedded in a moderator. However,
these detectors are prone to underestimation of the neutron fluence in highly intense
neutron fields, specifically those in which a Pulsed Neutron Field (PNF) is present.
The LUPIN-II is the latest iteration of the LUPIN (Long-interval, Ultra-wide dynamic, PIle-up free Neutron REM counter) system. The improvements present in this
iteration of the LUPIN are the capability to cope with higher intensity PNFs and a
greater ability to distinguish neutrons from photons. Further improvements have been
implemented, however, in both of these capabilities. Through the use of correction
algorithms, detector performance has been improved without a major redesign. This
is made possible though the use of an FPGA (Field Programmable Gate Array) in the
read out electronics of the detector, allowing additional algorithms to be programmed
in. This is important, as particle accelerators used in research provide increases in energy and beam intensity which in turn result in a more intense secondary neutron field
during beam losses. The bulk of these accelerators are synchrotrons, which produce
intense neutron bursts during losses due to their working principle. This means that
a detector used for radiation protection in these fields must be capable of accurately
measuring intense PNFs.
Another algorithm implemented in the LUPIN-II also allows the detector to distinguish between neutrons and photons with a high degree of accuracy. Experimental
testing has shown that this algorithm is effective in separating the photon and neutron
components.
Simulations were also performed to characterise the response of the LUPIN-II versus neutron energy, an important part of the REM counter system. Finally, simulations
were also run to determine the time profile of the neutron burst interaction, which is
important for future improvement of the algorithm introduced to expand the LUPIN-II
capabilities to cope with intense PNFs.

KEYWORDS: Proportional counter, Radiation Protection, Neutron, Geant4,
Monte Carlo, REM counter
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Chapter 1
Neutron detector Physical
Principles and Literature Review
1.1

Neutron interactions with matter

There exists in Nuclear Physics two main classifications of ionising radiation: Charged
and Uncharged particles. Charged particles, when passing through matter, lose energy
in continuous interactions with the material. For electrons, this takes the form of
Bremsstrahlung energy losses and Rutherford scattering (which is a point interaction);
while protons and heavy charged particles form a track of secondary ionisations within
the material, depositing energy along their track with more energy deposited at the
end in a Bragg Peak[1].
Uncharged Particle radiation, however, undergoes discrete interactions. For photons, these interactions are Compton scattering, pair production and the photoelectric
effect. Neutrons lose energy via Elastic and Inelastic scattering only. Additionally, uncharged radiation cannot be detected directly. Only the products of interactions can
be detected, complicating this process. Due to the stochastic nature of neutron interactions, they may travel a length greater than that of charged radiation (of the order of
1

2
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centimetres) in a material before undergoing an interaction with the material. Then,
depending on the energy of the incident neutron, it may undergo elastic or inelastic
scattering (greatly changing the energy and direction of the neutron) or neutron capture, altering the atomic mass of the target atom and producing secondary radiation.
Examples of neutron capture reactions are

10

B(n,α)7 Li and 3 He(n,p)3 H, which pro-

duce secondary particles that, importantly, are detectable by conventional detection
methods (e.g. ionisation chambers or semiconductor detectors). The case of

10

B is an

interesting and an important one, as it has two possible outcomes. The products of
the reaction may be in the ground or an excited state. The Q-value, or the energy
imparted to the reaction products by the decay of the boron atom, changes based on
which branch the reaction products take (as some of the energy goes to exciting the
reaction products instead of being imparted as kinetic energy). Thus, this reaction
produces either 7 Li + α with a Q-value of 2.792 MeV, or 7 Li* + α with a Q-value of
2.310 (where * denotes the excited state). For this example, the lithium is produced
in the excited state with a probability of 94%.
This secondary radiation used in neutron detection is primarily composed of heavy
charged particles, whether they are products of a nuclear process (such as a decay) of
the excited nucleus after a neutron is absorbed, or a nucleus itself, which is given energy
by the incident neutron (in the case of a recoil Hydrogen atom). While neutron capture
often produces gamma rays as reaction products, these are not as easily detected as
charged particles and therefore these reactions are rarely used for neutron detection.
Elastic scattering can take place in two distinct ways: ’potential’ and ’resonance’
elastic scattering. The first case and most likely case is that in which the neutron
and the target nucleus never ’touch’, instead the interaction is via short range nuclear
forces as the neutron approaches the target, which gives this case the name ’potential
elastic scattering’. In the second case, known as ’resonance elastic scattering’, the
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Figure 1.1: Cross section of neutron scattering interactions vs. neutron energy for different
light elements. Dotted lines are the absorption cross section while the full lines are scattering
cross sections.[2]

target nucleus absorbs the neutron and then re-emits it, remaining in the ground
state and only altering the neutron’s kinetic energy and direction. The amount of
energy imparted to the target nucleus is dependent on the atomic weight, meaning
that neutrons will impart the most energy (up to the neutron’s full initial kinetic
energy) to 1 H atoms. A plot of the cross section of neutron scattering interactions
with 1 H is shown in figure 1.1.
When a neutron undergoes Inelastic scattering, it is absorbed by the target nucleus
and re-emitted, but with some of the energy being passed to the target nucleus thus
leaving it in an excited state. The target nucleus will subsequently emit one or more
secondary photons to reach its ground state. Due to its nature, this is a threshold
interaction as the incident neutron must have the energy required to excite the nucleus, and the neutron will lose more energy than in an elastic scattering reaction.
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Figure 1.2: Example cross section for the reactions 3 He(n,p), 6 Li(n,α) and 10B(n,α).[6]
This reaction is not useful for neutron detection, as the energy imparted to the recoil nucleus is not all kinetic, which is what can be observed initially by a detector.
Additionally, the secondary photons emitted to reach the ground state contributes
to gamma background and effects detector performance if the detector is sensitive to
gamma radiation.
In order to describe the interaction of neutrons with matter in practical situations,
it is necessary to consider the macroscopic cross section, which integrates the different interactions possible for a neutron moving through matter[3]. The macroscopic
cross section Σt is defined as Σt = N σt where N is the atomic density and σt is the
total microscopic cross-section. For material containing multiple elements, the total
macroscopic cross-section is the sum of the individual macroscopic cross sections of
each element. An example plot of the cross section of interaction of neutrons for three
reactions commonly used in radiation detection is shown in figure 1.2.
Two more physical mechanisms which are important to neutron detection are (γ,n)
reactions and pair production. Pair production is when a photon of sufficient energy
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Figure 1.3: The mechanism of pair production.[4]
spontaneously generates an electron-positron pair when near an atomic nucleus (see
figure 1.3, which can be significant in neutron detection when it occurs within the
detector sensitive volume and generates a signal simulating a neutron interaction. An
example of this is in detectors using Li when the Q-Factor of the 6 Li(n,α)3 H reaction
(4.78 MeV) may be exceeded by the energy deposited by

16

N photons (6.13 - 7.11

MeV).
When a high energy photon interacts with an atom it may excite the nucleus such
that a neutron is emitted, called a ’photoneutron’ (see figure 1.4). This reaction may
be problematic for neutron detection, as the photoneutron will be indistinguishable
from the neutrons making up the radiation field. It can undergo detection in the
same way, and will artificially increase the detector reading. This reaction can take
place in various materials used in the construction of neutron detectors (e.g. C, H and
Pb). Therefore this physical mechanism can potentially cause problems for neutron
detection in fields containing high-energy photons.

1.1. Neutron interactions with matter

Figure 1.4: The mechanism of photoneutron generation.[5]
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Neutron Detector Literature Review

The nature of neutrons’ interactions with matter presents a problem for their detection.
In order to effectively detect neutrons, many detector systems include a conversion
material, which provides a secondary particle of known parameters to be detected by
the system (e.g. Boron-neutron capture). However, there is still the problem of the
cross section of neutron interactions, which vary greatly with energy. This means that
for any neutron detector, the specific energy spectrum of the field in which it must
be used must be taken into account. In addition, many neutron detectors are based
around the neutron capture reaction, which has a maximum probability when the
neutron is at thermal energy (0.025 eV). To allow these detectors to be used in fields
containing higher energy neutrons, the use of a moderator is required to thermalise or
lower the energy of the neutrons to thermal to increase the probability of a neutron
capture event within the detector.
For photons, many different methods have been developed for detection, which
are not a part of this work. For neutrons, however, a limited number of detection
modalities exist, primarily based on the neutron capture reaction in different materials.
Other detectors can be based on detecting the recoil nucleus after a neutron scattering
reactions, and can therefore be used for fast neutron detection to the detriment of
their ability to detect thermal neutrons.
These detection methods for neutrons can take the form of active detectors (those
that measure in real time) or passive detectors (those that require read-out and processing after a measurement is completed). Examples of active measurement techniques
include gas detectors (proportional counters and ionisation chambers), scintillators and
solid-state devices. For passive applications, activation foils and TLD detectors are
the most common examples. The obvious downside of passive detectors is that they
do not give an immediate measurement of the radiation field, making them unsuitable
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for many applications, but do not experience dead-time effects or detector flooding
easily. Equally, active detectors may lack the ability measure low-intensity fields, due
to measurement time required to obtain accurate measurements, while passive detectors can be placed to acquire for long periods. As this work focuses on active detectors
due to their real-time detection advantage, passive detectors are only briefly reviewed.
A passive method for measuring neutron radiation is the Track or Track-etch
detector[7]. This detector consists of a thin piece of dielectric material, which is damaged by the transfer of energy to electrons in the material by incident charge particle
radiation. If the energy transferred is high enough, the ’track’ of damaged molecules
may be enlarged by etching with acid, to the point where it is visible under a microscope. The threshold of energy loss (-dE/dx) is high enough that gamma and beta
radiation will always be too low to create a track, making these detectors insensitive
to gamma and beta radiation. Most materials are also insensitive to lightly ionising
radiation such as protons, however it is possible to use track detectors in these fields
if the correct material is chosen. Once etched, the tracks can be counted manually or
via an automated system.
An unfortunate downside of the etching process is that most information regarding
the properties of the incident radiation is lost, though it is possible to determine some
information about the radiation from the shape of the track, especially if the radiation
type is known. A conversion material must be applied to the detector in order to
detect neutrons, however. For thermal neutrons, 10 B or 6 Li may be used to convert the
neutrons to charged particles via 10 B(n,α)7 Li or 6 Li(n,α)3 H neutron capture reactions.
The resulting reaction products may then be measured by a track detector capable of
detecting protons and alpha particles. Alternatively, fissile material may be used to
generate fission products detectable by a track detector.
Or particular interest for this work is the application of track detectors to radiation
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protection. The first problem is that a converter-coated track detector is sensitive only
to thermal neutrons, except for a possible low sensitivity to recoil protons generated
by interactions with fast neutrons in the case of track detectors containing Hydrogen.
This can be remedied by using a moderator to thermalise the neutrons and allow their
detection by the track detector. The other major problem is that a track detector
will not provide information about the energy of the incident neutrons. Therefore, in
order to determine the ambient dose equivalent (H*(10)), the neutron spectrum must
be known.
A solution that allows the track detector to be used in unknown neutron fields
is to use a moderator to alter the response of the detector versus neutron energy to
match the curve of the conversion coefficient from fluence to H*(10) versus neutron
energy[8]. This is also used in the active detector type known as a REM counter,
discussed in detail later in this chapter and which is the subject of this work. The
response of the moderator will meant that the detected neutron fluence will be preweighted and therefore only a single conversion factor is required to obtain the H*(10).
One such device was designed by Agosteo et al., with a CR39 track detector coupled
with a boron converter for detection of thermal neutrons embedded into a moderator
made of polyethylene and also containing lead and cadmium, of diameter 33.2 cm.
This moderator will be discussed more thoroughly later in this chapter as the LUPIN
moderator, however the response function is shown in figure 1.5.
The optimum etching conditions were determined as a procedure carried out at 98◦
for 40 min using a 6.25 M NaOH solution. This allowed the tracks to be counted by two
different optical read-out systems, without over-etching and potentially losing tracks.
The calibration factor for the system was found to be 7.90 ± 0.97 µSv/(track/cm2 )
at Politecnico di Milano using a 5 Ci PuBe source. It was also determined that the
detection threshold was 1.9 µSv. Detectors from the same batch showed differences in
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Figure 1.5: Response of the passive REM counter system versus energy, as calculated with
MCNPX Monté Carlo code. Also plotted is the curve of the calibration factor from fluence
to H*(10) versus neutron energy. [8]
calibration factor of up to 3.3%, while a difference of 20% was observed for detectors
from different batches.
Agosteo et al. conducted an intercomparison measurement in two different neutron
fields at GSI Darstadt (Germany) and at the CERF facility at CERN (Switzerland)[9].
At GSI, measurements were taken with the track detector system and with other commercially available REM counters including the LINUS, a radiation protection instrument discussed later in this chapter. The measurements at CERF were conducted only
with the LINUS and the track detector system. All detectors gave a reading of H*(10),
and the average of the commercial REM counters was compared to the reading from
the track detector system.
The passive REM counter based on a track detector was seen to agree with the
commercial devices within experimental error, as shown in table 1.1. Agosteo et al.
concluded that the device has applications in radiation protection as a passive area
monitor. Two important advantages were noted: the CR39 is insensitive to photons,
meaning that it can be used in mixed fields with a large photon component; and
that the time structure of the field has no influence on the detectors capability, as
it is a passive device. A caveat to the first advantage which should be noted is that
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while insensitive to photons itself, the CR-39 will detect any neutrons produced in the
moderator materials. The second advantage is important to note in regards to this
work, as commercially available REM counters have difficulties with high intensity
neutron fields. The downside of this detector type is its passive capabilities, as no
information about the radiation field can be obtained before the etching and read out
process.
Table 1.1: Comparison of measurements with the LINUS and passive REM counter. The
measurements were normalised to one beam monitor unit (pic). [8]

The bubble detector is another passive detector, able to measure fast neutrons[7].
In this detector, drops of ’superheated’ liquid are suspended in a gel or polymer matrix. The liquid is held in this ’superheated’ state by manipulation of the pressure and
temperature: this means that the liquid drops are in a state that is ready for vaporisation but require the input of energy in order to vaporise. The energy provided by
a secondary charged particle produced by incident fast neutron radiation is sufficient
to cause a droplet to vaporise. However, thermal and intermediate energy neutrons
do not have sufficient energy to cause a vaporisation in this configuration. In order
to make the detector sensitive to thermal neutrons, a material must be introduced
to convert the incident neutrons to charged particles: for example, if the gel used
contains chlorine, the reaction

35

Cl(n,p)35 S will give a recoil Sulphur ion of 17 keV,

providing the energy to vaporise a drop. The choice of the gel and fluid is such that
the gel itself is optically transparent, with liquid droplets of diameter 100 µm. When
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a drop is vaporised, the resulting ’bubble’ created in the gel has a diameter of the
order of 1 mm, and therefore is optically visible in the gel. A count of the number of
bubbles visible after a measurement, either manually or with an optical scanner, gives
a measure of the fluence of neutrons, as long as the sensitivity of the detector is well
known.
In order to use bubble detectors for radiation protection, the measurement must
be converted to neutron dose equivalent. This means that, ideally, the detector should
produce "one bubble per unit neutron dose, independent of neutron energy"[7]. This
would allow the use of a bubble detector in a neutron field with unknown spectrum,
instead of requiring a known spectrum to determine an average calibration factor for
that measurement. Errico et al. determined that it is possible to create a detector
such that the response versus neutron energy follows the curve of the conversion factors
from fluence to ambient dose equivalent versus neutron energy, through the choice of
gel and drop liquid[10]. This means that only a single calibration factor is needed
to convert the number of bubbles to the ambient dose equivalent from neutrons in
that field. Figure 1.6 shows an example response of a bubble detector calculated with
MCNPX by Errico et al., as compared to the curve of conversion factors from neutron
fluence to ambient dose equivalent versus neutron energy. It can be seen that they
match well, especially in the region above 100 keV.
Bubble detectors have a sensitivity of the order of a few bubbles per µSv. They are
limited in terms of the lack of sensitivity to low-energy or thermal neutrons without
additional design considerations and their passive capabilities. It is possible to build an
active neutron detector using a bubble detector by placing acoustic transducers onto
the detector, however care must be taken in terms of ambient sound and movement[11].
There are additional limitations for the passive version in that optical read-out of
the detector may not count bubbles that are obstructed, restricting the intensity of
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Figure 1.6: Response of a bubble detector based on halocarbon-12 as compared to Lagrange interpretation of experimental points (circle ◦ markers) and the conversion curve
from neutron fluence to ambient dose equivalent (H*(10)) versus energy. Here, ’SDD’ refers
to ’Superheated Drop Detector’, an alternate name for bubble detectors. [10]

neutron field in which the detector can be employed. Similarly, the active version
is limited in that the bubbles must be forced to liquidise out of the neutron field,
giving the detector a limited life time before they must be ’reset’; this will of course be
dependent on the intensity of the neutron field. The declining number of drops as the
detector is irradiated also has the effect of decreasing the sensitivity of the detector,
however it is possible to compensate for this electronically if the starting number of
drops is known. Due to the properties of the detector, the sensitivity is also dependent
on ambient temperature, with a variation of 5% per ◦ C for the most common bubble
detectors[7].
Guiying et al. conducted a study on the use of bubble detectors as a passive personal dosimeter in 2011[12]. The primary concern was the ability to have reproducible
results after re-liquidation of the drops and to avoid the need for cryogenic facilities
for the re-liquidation process. The condensate matrix was formed using a pressure
reactor capable of withstanding a pressure of 10 bar, and the superheated drops were
distributed using computer controlled system. This system allowed quantities of the
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superheated fluid to be injected into the matrix in quantities from 0.1 µL to 2 mL
with an uncertainty of 20 %. Tests were then run on the detectors under laboratory
conditions, to determine stability and reproducibility of the detectors.
The stability was tested by irradiating the detectors with neutrons from a

252

Cf

source, then manually determining the number of bubbles. The drops were then reliquefied. This was performed on 6 different detectors for 7 irradiations. The relative
standard deviation of the number of observed bubbles was found to be 13.3%, and
therefore the detectors were concluded stable. In a similar test, 5 detectors were
irradiated 4 times with a 10µSv dose, and the confidence interval determined. The
value of the standard deviation plus the confidence interval, and divided by the mean
of the measurements was determined, with the maximum value being 15.7%. It was
concluded that the detectors gave reproducible results, as Guiying et al. stated that the
value must be under 25% according to ISO. Further testing showed that the bubbles
produced in the detector was linearly proportional to the dose, and that consistency
was maintained in-batch.

Figure 1.7: Number of bubbles observed versus neutron dose, as measured by Guiying et
al.[12]

Experiments were then performed at a production line of neutron sources at Atomic
Hi-Tech Co., LTF, Beijing. Three positions were measured, with neutron dose rates
of 1.7, 120 and 34 µSv/h and accompanied by a gamma field. This was due to the
production of Am-Be and Po-Be sources at the facility. The results showed that
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the dose threshold for detection was 2 µSv, and that the in-batch and inter-batch
consistency was satisfactory, within 15% uncertainty. The dose was again found to be
linearly proportional to the number of bubbles observed, as shown in figure 1.7. Thus,
Guiying et al. concluded that the bubble detectors performed satisfactorily to be used
as passive personal dosimeters. However, real-time measurement was not attempted
and could prove problematic.
Ionisation chambers can be used to detect neutrons in different ways depending
on the fill gas and mode of operation[14].

3

He gas can be used to detect neutrons

through the 3 He(n,p)3 H capture reaction, with the energy of the incident neutron
found as full energy peak pulse height minus 0.764 MeV provided as the Q-value of
the capture reaction. If light elements such as H or He are used, the recoil products of
neutron scattering reactions can be used as the detection reaction. However, the mode
of operation determines the measurable quantity. If used in pulse (voltage) mode, it
is possible to obtain pulse-height spectra and therefore the energy spectrum of the
neutron field; however the long charge collection time and pulse shaping time means
the detector is easily subject to pulse pile up and the low pulse amplitude can cause
problems with noise, especially in mixed radiation fields. If used in current mode,
the problems related to pulse shaping are avoided, but the detector loses the ability
to distinguish between neutrons and gamma via pulse discrimination. In terms of
radiation protection, this means that ionisation chambers must be used in stationary
positions (unless embedded in a moderator, which is discussed in more detail later in
this chapter), so that the neutron energy spectrum can be obtained (via measurement
or Monté Carlo simulation) and a quantity relevant to radiation protection can be
obtained, such as ambient dose equivalent (H*(10)).
Matysiak et al. used a 3 He ionisation chamber to measure the neutron spectrum
around a 7 Li(p,n) neutron source, up to energy 2 MeV[15]. In order to measure the
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spectrum, the detector was operated in pulse mode and the pulse height distribution
was determined. Due to the high sensitivity of the system to low energy neutrons (due
to 3 He(n,p)3 H reactions), it was necessary to exclude the low energy portion of the
spectrum. This was done by using a proton chopper and determining the epithermal
part of the spectrum via the Time Of Flight (TOF) of the neutrons.
It was experimentally determined that the fast neutron yield of the field remained
unaffected by the introduction of the proton chopper and that the chopper and TOF
method was effective in reducing the epithermal part of the measurement. The requirement for such a method is a strong limitation of this device, however, as measurements
in a facility without this experimental set up would be impossible.
Another ionisation chamber design for detection of neutrons is that of a ’standard’
ionisation chamber, for detection of charged particles, with a coating of a converter
material such as boron or lithium. In this way, thermal neutrons can be detected after
undergoing capture reactions with the coating. An example is that used by Salvat
et al. for detection of ultra-cold neutrons (energy 100 neV)[16]. The measurements
undertaken were to compare the performance of a 3 He ion chamber with that based
on a converter coating. The fill gas for the boron device was CF4 . Both devices were
used to measure simultaneously to compare the efficiencies of both detectors.
Measurements with a

252

Cf source showed that the efficiency of the 3 He device

was (94 ± 8)% of that of the boron coated device. Thus both methods show similar
performance for ultra-cold neutrons. The limitation of the method of using a converter
coated device is of course that it cannot be used to detect higher energy neutrons, while
the limitations of the 3 He device remain the same as above.
Scintillators may also be used to detect neutrons, either by the introduction of
a conversion material such as

10

B for thermal neutrons or by the detection of recoil

protons in the case of fast neutrons. For the slow neutron scintillation detectors,
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the neutron capture reactions
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B(n,α)7 Li and 6 Li(n,α)3 H can be used to convert the

neutrons to detectable charged particles, which will then produce light pulses in the
scintillator. However, these elements will increase the opacity of the scintillator, and
therefore care must be taken that the light yield is not too effected. These detectors
will also be sensitive to gamma radiation, presenting a further problem for measurements in a mixed radiation field. In comparison to gas detectors discussed later, the
secondary electrons deposit all their energy in the scintillator, while only part of the
energy from a gamma interaction will be deposited in a gas detector. In the case
of a lithium scintillator, additional problems are introduced due to the complicated
handling procedures required as lithium is highly chemically reactive.
Fast neutrons can be detected by scintillators containing lithium using the reaction
6

Li(n,n’d)4 He, or 3 He scintillation chambers. The 3 He devices have a low light yield

however, and in the lithium device the reaction (which is dominant at neutron energies
2.5 MeV) produces a lower energy neutron (n’) which undergoes further interactions in
the scintillator. By designing a scintillator containing light elements such as 1 H, 2 H or
He the recoil nuclei. Hydrogen is the most common choice due to the higher amount
of energy transferred to the nucleus from the neutron during a scattering reaction.
The recoil nucleus will then behave as a charged particle, generating a light pulse in
the scintillator. This means that fast neutrons can be distinguished from background
gamma radiation, however it becomes more difficult to discriminate between neutrons
and gamma as the incident neutron energy decreases. The advantage of detecting
recoil products is that spectroscopy can be performed, as the energy imparted to the
product (and therefore the light pulse height) will be a fraction of the incident neutron
energy (on average, half of the incident neutron energy in the case of 1 H). If a liquid
scintillator system is used, it is possible to use pulse shape discrimination to eliminate
the gamma contribution to the detector output[14]. The ability to perform spectrom-
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etry is important for radiation protection applications, as the neutron energy must
be known to determine the ambient dose equivalent. However, in order to correctly
calculate the H*(10) for a given neutron field, the detector response versus neutron
energy must also be known, to obtain a true neutron fluence reading.
A detector for dosimetry around high-energy particle accelerators was developed by
Sato et al. using a combination of a liquid organic scintillator and ZnS(Ag) scintillator
system[21]. The liquid organic scintillator is used to detect high energy neutrons via
recoil reactions, and the ambient dose equivalent (H*(10)) is calculated from this measurement via a function relating H*(10) to the neutron spectrum. In order to detect
low energy neutrons, the ZnS(Ag) sheets were doped with 6Li to convert the neutrons
to α-particles. The signal from both scintillators was amplified by a photomultiplier
and were possible to discriminate via pulse shape analysis.
In order to determine the H*(10) from the high energy component of the neutron
spectrum, the ’G-Function’ was used to convert the measurements from the liquid
organic scintillator to a H*(10) value. This ’G-function’ relates the output from the
scintillator directly to H*(10) by incorporating the response function of the scintillator versus neutron energy and the curve of the conversion coefficients from neutron
fluence to H*(10) versus neutron energy. The response function of the scintillator was
calculated via a Monté Carlo code. The H*(10) for low energy neutrons was measured
with the ZnS(Ag) scintillator using a calibration factor determined empirically. Testing showed that the lower neutron energy limit of the liquid organic scintillator was 1
MeV, below which the light produced was indistinguishable from those due to gamma
radiation.
Several neutron fields were measured using this detector, with the measured H*(10)
being compared to that measured by the scintillator system, as well as EISO , the effective dose conversion coefficient for the isotropic radiation geometry. The results of

1.2. Neutron Detector Literature Review

19

Table 1.2: Results of measurements by Sato et al. using scintillator detector system. Uncertainties were 20%.[21]

the measurement by Sato et al. is shown in table 1.2. It can be seen that the values
for the estimated and measured values agree well within experimental uncertainties
(which were 20%). The differences in the values for the 65 MeV neutron field were
thought to be due to the simulated light output being larger than that observed experimentally. While a promising detector, it remains unproven in high intensity neutron
fields, especially Pulsed Neutron Fields. Further testing would also be necessary to
determine the ability to discriminate neutron and gamma radiation at low incident
neutron energy.
Another scintillator device for neutron detection is that developed by Brooks et al.,
which is a compact neutron spectrometer[22]. This detector consists of a cylindrical
NE213 liquid scintillator of diameter 5 cm and height 5 cm, fixed to a RCA 8575
photomultiplier. In this detector system pulse shape analysis was used to determine
the neutron spectrum from 2-200 MeV, instead of the usual pulse height analysis.
This method allows the spectrum to be determined without requiring the majority
of the reaction products to deposit all their energy in the scintillator, allowing the
use of a detector with smaller dimensions. Measurements were taken of neutron fields
generated by bombarding metallic targets with 200 MeV protons. The detector output
was processed by a pulse shape discriminator, with the results stored and processed
offline. A sample of the analysis is shown in figure 1.8.
From a series of analysed measurements such as that shown in figure 1.8, an ’LS
signature’ was derived. The neutron time-of-flight (TOF) was also recorded, so that the
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Figure 1.8: Number of counts versus pulse height (L) and pulse shape (S) for neutrons from
180-200 MeV. The ridges (e), (p) and (d) refer to escaping ions, non-escaping protons and
non-escaping deuterons respectively. Non-escaping α particles are also labelled.[22]

neutron spectrum for this measurement was known. This allowed an analytical method
to be developed to determine an unknown neutron spectrum from the information in
the pulse shape analysis.
An neutron field was then measured using the compact scintillator, and a Bayesian
unfolding method was used to determine the spectrum from the pulse shape analysis.
A comparison of the one of the neutron spectra obtained from the compact scintillator
and from separate neutron TOF measurements is shown in 1.9. It can be seen that the
compact scintillator agrees well with the TOF measurements at low energies, however
it starts to deviate at higher energies. This was thought to be due to low statistics
for the determined parameters for the device. The ambient dose equivalent values
for the measurements were determined from the spectral fluences, and the compact
scintillator was found to be able to measure H*(10) to an accuracy of 4-9%. However,
it is not able to do this measurement online, as significant post-processing is required
to get these values.
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Figure 1.9: Neutron spectrum obtained by TOF measurements and the compact scintillator
(CS) by Brooks et al. from a Be target bombarded by 200 MeV protons.[22]

Semiconductors may be used to detect thermal neutrons if a converter is used to
capture thermal neutrons and emit secondary particles more easily detectable by the
semiconductor. One such semiconductor/converter system is the thin film semiconductor. The basics of using semiconductors for detecting thermal neutrons coated with
a thin film for conversion of neutrons are outlined by McGregor et al. [17]. In this
process, a semiconducting diode is coated in thin film of conversion material (commonly Lithium or Boron) and the products of the neutron absorption reaction is then
detected by the semiconductor, as one would normally detect charged radiation. In
the two cases outlined by McGregor et al., the reactions used are the
6

10

B(n,α)7 Li and

Li(n,α)3 H reactions; thus reaction products to be detected are the heavy ion and alpha

particles. Other reactions that may be used are 157 Gd(n,γ)158 Gd and 113 Cd(n,γ)114 Cd
reaction, which both have high thermal neutron reaction cross-sections, of 240 000 b
and 20 000 b respectively (compared to the cross sections of 940 b for the Lithium
and 3840 b for the Boron reaction). However, the low energy products from the Gd
and Cd reactions may be difficult to detect. For the

157

Gd reaction, the photons are

emitted with an energy lower than 220 keV; and while the

114

Cd emits photons up to

9 MeV, the majority of the emitted photons are at 558.6 keV and 651.3 keV, and will
be difficult to distinguish from background. It is also worth noting that the sensitivity
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of the technique of applying a thin film coating of thermal neutron converter material
to a semiconductor detector will decrease as the inverse of neutron energy above thermal, and in order to detect higher energy neutrons it would be necessary to embed
this system inside a moderator, to thermalise the neutrons for detection.
The basic setup of a thin film coated semiconductor detector is to coat one or more
layers of neutron conversion ’film’ onto a semiconductor diode. As shown in figure
1.10, the incident neutron will react inside the film, causing reaction products to be
releases in opposing directions. If one of these products enters the diode, it creates
a cloud of electron-hole pairs forming a dense plasma within the diode. Applying a
voltage bias across the diode allows the charge to be collected and the interaction
detected, in the method common to semiconductor detectors for charged radiation.
The collected charge is then integrated and measured by a pre-amplifier, amplifier and
pulse counter or other read out electronics[13]. Due to the nature of charged radiation,
discussed earlier in this chapter, the energy loss is via the Coulomb interaction, and
different particles will have different stopping powers, or rates of energy loss through
the material. Even particles of the same type will have a ’straggling’ of the range of
the particle in the target material, due to the different energy losses for each individual
interaction. In addition, in the case of a thin film semiconductor detector, the distance
travelled through the film before entering the semiconductor will further complicate
the ranges of the particles. A spectrum of reaction product energies will be generated
due to the different distances travelled in the film due to the angular distribution of
the reaction products. This is also complicated by the difference in the range of the
reaction products produced in the neutron capture reaction.
A theoretical model was derived by McGregor et al., for determining the sensitivity
of a thin film coated semiconductor system, taking into account the material used in
the film as a converter (and therefore the specific reaction products) and the thickness
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Figure 1.10: "The fundamental approach to a thin-film-coated semiconductor neutron detector. The film thickness should not exceed the maximum range of the "long-range" reaction
product. The reaction products are emitted in opposite directions." McGregor, 2003 [17]

of the film[17]. This was then extended to include semiconductors with two film
coatings applied to the same side of the and ’double sided’ detectors (see figure 1.11).
McGregor et al. stated that the front-coated semiconductor detector may only
work as a neutron counter, due to the noise produced in the device by the gamma
field background. This background forces a high LLD setting to be used, in order
to discriminate the neutrons from gamma. A theoretical comparison of different film
coatings showed that

10

B gave the lowest maximum efficiency (4%), but achieved this

efficiency at a much lower thickness than the 6 LiF and 6 L films (2.4µm for boron versus
12 and 18 µm for 6 LiF and 6 L). Pure 6 Li was also considered, but due to its chemical
properties fabrication is difficult and it is unlikely to be used in practical detectors.
In order to verify the theoretical model, McGregor et al. performed experiments
using Schottky barrier bulk GaAs diodes, manufactured to have low resistivity n-type
contacts on the back side of the device and thin Schottky contacts on the front side[17].
The experiments were performed at the University of Michigan Ford Nuclear reactor.
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Figure 1.11: The basic geometry of semiconductors with A) two film coatings and B) films
applied to either side of the detector. Σ is the macroscopic cross section of neutron absorption
and L is the average effective range of the neutron capture reaction products.[17]

98%

10

B enriched film of thickness 4µm was coated onto the devices using vacuum

evaporation. allowed films up to to be deposited. The basic geometry of the detector
can be seen in figure 1.12. Double-coated detectors were also used, with both 6 LiF/10 B
and 6 Li/10 B systems. For the double-sided detectors, the

10

B film was limited to 1

µm thickness, and polished 6 LiF was attached to the front of the device with epoxy,
with an overcoat of ’Humiseal’ to prevent delamination. The pure 6 Li required a much
more complicated process, wherein the material was kept in mineral oil before being
placed into a glove box filled with Argon, before being trimmed to size and attached
to the

10

B on a hot plate with a weight applied to force the attachment. Kapton tape

and ’Humiseal’ was then used to protect the 6 Li from the atmosphere. Even after
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applying these measures, McGregor et al. observed that the 6 Li decomposed within
2 weeks. Sandwich (inward facing multiple sided) detectors were also built, by fixing
a bare diode on top of a 10 coated device in the case of a simple detector, and by
fixing 6 LiF between two

10

B coated devices in the case of a compound device, using

insulating epoxy.

Figure 1.12: "The basic structure of a (Semi-Insulating) GaAs Schottky barrier device."[17]
The setup used is shown in figure 1.13. The beam port used, "A", points into
the D2 O tank but not at the reactor itself, limiting the photon component of the
radiation field. However, due to this geometry also meant there was a low neutron
flux. The photon component is then further reduced by diffracting the neutron beam
twice. A fission chamber was used to measure the neutron flux at beam port "A",
which was found to be Φ ≈ 2.7 × 104 cm−2 s−1 . This was expected to have changed
over the experiment, due to control rod changes in the reactor and adjacent beam
port experiments. This change was estimated at 2-3%, and therefore only an average
neutron flux measurement was given. The detectors were placed in an aluminium
box to prevent RF noise from effecting the measurements and to allow a repeatable
detector position due to placement in the box.
Various

10

B film thicknesses were tested to check the validity of the theoretical
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Figure 1.13: Experimental setup used by McGregor et al.[17]
model. A calculation of the efficiency, taken as the area under the curve above the 300
keV channel was plotted against film thickness, which is shown in figure 1.14. This
figure also displays the theoretical efficiency as calculated by McGregor et al. which
can be seen to follow the experimental data.
A comparison of the results from the the single and double coated detector types
is shown in figure 1.15. It can be seen that the

10

B/6 Li had the greatest sensitivity,

although both double coated devices had a greater efficiency than the single coated
devices. However, the compound device tested (made of two single sided

10

B devices

fixed either side of a 6 LiF film) showed the greatest efficiency of all the devices, at
13%.
McGregor et al. concluded that the theoretical methods described above match
well with the experimental data, and that in order to maximise the efficiency of the
device, multiple design factors must be incorporated. This is evidenced by the fact
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Figure 1.14: A comparison of the efficiency of the detector system used in the experiment
with that calculated theoretically by McGregor et al. [17]

Figure 1.15: "Comparison neutron reaction product spectra from a 10 B single-coated device,
a 6 LiF single-coated device, and two double-coated devices using
systems."[17]

10 B/6 LiF

and

10 B/6 Li

that the compound device, which combines the double-film coating technique and the
double-inward-facing detector design, has a sensitivity a factor 3 larger than the simple
single-film device.
The main downsides of thin-film semiconductor detectors is the inability to be
used in a neutron field which contains a spectrum of neutrons above thermal energy,
without adjustment to the detector. In order to measure in such a field, the detector
would need to be embedded in a moderator, which would eliminate the most important
possible advantage of these detectors: their spatial resolution. This also means that
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to the detector all neutrons would be ’seen’ as thermal, allowing no information about
the spectrum of the field to be obtained. This makes these detector unsuitable for
radiation detection purposes in an unknown radiation field, as the detector response
must be folded with the spectrum of the field to determine the H*(10) of the field,
or embedded in a moderator that allows a direct measurement of H*(10) from the
detector neutron count.
Another semiconductor detector designed for neutron measurements was developed
by Kaplan et al. using a metal-oxide-semiconductor field effect transistor (MOSFET)[18].
A boron converter containing 1%

10

B was applied to the MOSFET, which was then

operated in active mode using a bias of +5 V. Measurements were conducted using
this device to determine the dose delivered to the device due to neutron capture reactions in the boron coating, to help understanding of the effectiveness of Boron-Neutron
Capture Therapy. In order to perform this measurement, two different MOSFET detectors were used, one with and one without a boron coating. These detectors were
then placed at different positions in a perspex phantom. The dose delivered to the
uncoated MOSFET was subtracted from the coated one to give the dose due to the
presence of the boron. In terms of radiation protection, this detector could be used to
determine ambient dose equivalent, however not in real time in this current system.
Post measurement calculations would be required, and the response of this detector
system versus neutron energy to be determined. It is also highly anisotropic in this
current geometry, as is a common limitation of semiconductor detectors.
In order to detect fast neutrons, semiconductor detectors must be covered by a
material containing light elements, such as H or He, in order to allow the recoil products from scattering reactions to be detected. Pollanen et al. used a polyethylene
coating to allow a detector originally designed for spectrometry of α particles to be
used as a neutron detector for shielded nuclear material[19]. The detector was tested
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AmBe sources, and was found to have efficiencies for these sources

of 2.5 × 10-4 and 7.6 × 10-4 . Due to its sensitivity to electrons and photons, lower
energy neutrons may be difficult to distinguish with this detector. Pollenan et al.
concluded that this detector would be applicable to neutron measurements in the field
to determine the presence of neutron radiation from an unknown shielded source. It
would also be possible to use this detector for radiation protection, with adjustments
including calculating the response function to allow ambient dose equivalent to be determined. Due to the detectors application as a spectrometer previously, the spectrum
of the recoil products could easily be obtained, as long as the neutron signal remains
distinguishable from electrons and photons.
An alternative is the neutron REM counter[14].The neutron REM counter is a
detector designed for Radiation Protection. Designed around a Proportional Counter
capable of detecting thermal neutrons (i.e. of energy 0.0025 eV)[6], which is then
embedded into a moderator, this detector is capable of measuring the Ambient Dose
Equivalent (H*(10)) for a neutron field of energy up to 10 MeV[24]. This is possible
due to the design of the moderator. Spherical moderators were first used to determine
the energy spectrum of a neutron field[25], however it was found that a specific design
gives a response to neutron energy that closely follows the curve of conversion factors
from fluence to H*(10) recommended by the International Commission for Radiation
protection (example shown in Figure 1.16)[26]. This means that the response of the
REM counter weights the detected fluence of neutrons depending on their energy,
such that the conversion factor for the detected neutron fluence to H*(10) will be the
same for every neutron energy. Therefore, REM counters can convert from fluence to
H*(10) of the neutron field using a single calibration factor. This is convenient for
radiation protection, as the proportional counter gives real-time information allowing
the field to be monitored continuously, and adherence to the H*(10) conversion curve
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(provided by the moderator) means that the detector is portable without needing to
recalculate the calibration factor, as would be necessary with other common detectors
(e.g. Ionisation chambers without a moderator).

Figure 1.16: Conversion curve of neutron fluence to H*(10) versus neutron energy.
Most REM counters employ the well known pulse counting technique. A high
voltage (of the order of 1000 V) is applied to the gas chamber. When a particle
interacts, the voltage drops across the detector due to the charge generated in the
chamber by the interaction. The resulting pulse is routed through a preamplifier
(preamp), followed by a linear amplifier and a discriminator (integral or differential)
which sets a threshold on the signal and shapes the pulse. These pulses are then
counted by a counter (for a simple number of interactions) or a count rate meter (for
the number of interactions per second). A limitation of this counting method, which
will be discussed later in this work, is the loss of counts due to dead time. Dead time is
defined as the time after a pulse is counted in which the system cannot count another
pulse; during this time the system is known as ’paralysed’.
In order to obtain the correct number of neutron interactions, the average amount
of charge generated by the neutron interaction (corresponding to the pulse height)
must be determined, to ensure a correct setting in the discriminator: this is called
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Figure 1.17: Example of simple pulse counting system[88].
the "charge calibration". The calibration must be performed by obtaining the pulse
height distribution spectrum for that particular detector system. This spectrum takes
the form of a peak corresponding to the full energy deposition of the ions generated
in the neutron capture (e.g. for

10

B capture, 2.31 MeV (94%) or 2.792 MeV (6%)),

and a continuum ranging to a much lower energy deposition (see figure 1.18). The
reason for this is the wall effect, which is when an neutron capture reaction is not able
to produce the full cascade due to the reaction occurring too close to the wall of the
detector. This means that the reaction products will partially deposit their energy
in the wall of the detector, leading to a reduced amount of charge generated in the
device. See figure 1.19.
A limitation of these detectors was the limited energy range for which the response
follows the fluence vs neutron energy conversion curve. In order to use these devices
in higher energy neutron fields, such as those present in high-energy research synchrotrons, it was necessary to extend the energy response of the detector to a higher
neutron energy, corresponding to the Fluence vs neutron energy conversion curve.
This was accomplished by the introduction of additional, high density, materials to
the moderator such as Lead or Tungsten to increase the response to high energy neu-
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Figure 1.18: An example pulse height distribution spectrum, taken by Rios et al. [55] using
a 3 He counter with an applied potential of 1400 V with a 252 Cf neutron source.
trons (up to 1 GeV). Cadmium or Boron enriched Polyethylene was also introduced
to compensate for an over-sensitivity to neutrons of the order of keV experienced by
earlier REM counters. A REM counter with an extended response to higher energy
neutrons is known as an ’Extended Range’ REM counter. The response to high energy neutrons is increased by the spallation reactions within the lead or tungsten, in
which a high energy neutron interacts with a lead nucleus causing low-energy hadrons
(mostly neutrons) and fragments to be emitted (shown in figure 1.22). This can be
seen in Figures 1.20 and 1.21.
One of the earliest extended range REM counters was the LINUS[24], or Long
Interval NeUtron Survey meter, a device based on an Anderson-Braun standard range
REM counter. A 3 He proportional counter is embedded into a spherical moderator and
the energy range is extended by the inclusion of a 1 cm lead shell, while maintaining
the thickness of the remaining materials. This increases the energy range upper limit
from 10 MeV up to 400 MeV. The LINUS exists in two versions: one version with
a cylindrical moderator based on a BF3 proportional counter and the other with a
spherical moderator based on a 3 He counter. The cylindrical version was designed as a
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Figure 1.19: The wall effect in a proportional counter. In case A) the reaction product is
able to deposit its entire energy in the counter, resulting in the full deposition of charge.
However, in case B) the product strikes the wall before depositing all of its energy, resulting
in a decreased charge deposition.[89]

modified commercially available REM counter, the Tracerlab NP-1 Portable neutron
monitor Snoopy[24]. The Snoopy design is based on the Andersson-Braun detector,
which is one of the first wide-range energy neutron detectors and used a Boron layer
to improve the H*(10) response[27]. This detector was based on a BF3 proportional
counter of 2.54 cm diameter and with an active length of 5.08 cm. The Boron was
enriched to 95%

10

B and the counter was filled to a gas pressure of 8.0×104 Pa. The

moderator was designed with a 21.7 cm diameter outer polyethylene moderator, a
1.9 cm thick inner polyethylene moderator and a Boron doped rubber attenuator of
thickness 0.6 cm and 7.6 cm outer diameter. Both polyethylene moderators were
of length 23.9 cm and the rubber attenuator was 14 cm in length. For the LINUS
detector, an altered version of the SNOOPY moderator was used, with the outer
polyethylene section moved outward by 1 cm to accommodate a lead shell between

1.2. Neutron Detector Literature Review

34

Figure 1.20: Thermalisation in a standard range REM counter moderator. Note that there
is a much lower probability of a high energy neutron being thermalised, due to the lower
cross section of high energy neutrons interacting with H. This gives a low response to high
energy neutrons.

the polyethylene sections. The geometry of the LINUS moderator is shown in figure
1.23. To improve the response to thermal neutrons, a number of holes were drilled
both laterally and in the end surfaces throughout the moderator. This allowed a
path for thermal neutrons to the detector free of moderation. The same proportional
counter was used for both the SNOOPY and LINUS, the G-10-2A (N. Wood Counter
Laboratory, Chicago, USA).
The energy response of the LINUS was simulated by Birattari et al. using monte
carlo, and is shown in Figure 1.24[24]. It is plotted along with the H*(10) conversion
factor curve and the Snoopy energy response in order to compare the response in the
extended energy range. It can be seen that the LINUS response matches the conversion
factor from neutron fluence to H*(10) well. This allows a single conversion factor for
this detector system to be used to convert from fluence to H*(10), as the response
of the detector system weights the detected neutron fluence to match the conversion
factor versus neutron energy curve. The neutron field was simulated as a parallel field
impinging laterally on the moderator, which is the required condition for calculation
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Figure 1.21: Thermalisation in an extended range REM counter moderator. With the
inclusion of lead, spallation reactions increase the probability of thermalising a high energy
neutron (and results in a multiplication of neutrons in (n,2n) reactions).
of H*(10).
In order to test the extended response of the detector, both the Snoopy and LINUS were used to measure both low energy neutrons and high energy neutrons, to
ensure that the LINUS response remains unaffected for low energy neutrons but has
an improved response to high energy neutrons. In order to ensure consistency in
the measurements, the BF3 counters used in the detectors were interchanged and the
measurement was repeated, to eliminate any effect of variations in the counter performance. In addition to these two detectors, two other detectors were compared: the
Snoopy Portable Neutron Monitor NP-2 (Nuclear Research Corporation, Warrington
USA) and the Alnor Neutron Radiation Meter 2002 B (Studsvik AB Atomenergy,
Sweden). The Snoopy NP-2 was based on a BF3 counter, with the same dimensions
as that used in the Snoopy NP-1. The Alnor Neutron Radiation Meter 2002 B was
also based on a BF3 proportional counter, with tube diameter maximum of 3 cm, an
effective (active) length of 8 cm and a fill pressure of 11.7×104 Pa.
The measurement of low energy neutrons was performed using neutrons originating
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Figure 1.22: Examples of spallation reactions with different products[23].
from an Am-Be source with a neutron emission rate certified at 2.4×106 s-1 . In order
to avoid scattered radiation affecting the measurement, the source was placed at the
centre of a grid floor in a large room; the detector was placed with the counter volume
(i.e. the centre of the detector geometry) at 2 m from the source. The results (Table
1.3) showed that the sensitivity of the Snoopy NP-2 and the G-10-2A counters were
approximately equivalent, while the Snoopy NP-1 is less sensitive by less than 10%.
Due to this agreement, it is also possible to infer that the introduction of the lead shell
does not effect the sensitivity to low energy neutrons. However, this comparison was
not possible for the Alnor proportional counter, as due to the different parameters of
the BF3 counter, no direct comparison is possible.
The high energy measurements were performed at CERN, using the Super Proton
Synchrotron (SPS) beam to generate neutrons using 205 GeV/c protons. The neutrons
were generated by directing the beam onto an iron or alternating iron-polyethylene
sandwich target. This gave a field containing a high energy neutrons component,
as stated by Birattari et al: "Although the neutron spectrum is unknown, a large
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Figure 1.23: The LINUS design. "Longitudinal cross section of LINUS. P, Polyethylene; R,
Boron doped rubber; L, lead; H, holes; D, detector; C, connectors" (Birattari et al, 1992, pg.
194).

Table 1.3: Results of comparison of different REM counters exposed to an Am-Be
source. The responses were normalised to the response of the LINUS using the G-102A counter. Each detector’s original BF3 counter was used unless otherwise noted.[24]
Moderator-attenuator
LINUS
LINUS
Snoopy NP-1
Snoopy NP-1
Snoopy NP-2
Snoopy NP-2

proportional counter used
Snoopy NP-1 BF3 counter
Snoopy NP-2 BF3 counter
G-10-2A BF3 counter
G-10-2A BF3 counter

Normalised Response
0.91
1.00
0.93
1.04
1.06
1.10

number of high energy neutrons is expected. This has been confirmed by contemporary
measurements made by Bonner sphere" (1992, pg. 196). The detectors were placed
in the target area shielded by concrete and iron (see Figure 1.25). The results of the
measurement at CERN SPS are shown in Table 1.4.
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Figure 1.24: The energy response of the LINUS detector. The H*(10) conversion factor
curve and the response of the Snoopy (labelled A-B) are also shown (thick line, LINUS; thin
line, H*(10); broken line, Snoopy). Note that the over-sensitivity to neutrons of the order
of keV is a common feature of REM counters and is due to the moderator geometry. It may
be compensated for by using cadmium or boron-doped polyethylene in the moderator.[24]

Figure 1.25: Target area of measurement performed at the CERN SPS. The concrete blocks
are of size 240×80×160 cm3 for the larger and 160×80×40 cm3 for the smaller. The letters
indicate measurement positions, with positions I, R, S, U, V, Z, X, O, P and Q being at a
height of 1 m from the floor.[24]
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Table 1.4: Comparison of response of the REM counters to the neutron field produced
by the CERN SPS.[24]
Neutron dose equivalent (µSv per 1010 )
Alnor LINUS Snoopy NP-1 Snoopy NP-2
L
551
1444
494
M
509
1748
585
509
N
509
1550
532
I
7.1
12.5
7.7
O
66.9
77.5
65.4
63.1
P
72.2
85.1
70.7
Q
77.5
97.3
76.8
76.8
R, S, U 16.0
20.5
16.7
V, Z, X 16.0
20.5
15.2
A, B *
114
128
90.4
88.2
A, B **
156
179
114
G, H *
65.4
120
66.1
63.1
G, H ** 91.2
173
103
91.2
F, K *
874
806
798
F, K ** 1482
1467
1520
* Iron + Polyethylene target, high proton dose rate
* Iron target, low proton dose rate
Position

It may be seen from these results that the LINUS systematically measures a greater
H*(10) than that of the other instruments. In the positions forward of the beam with
no shielding (L, M and N), the LINUS reads a factor 3 higher H*(10) than the other
monitors, while decreasing to a 10% greater reading in positions A and B which were
more shielded and not along the beam axis.
Birattari et al. concluded that, despite the unknown spectrum, the measurements
showed both that there was a high energy neutron component, and also that the
LINUS had a higher response to these high energy neutrons. Despite being developed
more than 20 years ago, the LINUS remains an effective REM counter and is still in
use for measuring fields in which neutrons up to 400 MeV are expected.
However, the LINUS uses pulse counting to determine the neutron count rate and
therefore the neutron dose rate, as do most neutron REM counters. This means that
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the detector suffers from dead time effects when the field is intense enough to cause
pulses to overlap (the pile-up effect). This limitation is significant in the light of
new accelerator facilities, especially synchrotrons, in which one can expect intense
neutron fields due to beam losses. Such fields, called Pulsed Neutron Fields (PNFs),
are characterised by intense bursts of neutrons over short time periods, typically µs-ms.
This is discussed in detail in section 1.3.
The Leake type spherical dose equivalent neutron detector[28] is a detector originally based around a scintillator detector, however it was redesigned in 1968 to use a
3

He detector instead, as the scintillator version was sensitive to 6 MeV photons pro-

duced by

16

N on nuclear submarines[29]. This allowed it to measure neutrons with

a response that approximated the curve of the conversion coefficients from neutron
fluence to H*(10) versus neutron energy, for neutron energies from 0.025 eV to 14
MeV. There is an over-response to neutrons of energy ≈ 5 keV, however as mentioned
earlier this is a common feature of REM counters and only has a minimal effect on
the reading due to the low contribution of these energy neutrons to H*(10). More recently, it has been improved again to remove cadmium from the moderator[30] to meet
European Union safety requirements and then to introduce lead[31] similarly to the
LINUS, turning it into an extended range device with the ability to measure neutrons
with energies up to 10 GeV. However, it was noted that the detector may not function
as normal in an intense pulsed neutron field, and thus methods were theorised to try
to compensate for the effects of such a field.
A comparison of semiconductor and gas detectors was performed by [43]. This is
an interesting comparison for the application of REM counters versus semiconductor
devices, however it is important to note that the 3 He devices compared were not proportional counters as employed in a REM counter. They were instead 144 3 He tubes
with elliptical cross-sections (12.5 mm × 2.5 mm) of length 10 cm with a nominal
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Figure 1.26: "The experimental setup for the test measurement of the SiLiF64 detector
versus the 3 He tube."[43]

pressure of 20 atm. The semiconductors employed were: 3 × 3 cm2 silicon detectors
attached to a single 8 µm thick 6 LiF film deposited onto a carbon fibre plate (called
SiLiF8); and a sandwich detector consisting of two double sided Si pads of dimensions
3 cm × 3 cm × 300 µm each facing two 16 µm thick 6 LiF films for a total effective converter thickness of 64 µm (called SiLiF64). The two silicon detectors in the sandwich
geometry were treated as a single detector.
The 3 He and semiconductor detectors were tested at the ISIS facility at Rutherford
Appleton Laboratory in the UK. The 3 He tubes form the INES diffractometer, and the
semiconductor detectors were placed immediately beneath the detection plane. The
experimental set-up is shown in figure 1.26. The detectors were placed in position at
35◦ with respect to the beam.
For the first measurement the neutron beam was scattered off a copper target. The
yield measured by both detector systems is shown in figure 1.27. Pappalardo et al.
remarked that the ’worse’ resolution of the Silicon system is due to the larger detector
width (larger neutron beam angular coverage) and that comparisons with multiple
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Figure 1.27: "Yield as a function of the time-of-flight for the SiLiF8 and the 3 He tube, when
a Copper rod target was used to produce well known resonance peaks. The apparently worse
resolution of the SiLiF8 is a geometrical artefact due to its wider horizontal size (3 cm versus
1.25 cm)."[43]
3

He tubes summed together verified this[43]. However, it can be seen that the yield

of the 3 He tubes is higher than the semiconductors, indicating a higher sensitivity of
the system.
The second measurement used a Vanadium target, and the SiLiF8 was replaced
with the SiLiF64. Vanadium produces no peaks and instead provides a flat spectral distribution. As such it is used to verify the response uniformity of the diffractometer[43].
The minimum sensitivity increase was expected to be a factor of 5, however the measurement showed it was 4.7 ± 0.5. From the results in figure 1.28, it can be seen that
the SiLiF64 sensitivity is slightly higher than that of the 3He tubes, and that both
detectors follow a similar trend.
For the third measurement, a nominally thermal neutron beam was scattered off
the Vanadium target. The resulting energy distribution is shown in figure 1.29. The
calculated time-of-flight of the neutrons was used to determine their energy, and the
counts were rebinned in 10 meV bins into a linearly-scaled plot. It may be seen
that both detectors have a peak at around 25 meV which corresponds to the ambient
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Figure 1.28: "Yield as a function of the time-of-flight for the SiLiF64 and the 3 He tube, when
a Vanadium rod target was used. The Vanadium target produces a well known almost flat
isotropic distribution (no peaks). The SiLiF64, as expected, has a five times larger efficiency
than SiLiF8, and also surpasses the tested 3 He tube."[43]

temperature. Additionally, the SiLiF64 again shows a higher sensitivity than the 3 He
tubes.
Pappalardo et al. calculated the expected SiLiF64 efficiency for the experimental
conditions using the method of [17], also outlined earlier in this chapter. The calculated value was found to be 14%. From this, Pappalardo et al. concluded that the 3 He
tubes must have lost pressure to around 4-5 atm. They also concluded that the semiconductor detectors showed stability and reproducibility and could therefore provide
an alternative for gas chambers in this context. However, in the application described
here the neutron beam is highly directional. To apply the result of this experiment
to a radiation protection application, as with the REM counters already discussed, it
is important to note that the lack of isotropy of these semiconductor detectors would
make them unsuitable for application in less directional neutron fields, at least in this
configuration. In addition, full-pressure 3 He tubes would have a higher sensitivity than
those in this experiment, meaning the gain in sensitivity would not be as pronounced.
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Figure 1.29: "Energy distribution of the detected neutrons, scattered from the Vanadium
target, as measured by the SiLiF64 and by the 3 He tube. The bin size is 10 meV, the maximum, as expected from the nominally thermal beam, is around 25 meV which corresponds
to the ambient temperature."[43]

The application of semiconductor detectors to REM counter neutron detection would
be an interesting field of research, however, and it may be possible to improve isotropy
of a semiconductor system through use of an arrangement of multiple detectors and
the introduction of a moderator assembly.
In summary, the extended-range REM counter is a detector designed for radiation
protection and capable of dealing with high-energy neutrons, and itself is a further
development of the REM counter design originally designed in 1960. A limitation of
this detector is the ability to correctly measure in a PNF, discussed in detail in the
following section. There are few detector types suitable for detection of neutron radiation, especially in a radiation protection application and for higher energy neutrons
aside from REM counters. There are fewer still methods capable of active measurement (i.e. in real time). The main alternatives the REM counter are semiconductor
detectors, which have the downsides of a lower sensitivity (especially to higher energy
neutrons) and are, at this stage, non-isotropic. Therefore, REM counters remain an
important detector for radiation protection.
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Pulsed Neutron Fields

As fundamental physical research and medical radiation fields of study continue to
expand, more powerful accelerator facilities for will be built. Due to the nature of
the accelerator facilities, many of which are synchrotrons, the radiation field to be
measured is a pulsed field. Pulsed radiation fields are characterised by high intensity
pulses of radiation, delivered over a short time period of the order of µs. In the case of
synchrotrons, this can be due to the beam impinging on a target, or due to beam losses
in the accelerator. PNFs can also be seen at free-electron laser (FEL) facilities and
high-intensity laser facilities[44], medical linacs operating above 7 MV [45], facilities
for testing radiation hardness of materials and neutron spallation sources. Beam losses
from synchrotrons and FELs may cause PNFs around the accelerator itself, and thus
these fields must be monitored for radiation protection purposes. Similarly, medical
treatment rooms, experimental areas around spallation sources and areas around the
lasers in high-intensity laser facilities must be monitored for the same reason, as beam
losses (e.g. in a medical linac treatment head) or beam dumps (in the case of radiation
hardness testing) will produce intense bursts of neutrons with a very short duration
(e.g. of the order of hundreds of fs for the laser facilities[44]). For a radiation field with
a repetition rate so low that even with the spread in time introduced to the radiation
pulse by the Thermalisation and Drift Time (TDT, discussed in detail later in this
chapter), the detector does not see the radiation field as steady. This means that a
pulse counting monitor system will underestimate the H*(10) of the field due to the
counting limitations of such a system.
This structure of a PNF means that the ambient dose equivalent (H*(10)) due
to the neutron field may not be considered especially intense when considered as a
simple H*(10) rate, as for the majority of the measurement time almost no neutrons
are measured, and the dose is delivered only during the burst. This means that, to
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take an extreme case of radiation hardness testing, this may result in a H*(10) rate
during the neutron burst to be as high as 107 Sv/h[46]. It can be seen that a field of
this intensity would present problems for active neutron detectors.
For commercial REM counters, PNFs may induce underestimation of the H*(10)
due to dead time losses or by build up of space charge in the detector, discussed later
in this section. This underestimation may be up to 3 orders of magnitude (as in the
extreme case of [47]) if the field is of high enough intensity. Thus it is necessary to alter
REM counters so that their response is either unaffected by the intense PNF, or can
be corrected through analytical means. Ultimately the detector must be specifically
designed for use in a PNF.
One detector type that is well suited for use in a PNF is known as an activation
detector[7]. This detector is based around a material that becomes radioactive after
interaction with a neutron. The decay of the material can then be detected by any
of the standard detectors for that radiation type (semiconductor for example). This
allows the determination of information about the number of neutron interactions or
their energy. Thin foils are usually chosen for use as the activation material to avoid
perturbation of the neutron field. Due to their working principle the H*(10) will be
spread out due to the lifetime of the isotopes produced via activation, meaning that
dead-time losses do not effect the measurement, unlike active detectors.
One design of activation foil detector for neutrons is to base the system on a foil with
a threshold for activation to allow fast neutrons to be detected without moderation.
Detectors using this material will have a low sensitivity due to the low cross section
of interaction of the fast neutrons. Alternatively, a material which is activated by
slow neutrons may be used. In this design, a moderator is required to detect neutrons
of higher energy. A common material for this design of detector is silver, which will
radiate β particles. A measurement of the total number of β counts determined after
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many half-lives (24 s and 2.3 min for β particles emitted from activated silver) will be
proportional to the neutron burst intensity.
Silver activation detectors have been used to measure PNFs around electron accelerators[48]
and in neutron and photon calibration fields[49]. The second of these is particularly
interesting, as the moderator was designed to give a response that approximates the
curve of the conversion coefficients from neutron fluence to H*(10) versus energy, as
with REM counters as discussed in section 1.2. Named the AGREM, this device functions as a semi-active device with silicon diodes detecting the β radiation produced
by the activated silver. Figure 1.30 shows the response function of the AGREM, both
simulated by MCNPX and measured, compared to that of the LB6411[50] neutron
monitor. Figure 1.31 gives the results of measurements of a neutron field produced
by directing a 590 MeV proton beam directed on to a tungsten target, showing that
the AGREM is able to perform better than the LB6411 in high-intensity PNFs. The
main limitations of these detectors is their low sensitivity when compared to neutron
REM counters, which are the other main alternative for PNF measurements; and the
fact that the response time of the detector system is dictated by the decay time of the
activated foil, and therefore the measurements are not real-time.
Passive detector types show a good capability of coping with PNFs without experiencing significant underestimation of the H*(10), due to their lack of dead time
losses or time dependent characteristics. However, the disadvantage is that no realtime information on the radiation field can be obtained, which in the case of radiation
protection is an important factor (e.g. to automatically shut-down an accelerator in
an emergency). Therefore, it is necessary to have active detectors capable of being
used in PNFs.
In order to improve the performance of REM counters in PNFs, a method was devised by Leake et al. to measure a PNF using the neutron die-away in the detector[33].
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Figure 1.30: The simulated and calculated response function of the AGREM detector. Also
plotted is the response of the LB6411 neutron meter for comparison. The curve is normalised
at 1.2 MeV.[49]

Neutron die-away was defined as the decay of thermal neutrons in the detector buy
reactions such as neutron capture. By previous measurements[28], Leake et al. determined that for a moderator geometry made of polyethylene containing a cadmium
shield the detected neutrons decay is described by a double exponential, a fast and
slow component due to the inner and outer moderator sphere respectively.
The method devised by Leake et al. required that the "time T at the end of the
60µs interval in which the last, non-zero, integer measured count (= J) is obtained"[33].
The last integer for this system must be 1 or 2, due to the exponential decay of the
neutrons in the moderator. Due to the known exponential die away of the neutrons,
the number of events E at time t is given by E = E0 exp(−λt) if E0 is the number
of events at time t = 0 and λ is the decay constant. A simple integration will give
the integral number of events as E0 /λ. In this case the total integrated count is given
by: J × exp(+λT )/(exp(+60λ) − 1). Once the number of counts are determined, it
is simply necessary to multiply this by the calibration factor to obtain the H*(10)
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Figure 1.31: The results of a comparison measurement with both the AGREM and LB6411
detectors.[49]

for that measurement. Leake et al. noted that for a mixed field containing gamma
radiation, it would be necessary to implement an active restore amplifier to assist in
gamma discrimination.
Other commercial REM counters designed to be used in PNFs also exist. These
include the Pandora[34], the Wendi-II[35][36], and the Biorem. The Biorem is a cylindrical REM counter based on a BF3 proportional counter, while the Wendi-II is based
on a 3 He counter and uses tungsten instead of lead to extend the energy range to
GeV. The Pandora is a combination 3 He proportional counter/scintillator detector,
embedded in a polyethylene moderator. The scintillator is sensitive to gamma radiation while the proportional counter is used to measure neutron radiation, which allows
subtraction of the gamma component from the neutron component in mixed fields.
The Wendi-II and Biorem detectors were all tested as part of an intercomparison[37],
and it was found that in intense neutron pulsed fields these detectors underestimated
the H*(10) above 10 nSv per burst.
A detector specifically designed to cope with PNFs is the LUPIN (Long interval,
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Ultra-wide dynamic, PIle-up free Neutron REM counter)[38]. During the design of the
LUPIN, Caresana et al. devised four requirements to maximise the detector potential:
1. Capability to withstand very high instantaneous neutron fluxes with little or no
saturation
2. sensitivity comparable to that of commercially available REM counters
3. capability to correctly measure the intensity of a single neutron burst
4. capability to reject the photon contribution that accompanies the neutron field
In order to meet these requirements, the LUPIN was designed using a fast LogAmp
(logarithmic amplifier) and a unique acquisition method. Based on a 3 He proportional
counter, the front end electronics sample the current through the device, rather than
setting a threshold on the voltage (see Figure 1.32 for the front end electronics). The
sample rate is 10 MHz. A trigger is set on the current, and when it rises above this
limit the system records the current for a time window that can be set by the user. A
common time is 2-5 ms, as 2 ms is the charge collection time of the counter at the set
high voltage, which is 1050 V. Then the current-time window is integrated, to find the
total charge generated by the neutron burst. In order to find the number of neutrons,
this total charge is divided by a Charge Calibration Factor (CCF), determined as the
average charge generated by a single detected neutron. Once the number of neutrons
is known, the H*(10) is found through multiplication by a calibration factor. The
neutron spectrum does not need to be known as the response of the detector system is
such that the neutron fluence given by the system need only be multiplied by a single
calibration factor to give the H*(10), as outlined above.
The electronics contain a user-adjustable high voltage supply, which applies the
potential across the counter. The choice of a Logarithmic amplifier was due to the
expected application of this detector in high-intensity neutron fields, and due to the

1.3. Pulsed Neutron Fields

51

Figure 1.32: The front end electronics of the LUPIN system.[38]
electronic characteristics of a LogAmp, which mean that the amplifier responds faster
at higher applied currents. A baseline current must be applied to the LogAmp however, to avoid negative saturation of the device; due to the LogAmp outputting the
natural logarithm of the input multiplied by a constant, approaching zero input means
approaching a negative infinite output. The current-voltage LogAmp chosen was the
LOG114 (Texas Instruments) over the AD8304 (Analogue Devices) due to the faster
response at higher currents (as in the case just after a pulsed neutron interaction in
the counter), leading to a reduced integration time. This in turn lowers the contribution of a steady current produced by a steady photon field, which would contribute
to the integrated charge due to an offset of the current to a higher value during the
integration. In order to avoid negative saturation outside of a neutron field, a baseline
current of 200 pA is applied to the LogAmp, and is subtracted by the software during
operation. It is important to note that the signal is collected at the cathode, which
means that the counter has to be electro-statically shielded by an aluminium cylinder
that encases the counter.
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The advantage of the LUPIN acquisition method is that the system is not affected
by dead time in the same way as the pulse counting method previously employed. If
one neutron signal overlaps the other, this will simply increase the current through
the device and therefore the charge, and the counted number of neutrons will increase
accordingly.
The LUPIN moderator (Figure 1.33) is made using two spheres of polyethylene,
an inner one of diameter 5.6 cm and an outer one of 12.5 cm, with a 0.6 cm thick
lead shell between the polyethylene spheres. Eleven cadmium ’buttons’ of thickness
0.1 cm and radius 2.5 cm, are embedded in the inner polyethylene sphere, to adjust
the response to lower energy neutrons to compensate for the introduction of the Lead.

Figure 1.33: LUPIN moderator schematic and photo.[38]
A Centronic SP9 spherical 3 He proportional counter was chosen as the detector for
the LUPIN. It was filled to 233.047 kPa with 3 He and has 121.59 kPa of Krypton added
as a quench gas. The advantage of this detector is the spherical shape which gives it
an isotropic response. However, due to the sensitivity of the counter, and the working
principle of the detector, stray photons cause an overestimation of the H*(10), as they
induce current that is indistinguishable from that caused by neutrons. In addition,
due to both the sensitivity and the geometry, this detector can start to underestimate
the H*(10) due to the build up of charge within the counter. Large amounts of charge
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are generated in the counter due to the charge cascade, causing a reduction in the local
electric field. This Space Charge Effect (SCE) is caused by the working principle of
the proportional counter, which works as follows: the thermalised neutron is captured
by the detector gas, most commonly

10

B or 3 He; the resulting ions (7 Li and an alpha

particle in the Boron case, 3 H and a proton for 3 He) and free electrons are accelerated
by the high voltage in the counter, and the electrons produce further ionisations. This
means that in an intense neutron field, the high number of captured neutrons produces
a significant amount of net positive charge, as the electrons are collected over a time
much shorter than that of the positive ions. This causes a build up of positive ions
close to the anode and results in a reduction of the electric field, which in turn means
that further neutrons undergoing capture in the presence of this space charge will
experience reduced multiplication. In order to maintain its response in such fields, it
is necessary to compensate for this effect: an empirical method is shown below and an
analytical method is discussed in detail in Section 5.3.
Prior to employing this detector, a CCF had to be determined. In order to do
this, the detector was exposed to a PuBe neutron source at the CERN calibration
laboratory (with an activity of 1.85 TBq). The detector was placed so that the reaction
rate was low enough to obtain only single neutron interactions per window (1 ms for
this measurement). The LUPIN read-out allows the sampled current to be viewed on
a plot, so that it can be ensured that single neutrons are detected only (see figure
1.34). In addition, the presence of double neutron interactions becomes obvious when
the histogram of interaction charge is plotted. This configuration was used for 900
acquisitions, and the mean charge generated per individual neutron was calculated.
This was then used as the CCF.
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Figure 1.34: Plot of current sampled through the detector during a neutron interaction,
showing a single neutron interaction (top) and double neutron interaction (bottom).
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The detector was then calibrated in terms of H*(10). This was achieved by placing
the detector in a field of known intensity and measuring for a set time. The H*(10)
was then calculated from the known dose rate of the source, and this was used to find
the H*(10) per neutron, i.e. the calibration factor for this detector. The detector’s
distance from the source was 3 m and the associated ambient dose equivalent rate was
150.52 µSv/h. Using this set-up, a calibration factor of 275 ± 22 pSv per neutron was
obtained.
Measurements were conducted at Helmholtz-Zentrum Berlin using a proton therapy
cyclotron, to test the compliance of the LUPIN to requirements 1 and 3 above. The
beam was the 68 MeV proton beam used for treatment of ocular tumours. The machine
was operated in pulse mode, with a pulse length of 1-10 µs, a repetition rate of 100 Hz
and the current was varied between 2 to 1000 pA delivered to the target. A cylindrical
tungsten target of diameter 22 mm and thickness 20 mm was used to produce a stray
neutron field which was measured along the beam axis at 50 cm behind the target.
The beam settings used are shown in table 1.5.
Table 1.5: Beam settings used during measurements at HZB. Measurements with a
letter suffix are due to the machine using the same settings but obtaining different
currents on target.[38]
Setting Number
1
2
3
4
5a
5b
6
7a
7b
8a
8b
9a
9b
10
11
12
13

I on target (pA) Burst current (nA) Burst length ( µs) Burst charge (fC)
0.2
2
1
2
0.49
4.9
1
4.9
1.07
10.7
1
10.7
2.97
29.7
1
29.7
10.1
101
1
101
10.5
105
1
105
25.3
253
1
253
50
500
1
500
50.6
506
1
506
74.3
743
1
743
74.8
748
1
748
100
1000
1
1000
108.5
1085
1
1085
111
111
10
1110
243
243
10
2430
518
518
10
5180
1000
1000
10
10000

Repetition rate (Hz)
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
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In order to determine the improvement in the response achieved by the LUPIN
design, the field was also measured using the LINUS. The spherical version of the
LINUS was used, containing a 3 He proportional counter[39][40][41]. The spherical
moderator is designed in to maintain the material composition of the cylindrical one
already discussed here, in terms of the response to neutrons of different energy, to
preserve the adherence to the H*(10) conversion curve.

Figure 1.35: Results of the measurements taken at HZB. Shown is the H*(10) Dose per
burst (nSv) readings for the LINUS and LUPIN versus the beam Burst charge (fC) as shown
in table 1.5, as well as the ideal reading (line).

The results of the measurements are shown in Figure 1.35. It can be seen from
these results that the LUPIN shows a much more linear trend than that of the LINUS,
however it still deviates from the ideal line by more than 20% at 5180 fC burst charge.
Nevertheless, it is a large improvement over the LINUS, which shown 50% or less at
around 750 fC burst charge. In addition, the LINUS reaches a point of saturation
such that increasing burst charge does not produce any increase in dose per burst
reading but in fact causes a decrease, which was thought to show that the device has
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paralysable counting electronics.
In order to improve the linearity of the detectors, a factor was determined to
compensate for the saturation of the detector at high H*(10) per burst values. This
is an empirical factor called Dhalf , which is the value of H*(10) per burst at which
the detector underestimates the value by a factor of 2. Thus, in order to obtain the
corrected H*(10) per burst, the following formula is used:

Dref =

Dmeas
1 − Dmeas /Dhalf

(1.1)

Where Dref is the reference or corrected H*(10) per burst and Dmeas is the H*(10)
per burst given by the measurement. It should be noted that this equation is only
valid for fields where Dmeas < Dref , i.e. where the detector response is lowered by the
intensity of the field.
Another series of measurements were undertaken at the Proton Synchrotron (PS) at
CERN. These measurements were taken at 3 different positions around the accelerator
ring. The 3 positions measured are shown in Figure 1.36, as 1, 2 and 3. For the details
of the PS machine, see Appendix A. The duration of the losses meant that the neutron
field was strongly pulsed.
The LINUS was again used to compare the performance of the LUPIN to a known
detector. The field was also simulated with FLUKA[42], and the simulated H*(10)
was used as an indication of the expected detector reading. These results are shown
in Table 1.6.
Table 1.6: Results of the measurement at the CERN PS.[38]
Location
1
2
3

Integrated H*(10) (nSV) Integrated protons in PS
LUPIN
LINUS
2385 ±26
2310 ±46
4.69 ×1015
5264 ±38
2879 ±51
5.90 ×1015
496 ±21
492 ±21
9.82 ×1015

Expected H*(10) (nSv) (from MC simulations)
Not available
5000-6200
470-700
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Figure 1.36: Measurement positions around the PS ring.[38]
It can be seen here that the LUPIN consistently measures a higher integrated
H*(10) than the LINUS. Drawing from the previous measurement wherein the expected
H*(10) was compared to that measured by the LUPIN, the LUPIN measurement can
be considered to be an improved one as it was shown to be able to cope with an intense
pulsed neutron field.
A third series of measurements were taken at the San Raffaelle hospital in Milan,
using a Varian Clinac R DHX-Dual energy medical linac[38]. The aim was to test the
performance of the LUPIN in a PNF with an intense photon component. The fixed
irradiation position was used and a 5 × 5 cm2 field was directed onto the treatment
couch, using both 6 and 18 MV and an intensity of 400 monitor units (M.U.)/min. The
energy refers to the maximum accelerating potential of the electrons in the accelerator,
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which are then directed onto a bremsstrahlung target, giving the average energy of
the resulting photon beam as 1/3 of the listed energy. The LUPIN was then placed on
the treatment couch at a source-to-axis distance of 100 cm in the patient plane, and
measurements were taken at 32 and 100 cm from the isocentre (defined as the position
through which the radiation beam passes). This can be seen in Figure 1.37. Photons
of energies greater than 7 MeV interact with the high-Z materials used as absorbers in
the linac collimators, target and flattening filters, introducing free neutrons in photoevaporation interactions. These neutrons can then penetrated the linac head shielding,
providing extra secondary dose to the patient.

Figure 1.37: Experimental setup used during measurements at San Raffaele Hospital Milan.
LUPIN position was at d = 32 cm and d = 100 cm[38].

In order to fulfil the aim to compare the performance of the detector in field with
a strong photon component, the linac was first used to generate a field dominated by

1.3. Pulsed Neutron Fields

60

photons in the 6 MV energy setting, and then to generate a significant neutron field
with a photon component in the 18 MV mode. The linac photon burst rate was 182
Hz, which was determined by measuring with the LUPIN with a window length of 10
ms. Two sample acquisitions are shown in Figures 1.38 and 1.39. It can be seen that
a modulation is present in the data taken at 32 cm, with a frequency of 667 Hz. This
modulation was thought to be due to a combination of two sources. The first is noise
from the modulator which has a spike in the power spectral density at 500 kHz; and
the second is radio noise from the multileaf collimator motor with spikes in the power
spectral density at 700 and 900 kHz. The total integrated charge for the combined
signals was 6.8 pC at 32 cm from isocentre and 0.8 pC at 100 cm: this means that the
LUPIN acquisition interprets the signal from photons as 29 or 3 neutrons at 32 and
100 cm respectively.

Figure 1.38: Single burst acquisitions at 32 and 100 cm from isocentre at 6 MV, obtained
with the LUPIN. The signal at 100 cm is scaled up by a factor of 10.
The data taken using the 18 MV beam shows a varied response, due to the intro-

1.3. Pulsed Neutron Fields

61

Figure 1.39: Single bursts obtained with the LUPIN at 18MV energy and at 32 and 100 cm
from the isocentre. Also shown is a zoom showing the prompt photon peak detected by the
LUPIN at 32 cm from isocentre.

duction of individual neutron peaks into the data. The thermalisation and drift time
(TDT) of the neutrons means that the response is spread over a much longer period
(500 µs). The zoom of the response up to the 15 µs part allows the photon peak to be
observed in the 32 cm data, but due to the magnitude of the neutron signal it cannot
be seen in the 100 cm data. This is due to the highly focused photon beam (as also
shown by the difference in magnitude of the data in Figure 1.38), which means that the
photon signal is greatly reduced at a further distance from isocentre. The neutrons are
produced isotropically in the treatment head, and thus have a reduced dependence on
distance from isocentre[38]. The total integrated charge from these two measurements
was 145.4 pC (32 cm) and 110.6 pC (100 cm), i.e. orders of magnitude larger than
that of the photon signal (compared in the following paragraph). This corresponds to
154 nSv (32 cm) and 117 nSv (100 cm), over a LUPIN window time period (500µs).
However, from previous measurements it is known that the LUPIN underestimates the
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H*(10) at this level, so equation 1.1 was applied to correct for this underestimation.
The corrected values were found to be 582 nSv for the 32 cm measurement and 226
nSv for the 100 cm.
To compare these values to those known from literature, the convention is to express the neutron contamination as the ratio of H*(10) of secondary neutrons to the
therapeutic photon dose at isocentre. In order to accomplish this, the photon dose
delivered in one minute (4 Gy, or 400 M.U.) was obtained and divided by the total
number of pulses produced by the machine per minute (10920 from 182 pulses/s), giving 366 µGy/pulse. Thus, the ratios become 1.59 mSv/Gy (32 cm) and 0.73 mSv/Gy
(100 cm). These values were compared to the values from the literature, which were
given as varying between 0.52 and 1.90 mSv/Gy at 40 cm from isocentre for a linac
operating in 18 MV energy, determined using gold foil activation in a Bonner Sphere
System [51][52]. Here, the lower value was obtained using a Siemens linac and the
higher using a Varian linac. Another measurement using the same technique gave a
value of 0.6 mSv/Gy for a Siemens linac [53]; and a measurement using thermoluminescent LiF:Mg, Ti detectors from 25 to 80 cm from isocentre gave values of 0.34 0.86 mSv/Gy independent of distance from isocentre [54]. Measurements with bubble
detectors around a Varian Clinac R 2100 gave values of 2.3 mSv/Gy 50 and 100 cm
from isocentre and 10 mSv/Gy at 15 cm. Caresana et al. concluded that the LUPIN
agrees reasonably well with the data given by the literature. The measurements with
the LUPIN also showed that the detector is unreliable in a field dominated by an
intense photon component, as the signal at 6 MV was interpreted as neutrons. At 18
MV the measurements were considered reliable, as they agreed with the literature.
Overall, Caresana et al. concluded that the LUPIN satisfied the requirements for
an ideal survey meter for a PNF. The measurements at the CERN PS showed that the
sensitivity is around a factor 4 better than commonly applied REM counter, meeting
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the second requirement. The detector response was shown to be linear up to 16
nSv/burst with improvement through the use of the Dhalf formula during the Ps and
HBZ measurements, meeting requirement 1. In addition, these measurements were of
individual neutron bursts, meaning that it meets requirement 3. The measurements
using a medical linac allowed the capability to work within a mixed photon and neutron
field to be tested, and the LUPIN was shown to agree with literature, proving the
detector meets requirement 4. The only limitation of the LUPIN is the loss of linearity
at high H*(10) per burst values. A proposed solution made by Caresana et al. is to
develop a detector based on a BF3 counter, which is the basis for the development of
the LUPIN-II.
During the measurements conducted at HBZ a factor was derived to compensate
for detector under-response that occurs at high H*(10) per burst values, called Dhalf .
This is an empirical factor based on the extrapolated point at which the detector
underestimates the H*(10) by a factor 2. However, the physical processes that this
factor is attempting to describe are the Space Charge Effect (SCE) and dead-time
effects. The working principle of the LUPIN eliminates the influence of dead-time
effects, which means that the underestimation of H*(10) is dominated by the SCE.
This effect is caused by the working principle of the proportional counter, which works
as follows: the thermalised neutron is captured by the detector gas (in the case of
the LUPIN-II, the

10

B in the BF3 ; the resulting ions (7 Li and and alpha particle) and

free electrons are accelerated by the high voltage in the counter, and the electrons
produce further ionisations. This means that in an intense neutron field, the high
number of captured neutrons produces a significant amount of net positive charge, as
the electrons are collected over a time much shorter than that of the positive ions.
This causes a build up of positive ions close to the anode and results in a reduction
of the electric field, which in turn means that further neutrons undergoing capture in
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the presence of this space charge will experience reduced multiplication.
In order to compensate for this effect, it is necessary to determine the relationship
between the number of interacting neutrons (a deterministic quantity) and the multiplication factor, and correct for the reduction. Rios et al.[55] quantified the effect
of the number of detected neutrons on the multiplication factor of the counter, and
therefore on the response of the detector. In order to derive a factor to describe (and
compensate for) this effect, Rios et al start with Diethorn equation[56][57]:






V
ln2
  
· ln 
M = exp   b 
∆V
ln
K · p · a · ln b
V

a

(1.2)

a

Where M is the detector multiplication factor, V is the voltage applied to the
detector, a and b are the anode and cathode radii respectively, p is the counter gas
pressure and ∆V and K are empirical fitting parameters. ∆V represents the potential difference affecting an electron between successive ionisation events and K is the
threshold εc /p (critical electric field/counter gas pressure) below which no multiplication occurs. This equation must them be modified to account for the effect of space
charge on the multiplication. In order to find this modification, an assumption had
to be made regarding the time structure of the neutron field. It was assumed that
the incident neutron burst had a time duration shorter than the ion collection time
(maximum time taken for an ion to travel from anode to cathode), or Tr . This was
calculated as 1.6 ms for the cylindrical proportional counter used by Rios et al. using
the following equation:
"

b
b 2 − a2
p · ln
Tr =
2µV
a

!#

(1.3)

This assumption means that all of the space charge generated in the device effects
the electric field and therefore the multiplication factor, as it does not have time to be
collected. Thus, the charge density in the counter due to interacting neutrons (ρ) is:
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ρ=

E
Ni
·M ·
W
V ol

(1.4)

Where Ni is the number of interacting neutrons, Vol is the counter volume, E is the
energy of the ions liberated by the neutron capture and W is the mean energy necessary
to ionise the detector gas. To find the effect on the electric field in the counter, the
Poisson Equation 1.5 must be solved with boundary conditions of φ(a) = V and
φ(b) = 0.

∇2 φ =

ρe
0

(1.5)

Where e is the charge of an electron and 0 is the permittivity of a vacuum. Solving
this over the active length of the counter, L gives Equation 1.6.
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Equation 1.6 is made up of 2 terms: the first is the potential in the device in
the absence of space charge (i.e. when the charge density due to neutron capture
interactions ρ=0) and the second accounts for the SCE. For a multiplication factor
M > 10, the positive ions are assumed to be generated close to the anode (r << b)
and therefore the electric field is written as shown in Equation 1.7

E(r) = −∇φ =

V
ln

 
b
a

·

1
ρe · b2
1
 ·
−
r 4π0 · ln b
r
a

(1.7)

This can be simplified to include a factor to describe the reduction of the electric
field due to the SCE, δV ; this gives:

E(r) = −∇φ =

V − δV
ln

 
a
b

·

1
r

(1.8)
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With the charge in the potential due to space charge is defined as:

δV =

ρeb2
4π0

(1.9)

Which was then substituted back into Equation 1.2 to obtain:






V − δV ln2
V − δV
  
M 0 = exp   b 
· ln 
∆V
ln
K · p · a · ln b
a

(1.10)

a

Where M 0 is the reduced multiplication factor due to the SCE. Then, under the
assumption stated above that the electrons are collected in a time a factor of 1000 less
than that of the ions, and that the burst duration is less than the ion collection time,
the term for the charge density due to the produced ions ρ can be substituted into the
equation to give the dependence on the number of interacting neutrons Ni . Thus, this
substitution into Equation 1.9 gives Equation 1.11.

δV =

E Ni eb2
· M0
·
W V ol 4π0

(1.11)

In order to simplify the derivation, 3 factors were introduced to collect terms.
These were Equations 1.12, 1.13 and 1.14.

B=

ln

 
b
a

· ∆V

b
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(1.12)

ln2

!

E
eb2
·
W V ol · 4π0

(1.13)

(1.14)

All of these terms were combined and Equation 1.10 was solved for M 0 . This gives
an equation that shows the change in M 0 with respect to Ni .
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M0 =
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(1.15)

Unlike the LUPIN, the detectors employed by Rios et al. were 3 He proportional
counters, connected in parallel and embedded in a polyethylene neutron moderator.
These detectors were configured to use the standard pulse counting method of acquisition, meaning that the SCE manifests within the output of the detector as both
dead-time effects and as reduced pulse heights produced by the detector due to the
reduced multiplication. It was the second of these that Rios et al. aimed to assess,
via analysis of the pulse height distribution spectrum (PHA) obtained from the device. The working principle of this system is such that an average pulse height for a
neutron interaction is determined from a PHA, which is then used to set a threshold
for the counter. Therefore, if the pulse height is reduced by space charge, the average
is no longer valid and the threshold will no longer give an accurate reading of neutron
fluence, in turn giving an incorrect H*(10) reading (as discussed above). Due to the
charge sensitivity of the detector, the pulse amplitude is related to the multiplication
factor by:

Vp = G ·

E
·e·M
W

(1.16)

Where G is the number of detected events. Therefore the ratio between the pulse
height in the presence of space charge (Vp0 ) to that in the absence of space charge (Vp )is
given by Equation 1.17
Vp0
Vp
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(1.17)

Unfortunately it was impossible to determine PHA for consecutively arriving neutrons, as when the pulses pile up (dead time effects) the resulting pulse amplitude will
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be combined. Therefore it was necessary to study neutrons arriving closely during
weaker neutron bursts. The measurements were taken with the detector array subtending the same solid angle around each source, which were a Plasma Focus and a
252

Cf source. The proportional counters used were 6 TEXLIUM model 9325 3 He tubes,

with 25 mm diameter, 150 mm active length and 10 atm gas filling pressure. These
counters were covered by a 12 mm thick front moderator and a 300 mm thick rear
neutron reflector, and were placed 500 mm from the source. Signal acquisition was
via an electro-statically shielded AmpTek A111 charge sensitive combined preamplifier
and shaping amplifier. The rise time was measured as 2.6 µs and the fall time as 12
µs, versus the given values of 25 ns rise time and 220 ns fall time for the AmpTek
A111. This was thought to be due to the electrical feed circuit.
The method used to determine the number of interacting neutrons was that described by [58] and [59]. Due to the fact that this detector system is not that of
a REM counter, and therefore does not have a response that follows the fluence-toH*(10) conversion factors, the energy spectrum of the neutron field will have an effect
on the output of the detector. On order to obtain a correct reading, the PHA must be
conducted in as similar as possible field to obtain a ’known’ PHA. In a pulsed field,
wherein piled-up pulses are expected, the number of interacting neutrons is found by
finding the area under the pulse using an oscilloscope, and dividing by the most probable area under a pulse due to a single neutron interaction (a similar technique to that
of the LUPIN, however here the pulse is a representation of the voltage rather than
the current as in the LUPIN system).
The first set of measurements were taken with a Plasma Focus with a discharge
chamber with coaxial electrodes of diameter 30 mm and 10 mm for the cathode and
anode respectively, and 25 mm in length. The discharge circuit includes a 2.5 µF
capacitor and has a measured inductance of 50 nH. Signals obtained showed a high
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Figure 1.40: Signal obtained after a neutron burst from the Plasma Focus. [55]
amount of neutron pile-up in the first part of the burst with delayed signals in the
later part of the signal (Figure 1.40).
A CANBERRA Multiport II multichannel scaler (MCS) was used to determine the
time distribution of the neutrons in terms of moderation time. This MCS had a dwelltime of 30 µs. The neutron diffusion within a system is described by an exponential
equation as:

N (t) = Ni exp(−λt)

(1.18)

Where Ni is the initial number of interactions and λ is the die-away time constant,
which was found for the system of Rios et al. as 80 µs. This measurement is shown
in Figure 1.41.
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Figure 1.41: Counting of neutrons after burst, using a MCS with dwell-time of 30µs. [55]
The usual method for determining the PHA was used for the previously shown
Figure 1.18 was through a multichannel analyser in PHA mode, but this is unsuitable
for neutron bursts. Instead, the PHA was derived from direct observation of individual
or partially piled up neutrons on a digital oscilloscope. The results of these acquisitions
is shown in Figure 1.42. The upper part is the result of piled up neutron signals, as
compared to the lower part which is the PHA due to the steady

252

Cf source. The

increased pulse height can be seen by the higher number of counts with a value higher
than the peak in the upper part. It can also be seen that there is an increased number
of counts with lower pulse heights in the upper part; this is due to the reduced electric
field (and therefore multiplication factor) resulting in a lower pulse height.
To observe the effectiveness of the analytical method the values for K and ∆V
had to be determined experimentally. This was done by measuring neutrons with
one 3 He counter connected to a CANBERRA ACHP96 preamplifier-amplifier. The

71

1.3. Pulsed Neutron Fields

Figure 1.42: Results of the measurements of Plasma Focus and

252 Cf.[55]
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Figure 1.43: Plot of equation 1.17 for the parameters obtained by Rios et al. [55]
gain was set at 40 V/pC, and the measurement results were fitted to the Diethorn
equation (1.2). This gave values of 1.04 × 106 V/m atm-1 and 18 V for K and ∆V
respectively. With these factors, the variation of the pulse height versus number of
interacting neutrons can be plotted, and this is shown in Figure 1.43.
A direct comparison between the PHA obtained with each source is shown in
Figure 1.44. This comparison shows the increase of low pulse height events to the lowpulse height side of the peak (L in the figure), due to the reduction of multiplication.
Although there are counts in the lower pulse height section for the 252 Cf, these are due
to the wall effect. The proportion of the wall-effect/SCE part to the peak (R to L) was
taken, and used as an indication of the proportion of counts affected by the reduced
electric field in the device. This proportion was found to be 0.357 ± 0.002 for the
252

Cf source 0.508 ± 0.021 for the PF. A comparison of these shows that the left part

of the PHA (L) is increased by 42%, which represents the number of reduced pulses
resulting from the SCE, when the neutron field intensity allows individual pulses to
be counted.
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Figure 1.44: Results of the measurements of Plasma Focus and

252 Cf.[55]

Rios et al. concluded that the increased low amplitude pulses were due to the
reduction of multiplication in the counted, in turn due to the amount of space charge
generated in the device during an interaction. They also concluded that the analytical
method allowed the lowering of pulse amplitude to be quantified, and that this is
important in the case that individual pulses are indistinguishable, as in the case of
highly intense neutron fields.
Another important aspect of a neutron REM counter operating in a PNF is the
Thermalisation and Drift Time (TDT). This refers to the time taken for a neutron to
become thermalised and drift to the proportional counter volume. This is discussed
in detail in [62] and [63], with regards to dead-time losses in detectors operating in
pulsed mode. Justus stated that due to the time required to thermalise and detect
fast neutrons (τ 0 = 140 µs for a polyethylene sphere of diameter 10 inches), deadtime losses may be reduced, as the neutrons may be considered to be "stored in the
moderator"[62]. For a neutron burst of duration ≤ τ 0 , this has the effect of reducing
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the H*(10) rate during a neutron burst, as some of the neutrons are ’delayed’ by the
TDT and contribute H*(10) after the burst.
A current developments of the REM counter design is the LUPIN, however it is
still not capable of measuring in intense PNFs without underestimating the H*(10).
Therefore, the field of radiation protection should be improved by introduction of a
new prototype LUPIN-II, capable of coping with these high intensity PNFs.

Chapter 2
LUPIN-II Design
The LUPIN-II[60], whose prototype was developed in 2010 [61] and which is the subject of this work, is the second development of the LUPIN (Long-interval, Ultra-wide
dynamic, PIle-up free, Neutron REM counter), a device designed to be used in a Pulsed
Neutron Field (PNF). This is a field in which high-intensity pulses or bursts of neutrons are present for short periods of time. It replaces the spherical 3 He counter with
a cylindrical BF3 counter. The choice of the BF3 counter was due to the increased
Q-factor (2.31 MeV (95%) for BF3 vs. 0.76 MeV for 3 He), which aids with photon
discrimination, and the increased active length, which helps to mitigate the effects
of space charge (this is discussed in detail in Section 5.3). The increase in Q-factor
is important due to the working principle of the LUPIN-II, as pulse-height analysis
cannot be used to discriminate between neutrons and photons, which both produce
current in the device and therefore are both integrated and contribute to the measured
H*(10).
The LUPIN-II moderator consists of 2 cylindrical polyethylene sections, of radii
12.5 and 5.4 cm. These sections are arranged coaxially, with a 0.5 cm lead shell
embedded in between. 5 cadmium shells of various dimensions are arranged throughout
the polyethylene (see Figure 2.1). This ensures a response to neutrons of energies from
75
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thermal up to 1 GeV that adheres to the curve of conversion factors from fluence to
Ambient Dose Equivalent (H*(10)), allowing a single calibration factor to be used to
obtain the H*(10) of the given field. This moderator geometry was chosen as the
geometry of the proportional counter itself meant that a spherical moderator was no
longer appropriate. As a comparison, the active length of the cylindrical BF3 tube is
15 cm, and the tube has a diameter of 2.5 cm, while the spherical 3 He proportional
counter used in the previous LUPIN had a diameter (and therefore active length) of
3.2 cm.

Figure 2.1: LUPIN-II moderator. Note that all measurements are in cm.

The front-end electronics is the same as in the LUPIN (Section 1), containing a
fast LogAmp reading the current through the device at 10 MHz. The applied high
voltage is increased to 1180 V however, to improve the multiplication factor of the
BF3 counter.
The LUPIN-II uses the same method as the LUPIN for determining the number
of interacting neutrons during an acquisition. The current is sampled at a rate of 10
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MHz, and stored in a circular buffer in the electronics. This circular buffer stores data
until full, then overwrites the oldest data. When one or more neutrons interact in the
proportional counter, the current data is read out from the buffer, and integrated over
a user-set time window. The total charge found from this integration is divided by
a Charge Calibration Factor (CCF), which is mean charge generated in the proportional counter by a single neutron interaction, giving the number of neutrons in that
interaction.
In order to acquire both pulsed and non-pulsed fields, the LUPIN-II can be operated
in 2 acquisition modes: streaming and triggered. In streaming mode, one acquisition
window is acquired after the other without waiting for a trigger signal from an incident
neutron. Instead, acquisitions are performed one after the other. This mode is intended
for a non-pulsed field, i.e. one in which any neutron bursts are not distinguishable from
one another in time by the LUPIN-II (bunch spacing smaller than the time required
to process the acquisition, which could be of the order of 100 ms depending on the
PC used). Thus, the sampling of the neutron field will follow a Poisson statistical
distribution.
The second mode is the triggered acquisition mode, in which a threshold is set on
the current, above which an acquisition is triggered. In this mode, the integration
method of determining number of interacting neutrons is maintained, so that false
triggers will not contribute neutron counts. This mode is intended to be used in
pulsed fields, where individual neutron bursts can be distinguished by the LUPIN-II.
It is important to note that for a mixed field of pulsed and non-pulsed neutrons where
the signal contribution is comparable, no mode yet exists for the LUPIN-II which
could provide an accurate assessment of the H*(10).
In 2012, an intercomparison measurement campaign was undertaken at HelmholtzZentrum Berlin fur Materialien und Energie GmbH (HZB) in Germany to determine
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the performance of different radiation protection instrumentation in Pulsed Neutron
Fields (PNFs)[37]. Performed in the framework of the European Radiation Dosimetry
Group (Eurados) working group 11, this was a comprehensive campaign testing 14
neutron area monitors and 15 active personal dosimeters. Within this set of detectors,
both commercial and prototype or original devices were tested. For brevity, only the
part of the campaign involving the area monitors will be reviewed, as it is the part
relevant to this work. For the scope of the HZB experiments, a change in nomenclature
was implemented to ease understanding: "the word ’pulse’ is reserved to the output of
the shaping or counting circuit whereas the word ’burst’ is used to indicate a radiation
pulse from an accelerator. There are two exceptions when dealing with pulsed radiation
fields. In this case the following acronyms are used: pulsed radiation field (PRF) and
pulsed neutron field (PNF)"[37]. Relevant quantities for this experiment were: the
burst dose, as ambient dose equivalent (H*(10)) in nSv that a neutron burst delivers
at a reference distance; the burst dose rate which was simply the burst dose divided
by the burst duration; the burst charge which is the total integrated electric charge of
the proton beam directed onto the target from the accelerator during the burst; the
burst current which is the burst charge divided by the burst duration; and the burst
yield which is the burst dose divide by the burst charge.
As stated in section 1.2, the facility at HZB is dedicated to the treatment of
ocular tumours with protons. A 68 MeV proton beam is produced in a cyclotron.
Although mostly used for medical purposes, the beam is also used to test radiation
hardness of materials. During the measurements by Caresana et al., the beam was
directed towards an experimental area via a switching magnet, and a burst suppressor
was used to deliver the beam in short bursts. This set-up was capable of delivering
proton bursts with a maximum duration of 2 ms however the settings used during the
experiment are detailed in table 1.5.
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The neutron energy spectrum in the experimental area was determined via FLUKA
Monté Carlo simulations. For one burst with duration 1 µs, current of 20 nA and
charge of 20 fC, the burst dose due to the neutron component was found to be 2.68 ×
10-10 Sv at 50 cm from the surface of the target, which corresponded to a burst yield
of 13.4 nSv pC−1 [37]. The gamma component was found to be 2 orders of magnitude
lower than the neutron component.
The area monitors tested were as follows: Linus[24], Studsvik 2202D, Thermo FHT
725 Biorem, Thermo RadEye NL, MDU-Liulin energy deposition spectrometer[64],
Cramal31, Harwell N91, WENDI-II, LB6411[50], LB6419, REM-2, Agrem[66], LUPIN
and the LUPIN-II prototype (the subject of this work). The Linus is the same detector
described earlier in this chapter: a spherical extended range REM counter based on
a 3 He proportional counter. The LUPIN described in section 1.2 was include in this
measurement, as well as the prototype version as discussed above. Of the remaining
detectors, 4 were standard range REM counters, 2 were extended range REM counters,
2 were activation detectors, one was a pocket-size neutron monitor, one was based on
a semiconductor detector, and one was a recombination chamber.
For this measurement campaign the detectors were normalised to the burst charge,
as defined above. As expected, all instruments performed linearly for low intensity
bursts. The burst yield was calculated from this region, as all devices were seen to be
working as expected. However, underestimated was observed with the LB9419, and
overestimation was observed with the Liulin, RadEye, and Harwell N91. This meant
that a burst yield was unable to be determined for these detectors.
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As with the previous measurements with the Linus and LUPIN, the detectors
lose linearity as the intensity increases, and this was assessed using the Dhalf formula(section 1.2). A higher value of Dhalf means the detector performs better in high
intensity fields. The Dhalf values determined for each of the detectors is shown in table
2.1. From this it may be seen that the REM-2 and the AGREM cope best with the
high intensity field, while the LUPIN-II (LUPIN BF3 in for the Berlin measurements)
copes the best out of the detectors using moderator-proportional counter systems.
The half response signal was found by dividing Dhalf by the calibration factor for each
detector, and for the counting based detectors it represents the number of real counts
per burst (assuming no count losses) that results in the detector underestimating the
count by a factor 2. This value is independent of detector sensitivity and therefore
is a more accurate way of assessing the detectors capability to cope with an intense
neutron burst. For the AGREM and REM-2 this was impossible to obtain, as neither
detector showed a loss of linearity due to their working principle (silver activation for
AGREM and current-mode ion chamber for the REM-2). The results showing detector
linearity are shown in figure 2.2.
Caresana et al. concluded that the Linus showed a paralysable response, probably
due to the lack of a dead-time compensation algorithm in the counting electronics.
For the commercial REM counters, the response is characterised by a loss of linearity
at around the same burst dose. The BIOREM and WENDI-II showed slightly better
performance but not drastic improvement. The LUPIN and LUPIN-II showed much
higher vales of Dhalf , indicating that they perform much better in intense PNFs. This
is due to their working principle, which is not subject to the dead-time effects of the
other REM counters, while the LUPIN-II is one of the most sensitive instruments
tested. The AGREM and REM-2 were did not show any loss in their linearity due to
their working principles.
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Figure 2.2: "Instrument linearity. The top x-axis reports the reference burst charge while
the bottom x-axis reports the reference burst charge multiplied by the burst yield for the
given instrument. The straight line is the bisector of the first quadrant, representing the
ideal linearity. The square points are the raw instrument reading and the triangular points
are the instrument reading corrected with Eq. 1.1."[37]
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Table 2.1: "Values of the half response burst dose and half response signal for the various
instruments. Dhalf represents the reference dose where the response is a factor of 2 lower
than the correct value. For the Liulin and the Cramal31 the half response signal was not
calculated because the burst yield in terms of nSv per count was not available. For the
REM-2 and the AGREM the values of Dhalf cannot be calculated because the instruments
show a linear response."[37]

A similar measurement campaign was undertaken in 2013 at the CERN-EU Reference Field (CERF)[9]. This was again an intercomparison of different radiation protection instrumentation[67]. The LINUS, LUPIN BF3 prototype, Wendi-II, Berthold
LB6411[50], BIOREM FHT 752, RadEye NL, an ABC 1260-1 active bubble detector[68][69][70]
and the PNNLTEPC[71] and HAWK FW-AD2[72] tissue equivalent proportional counters. The neutron spectrum observed at the CERF facility had 3 peaks: low energy
(0.4 eV), evaporation (≈ 1 MeV) and high energy (≈ 100 MeV). Measurements were
taken with all detectors in a reference position and the results were compared with
FLUKA[42] simulations. For the TEPCs, the ambient dose equivalent had to be calculated from the known response function. The results are shown in figure 2.2.
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Table 2.2: The results of the measurements taken at CERF. All values are normalised to
the reading from an Ionisation Chamber. [37]

Caresana et al. concluded that the extended range REM counters agreed well with
each other and with the value calculated from FLUKA, and while the standard range
REM counters agreed with each other they underestimated the H*(10) by 35-45% as
compared to the extended range devices. This was expected, due to the presence of
the evaporation and high energy peaks in the neutron spectrum. The RadEye was
found to overestimate the H*(10) by a factor 2. The ABC 1260 was found to agree
with the simulations only if covered by a lead shell supplied with the detector. The
TEPCs were also found to perform satisfactorily during the measurement, although
they both overestimated the H*(10) when compared to the simulations.
While the above measurement shows that the LUPIN-II (at that stage, a prototype)
performs well, there are two limitations to this detector that are not discussed. The
first is that a neutron burst of sufficient intensity, will generate enough charge in the
counter to reduce the local electric field and cause an underestimation of the H*(10).
This effect can be seen in from the Berlin measurement campaign, as there is a slight
deviation from linearity at the highest intensity measurement. Due to the performance
and intended application of the LUPIN-II (to PNFs), this becomes a problem in fields
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with intensity higher than that observed at HZB.
The second limitation is that the device remains sensitive to photons, and therefore
any photon interactions producing charge in the counter will be detected along with
neutrons, adding charge to the integration. This will lead to false neutrons given by the
output of the detector. The lead present in the moderator may reduce this effect when
compared to the standard range REM counter for lower energy photons, however for
a field of sufficient energy may introduce photoneutrons in (γ,n) reactions. Therefore
the presence of an intense photon field may still cause an overestimation of H*(10).
One method already implemented within both the LUPIN and LUPIN-II to limit
the effect of a static (non-pulsed) photon background was through the baseline current
of the proportional counter. As discussed in chapter 1, the electronics applies a baseline
current to the LogAmp (to avoid negative saturation as the input approaches zero)
which is then subtracted from the signal during acquisition of a neutron burst. In order
to reduce the effect of a steady photon background, not just the baseline applied by
the electronics is subtracted. Instead, during the acquisition of a burst, samples of the
current are taken before the start of the burst and the average of these is subtracted
from the signal. It is possible to use the samples before the neutron burst as the
circular buffer retains the samples until it is full, and its size is such that the pre-burst
samples are retained. The effectiveness of this method is of course dependent on the
nature of the photon field, as variations can mean that the subtracted value incorrectly
estimates its contribution. In addition, this method does nothing to reduce the effect
of a pulsed photon field, which would create a peak in the current not able to be
removed from the signal in the same way. Thus a better method for eliminating the
photon component is required. Two main objectives of this project were to correct or
improve upon these limitations, and the methods employed are discussed in detail in
Chapter 5.

Chapter 3
Geant4 Simulations
3.1

Simulation Set-up

A useful tool for determining information about the interaction of radiation with material is via a computer simulation. One such method is Geant4 (a Monté Carlo method),
an extension of the code previously used by CERN into the C++ language. Geant4,
an acronym for GEometry ANd Tracking, has modules that allow users to construct
the layout of an experiment, for tracking a particle once and determining its properties, and for modelling detectors and interactions with materials. It is internationally
regarded as one of the most accurate and comprehensive Monté Carlo code systems
available.
Geant4 is a Monté Carlo technique for simulating particle physics. It uses the statistical nature of particle interactions to predict how a particle with certain attributes
will interact in a given situation. Due to the large number of particles usually involved
in any given event, this gives an accurate picture of the event. It is thus perfect for
determining the response functions of detectors.
The components making up Geant4 are: a series of code files, called classes, that are
used to represent different parts of the simulation; the associated header files (denoted
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.hh file extension) that contain definitions of variables and functions used in each class;
and a main program, that initializes the classes and operates the simulation. There
are also "macro" files, which can be used with the program in macro mode, allowing
the user to specify different parameters for the simulation without having to recompile
the whole simulation.
For the simulations discussed in the following sections, Root, a data analysis program also developed by CERN, was used. Root contains a series of tools for data
analysis and programming, although only basic functions were used for the output of
the simulations.
The simulations were adapted from the examples B1 and B2 from the Geant4.10.p02
distribution. The geometry of the LUPIN-II (Section 2) was simulated as accurately
as possible in DetectorConstruction. However, it was simplified by excluding the front
end electronics, and modelling the detector as a volume of gaseous Boron-Triflouride
(BF3 ) with a thin aluminium casing. The polyethylene, lead, and cadmium were all
modelled as in the design, as was the small polyethylene plug. The Geant4 visualisation of the detector geometry can be seen in Figures 3.1 and 3.2. The neutrons were
generated at the edge of the moderator volume and given a momentum towards the
centre of the moderator, normal to the outer surface of the moderator volume. This
was to simulate a directional field of neutrons.

3.1. Simulation Set-up

Figure 3.1: Geometry as modelled within Geant4, viewed from the side.
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Figure 3.2: Geometry as modelled within Geant4, viewed from the (45 theta,0 phi) direction.
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Response Function

The properties of Geant4 discussed above make this simulation approach perfect for
determining the response function of the LUPIN-II. As discussed in Section 1, the
response function of a REM counter must match the Fluence-to-H*(10) conversion
factors vs energy. The simulation was set up to use the geometry from 3.1 and to create
a field of mono-energetic neutrons, in a linear field distributed along the longitudinal
axis of the cylindrical geometry. The primary particles had a momentum direction
perpendicular to the longitudinal axis of the moderator (or normal to the moderator
surface), simulating a parallel field, but minimizing the computational time. Due to
the facts that most of the neutrons detected the result of scattering interactions within
the moderator and that the LUPIN-II is symmetrical about the longitudinal axis of
the moderator, this remains physically valid. The detection of the neutron in the gas
counter was simulated by monitoring neutron capture events within the gas volume
and counting a neutron as ’detected’ when a secondary alpha particle or 7 Li ion was
produced (a simulation of the

10

B(n,α)7 Li reaction).

Output for this simulation was twofold: the first via a simple ASCII file denoting
the detected number of neutrons, and the second a root histogram displaying the
distribution of neutrons as they enter the moderator, to ensure a uniform spatial
distribution. This simulation was run with energies of 1, 2, 5 and 7 of each decade
of eV, from thermal up to 1 GeV. This gave an output of the number of counts per
neutron for each energy to be obtained. The simulation was run with both the Binary
Cascade and Bertini models for neutron interactions for comparison, and was also
compared to a MCNPX simulation previously performed on the LUPIN-II geometry.
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Moderation time

A second simulation was designed to determine the relation between neutron energy
and combined moderation and drift time. This is relevant to the understanding the
Space Charge Effect correction, discussed in Section 5.3. It could also allow a correction
to be applied, as by knowing the shape of the response, it would be possible extrapolate
the entire signal from just a part.
For example, in an intense neutron field, the response of the detector would be
reduced during the intense part of the burst, reducing the measured H*(10). However,
the ’tail’ or delayed part of the burst would have a much lower intensity, and therefore
a lower reduction of the signal (see Figure 3.3). If the shape of the response over
time is known, a fit of the ’tail’ of the signal would provide the information needed
to back-project the entire neutron burst and provide a corrected H*(10). In reality,
this would be a complicated method to implement, as there is also a build up region
to take into consideration. For the LUPIN-II, a method that was easier to implement
was chosen instead, discussed in Section 5.3. However, the results of the simulation
proved interesting, and the correction method discussed in Section 5.3 lacks a time
depended factor, limiting its use. It is possible that a future application of the results
of this simulation to the Space Charge Effect correction factor could provide a solution
to this limitation.
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Figure 3.3: The TDT characteristic of the LUPIN-II for 300 keV neutrons both with and
without the Space Charge Effect. It can be seen that the data in the ’tail’ of the plot matches
well, while there is a 16% underestimation a the peak. Therefore, if one could perform a fit
to the data only in the tail and back project, one could find the corrected data and therefore
corrected H*(10), as discussed in [33].

To determine the TDT characteristic of the LUPIN-II, the code was modified from
the response simulation in the previous section (3.2) to include a second histogram
of the time between the creation and detection of the neutrons. As the neutrons
are created at the outer surface of the moderator, this gives a measure of the time
taken to thermalise and detect the neutrons, called the Thermalisation and Drift
Time (TDT). The time was obtained by accessing the ProperTime from the G4Track
DynamicParticle pointer.
By running this simulation for various energies of neutrons, it is possible to compare
the shape of the resulting time distribution of the detected neutrons, relative only to
the energy of the incident particle.

Chapter 4
Simulation Verification and results
4.1

Response Function results

Results of the simulations of response function are presented below in Figure 4.1. It
can be seen that the response as simulated by Geant4 follows the H*(10) conversion
coefficient curve, except for the low energy/thermal part, where the LUPIN-II overresponds by a factor of approximately 1.5. This is to be expected, and is a common
feature of neutron REM counters. Both the simulations run with the Bertini and
Binary Cascade models are included, also for comparison. Note that the errors for
both simulations are included, but are difficult to see due their value of around 1%.
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Figure 4.1: Response function of the LUPIN-II, obtained with both the Binary Cascade and
Bertini models as compared to the H*(10) conversion coefficients. The units of the Y-axis
are arbitrary, as the response is normalised to the integral of the plot for comparison.

The results of this simulation were also compared to a previous simulation using
MCNPX. This comparison is shown in Figure 4.2. The MCNPX simulation only has
results for 0.001, 0.1, 1, 5, 10, 50 and 100 MeV due to the nature of the simulation
previously run.
Finally, shown in Figure 4.3 is the full response simulated at 1, 2, 5 and 7 of each
decade from thermal to 1 GeV. Both Bertini and Binary Cascade models are shown.
Unfortunately it was impossible to plot the conversion factor data on the same plot;
the conversion factor data contains only a small number of data points, making the
normalisation insufficient to compare the data in terms of magnitude. It is interesting
to note that the Binary Cascade model seems to over-respond from 1-10 MeV and
under-respond at high energies. The cause for this is unknown, save that it is due to
the different cross sections of each model.
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Figure 4.2: Comparison of Geant4 Bertini model to MCNPX simulations of LUPIN-II
response. The units of the Y-axis are arbitrary, as the response is normalised to the integral
of the plot for comparison.

As an aside, a further set of simulations were run to test the effect of shortening
the LUPIN-II moderator. The reasoning for this was the non-isotropic response of
the LUPIN-II due to the cylindrical moderator, resulting in a 20% change in response
depending if the field is incident on the rotational face of the moderator or the flat
’bottom’ face. Therefore, it was theorised that a shortened moderator would help
to reduce the angular dependence, as long as it did not impact the response of the
LUPIN-II. The moderator geometry was altered in the simulation so that the length
was reduced to 25 cm to give a moderator with a more isotropic shape. For a truly
isotropic response, the detector geometry would have to be altered to be spherical,
however this was merely to investigate the effectiveness of a ’retrofit’ in the case that
true isotropy is not required. The results are shown in Figure 4.4. As before, the
conversion factor data was not possible to plot on the same graph.
It can be seen that there is little change in the response with regards to energy for
the shortened moderator although the overall response is lower, making the detector
system less sensitive. Therefore this detector system would still function as a REM
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Figure 4.3: Final simulated response of the LUPIN-II geometry, using Bertini and Binary
Cascade models. The units of the Y-axis are arbitrary, as the response is normalised as
above.

counter, and could be employed in a situation where a more isotropic detector is required, pending testing that the shortened moderator does in fact increase detector
isotropy. Preliminary testing has shown that the current moderator provides response
that the change in response is less than 20% depending on angle of incidence of neutrons on the detector[77]. It is thought that moderation of incident neutrons means
that an individual neutron has a very low chance to have a direct path to the detector
volume, instead undergoing multiple deflections in the moderator volume (see figure
4.5). From this figure it can be seen that the solid angle subtended by the detector for
neutrons undergoing only a single scattering reaction is low, and from this the nonisotropic nature of the moderator arises. However, the more likely case in which the
neutron undergoes multiple scattering reactions mean that the solid angle subtended
by the detector is affected more by the random distribution of the scattering angle
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Figure 4.4: Simulation of a shortened moderator versus the standard geometry of the
LUPIN-II, using Bertini model. The units of the Y-axis are arbitrary, as the response is
normalised. Error bars cannot be seen, as the error is around 1%

than by the angle of incidence of the neutron as it enters the detector. As the most
likely implementation of the LUPIN-II is as an area monitor in accelerator facilities,
where the directional nature of the neutron field is known, a change in the moderator
to increase isotropy is not required in most cases (for a Fission spectrum of mean
neutron energy of around 2 MeV, the average number of collisions with H to thermalise a neutron is ∼ 18). An alternative moderator is simply to widen the potential
applications of this LUPIN-II.
In summary, the response of the LUPIN-II system with respect to neutron energy
was determined via simulation. It was found to match the conversion coefficient curve
for neutron fluence versus energy. Both the Bertini and binary cascade models were
compared, as well as comparing simulations in Geant4 to MCNPX, and were found to
give similar results.
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Figure 4.5: Two examples of possible neutron ’paths’ in the LUPIN-II moderator. Neutron
A) shows the unlikely situation in which only one scattering reaction is enough to thermalise
the neutron. Neutron B) undergoes multiple scattering reactions.
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Verification of Time Simulation

Verification of this simulation was problematic, as a PNF with a well defined and
short burst length as well as a low repetition rate is required. This is due to the
requirement for each burst to be distinguishable to obtain a comprehensive idea of the
time structure of the resulting signal.
Therefore, verification was only possible with data taken at San Raffaelle Hospital in Milan, Italy. A medical linac was used in 15 MV mode to produce a mixed
photon and neutron field. Neutrons are produced by photo-evaporation in the head
components of the LINAC. The photon component was disregarded and the time characteristic of the neutron field was examined. This was then compared to the simulated
field for 700 keV neutrons, which is the peak of the neutron spectrum produced in the
LINAC head as shown in figure 4.6[78]. The results of this comparison are shown in
Figure 4.7.

Figure 4.6: Example of the neutron spectrum from a medical linac operating at 15 MV, as
simulated in MCNPX and measured with a Bonner Sphere System (BSS) by Mohammadi et
al.[78]. In the figure, ANN refers to the unfolding method used to determine the spectrum
from the BSS measurements. The irradiation field was 15 cm × 15 cm.

It can be seen that there is a good agreement between simulated and experimental
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Figure 4.7: Experimental and Simulated data for neutrons produced by a medical linac.
data during the build up of the neutron burst, but the fall off of the signal for the
simulated data has a steeper gradient than the experimental. This can be explained
by comparing the time distribution of the impinging neutrons for the experimental
situation. In the simulation, the neutrons are all produced simultaneously with regards
to each other. However, the nature of the experimental situation is such that the
neutrons are produced with a spread in time due to their production in spatially
different parts of the linac head, meaning the time of flight of the neutrons will be
different depending on their point of generation. This spread in time has the effect of
’extending’ the fall off of the neutron signal, which is evident in Figure 4.7.
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Time Simulation results

The LUPIN-II time simulation results were analysed by using the exponential fit function in ROOT. This agrees with previous works that have discussed the Thermalisation
and Drift Time (TDT) within neutron REM counter moderators [28][79][80][62]. The
signal follows a double exponential decay over time, and this was assessed within the
scope of the simulation.
The TDT was assessed by recording the time taken from creation to detection of
the neutrons, with the detection reaction being determined by the presence of an alpha
particle as a reaction product as stated in 3.3. This was then plotted as a histogram,
and the data was fitted with an exponential, as shown in Figure 4.8. This exponential
takes the form of f(t) = exp(p0+p1*t), where p0 is given as ’constant’ and p1 as ’slope’
by the root fitting tool, and t is the time in seconds after neutron creation.

Figure 4.8: An example of the exponential fit of the data from the Geant4 simulation, for
neutrons with a primary energy of 100 MeV. The fit was only performed on the exponential
decay of the neutron count, which was the region of interest.

As the reason for the simulations was to find a way to back-project the exponential
(as discussed in Section 3.3), the gradient and constant of the exponential equation
were determined. Before this assessment could be completed, however, it was decided
to use the Space Charge Effect correction as discussed in Section 5.3. Therefore,
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only the assessment of the gradient was continued, due to an interesting phenomenon
observed.
When comparing the gradient of the exponential at different energies, it was noted
that an energy dependence was present. This dependence does not become noticeable
until 100 keV, at which point there is a sharp change in the gradient that stabilises
at 1 MeV. This can be seen in Figure 4.9 which is a plot of the absolute value of
the ’slope’ of the exponential, or p1 as given above. This is thought to be due to
the fact that the fall-off does not follow an exponential shape, but rather a double
exponential shape. Therefore it is thought that these two exponentials (and therefore
their combined product) are energy dependent, and specifically that one is dominant
at low energies and the other at high energies.

Figure 4.9: ’Slope’ vs. energy for the LUPIN-II geometry. The absolute value was taken to
simplify the plot, as p1 (the slope of the exponential taken from the neutron time profile) is
always negative. The errors are around 1% and are not visible on the plot.

In order to obtain more information about the double exponentials, an attempt
was made to distinguish them. For neutrons of energy 100 keV and 1 MeV, the plot
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was visually divided into two exponentials. Both these were then fitted with the
exponential fit function in root, and the results at both energies was compared. One
exponential was found with a good accuracy, as this was the one mostly making up
the ’tail’ of the plot and had many points. The other, however, provided few points
on which to base the fit and therefore gave a less accurate result. These results are
shown in Table 4.1.
Table 4.1: Slopes of two exponential functions present in time profile of the LUPIN-II
geometry.[24]
Exponential
Exponential A
Exponential B

100 keV
Slope
Error
1.37 ×104 1 ×102
7.7 ×103 4 ×104

1 MeV
Slope
Error
1.37 ×104 2 ×102
1.06 ×104 5 ×104

It is nonetheless possible to see that there are two different exponentials within
this data, one with a lower time constant and the other with a higher time constant,
and that they are energy dependent. It would be an interesting extension of this
work to simulate other common REM counter geometries and determine if the same
phenomenon is present; specifically, it would be interesting to see if the phenomenon
is present in standard range REM counters. If not, this would indicate that the
exponential at high energies is due to the presence of lead in the moderator, and
related to the spallation reactions introduced by the lead.
The time distribution of neutrons being detected by the LUPIN-II was simulated.
It was found that the distribution followed a double exponential trend, and that there
is a sharp energy dependence of this trend between 100 keV and 1 MeV. It would be
interesting to investigate this further, with alternate moderator geometries.

Chapter 5
Experimental
5.1

Experiments at Proton Synchrotron

To test the performance of the LUPIN-II in a PNF, a measurement campaign was
undertaken at the Proton Synchrotron (PS) at CERN in Switzerland[82]. This was a
collaboration within the ARDENT framework [81] between CERN and Politecnico di
Milano. The goal of this measurement was to evaluate the performance of different
radiation protection devices in a Pulsed Neutron Field (PNF), specific to beam losses
from a synchrotron accelerator.
The measurement campaign took the form of an inter-comparison, in which 6
different detectors’ performance was compared. Two of these detectors were Ionisation
chambers, customised Centronic IG5 type: one filled with Hydrogen and the other
Argon. A further 2 of the detectors were commercially available REM counters, the
Thermo FHT 762 Wendi-II[35][36] and FHT 751 BIOREM. The final two detectors
were the CERN LINUS[24], an extended range REM counter developed at CERN and
the LUPIN-II. These detectors were placed inside an access tunnel to septum 16, where
the stray field is dominated by neutrons as shown by previous FLUKA Monté Carlo
simulations[83]. This is shown in Figure 5.1.
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Figure 5.1: Proton Synchrotron accelerator. Septum 16 is highlighted by a red circle, with
the measurement point just above in the access tunnel.

Within the access tunnel, the 6 detectors were placed in 6 positions on a table
or the floor as shown in Figure 5.2. One measurement was taken in each position
with each detector by exchanging detector position in between measurements. The
measurements took place over 2 different sessions, on two different days. They were
analysed separately to ensure a logical comparison (in case of field variations or other
sources of error).
The readings from the detectors were normalised in two ways. The PS system
TIMBER[86] was used to collect data on the beam setting, particle fluence and beam
intensity from the accelerator machines at CERN. Thus the integrated proton fluence
during the measurement was be obtained. The detector readings were normalised using this data for the first iteration of the analysis. However, this analysis proved to
be flawed, with vast differences in response of the detectors in different positions, and
the lack of a noticeable trend. The second method used RAMSES (Radiation Monitoring System for the Environment and Safety)[87], a system that collects radiation
protection data from various instruments placed around the CERN site. A monitor
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Figure 5.2: An example configuration of the detectors within the access tunnel to septum
16.

stationed near the area used for the measurement allowed the integrated H*(10) during the measurement to be used to normalise the data more consistently. With this
normalisation, the data showed much more consistency and allowed a conclusion to
be drawn.

Figure 5.3: Results from first set of measurements.

The results from this measurement campaign, shown in Figures 5.3 and 5.4, show
the performance of the different detectors within the neutron field. It can be seen
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Figure 5.4: Results from second set of measurements.
that the Ionisation chambers (which are not affected by dead-time losses) show the
greatest response; this means that they must suffer only minimally from recombination
effects. The LUPIN-II also shows little to no underestimation of the H*(10), with the
response agreeing with that of the Ionisation chambers. However, the Biorem shows
a consistent underestimation of the H*(10) of approximately 30%, and the Wendi-II
and LINUS show underestimation of up to 65%. It is interesting to note that both
the Biorem and Wendi-II are commercially available detectors, while the others at the
time of measurement were prototypes or unique devices.
To summarise, the LUPIN-II was used to measure the neutron field due to beam
losses around the Proton Synchrotron at CERN, along with 5 other detectors. It was
found that the LUPIN-II performed much better in the intense neutron field present,
while the other detectors underestimated the H*(10) as the field intensity increased.
The LINUS was the most effected, while the commercial REM counters performed
better but still showed some underestimation of the H*(10)
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Experiments at HiRadMat

In order to further compare the capability of the LUPIN-II, a second measurement
campaign was undertaken at the High Radiation to Materials (HiRadMat) facility at
CERN[74]. This was another inter-comparison measurement comparing 5 different
detectors (3 REM counters and 2 Ionisation chambers), and was again a collaboration
within the ARDENT framework. The LINUS was excluded from this measurement
due to the underestimation seen in the previous campaign at the PS, and thus the
detectors compared were: the LUPIN-II, the Thermo FHT 762 Wendi-II[35][36] and
FHT 751 BIOREM.
Designed to test the radiation hardness of various materials, this facility uses the
beam produced in the Super Proton Synchrotron (SPS) (Figure 5.5). The SPS provides
a 440 GeV proton beam with a pulse length of 7.2 µs. The maximum bunch intensity
is 1.7 × 1011 protons, with the number of bunches ranging from 1 - 288 per pulse.
This gives a maximum pulse intensity of 4.9 × 1014 protons. The bunch spacing can
be varied from 25 to 10 ns.

Figure 5.5: CERN accelerator complex[75]. The HiRadMat facility is highlighted by a red
circle.
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For the measurements with the LUPIN-II, the detector was placed 50 m from the
dump at the entrance of a bent tunnel (see Figure 5.6). The beam was directed onto
the dump, so that the resulting field was made up of a PNF accompanied by neutrons
scattered off the walls of the tunnel giving them a longer flight path. This gave the
field a time duration of up to 100 ms (Figure 5.7). The H*(10) per burst was varied
up to 6 µSv per burst. Table 5.1 shows the various nominal beam settings used during
the experimental campaign.

Figure 5.6: Experimental position for the LUPIN-II measurement campaign.[76]

Figure 5.7: Burst signal acquired with the LUPIN-II at beam setting 13.[76]
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Table 5.1: Nominal beam settings for HiRadMat measurement
Setting

Beam Intensity (protons on dump)

Expected H*(10) per burst (nSv)

1

5 × 109

2.5 - 5

2

1010

5 - 10

3

2 × 1010

10 - 20

4

4 × 1010

20 - 40

5

7.5 × 1010

37.5 - 75

6

1011

50 - 100

7

2 × 1011

100 - 200

8

4 × 1011

200 - 400

9

7.5 × 1011

375 - 750

10

1012

500 - 1000

11

2 × 1012

1000 - 2000

12

4 × 1012

2000 - 4000

13

7.5 × 1012

3750 - 7500

The data analysis for this measurement was complicated by the time profile of the
field. An empirical compensation method, known as the Dhalf formula, had previously been used to correct the REM counter response in measurements taken at the
Helmholtz-Zentrum Berlin fur Materialen und Energie GmbH [37]. This formula takes
the form of:

Dref =

Dmeas
1 − Dmeas /Dhalf

Where Dref is the reference (or, in the case of a correction method, the corrected)
H*(10) reading, Dmeas is the uncorrected H*(10) reading, and Dhalf is the H*(10)
at which the detector reading shows half the value of the reference H*(10). In order
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to apply this as a correction method, the known Dhalf and Dmeas values are used to
find the Dref value, which in this case will be the corrected value. However, for the
field encountered during this measurement campaign, this method was unable to be
applied. An inherent assumption within this method is that the entire H*(10) reading
(and by extension, the neutron burst) contributes to the flooding of the detector.
However, the field at HiRadMat was spread in time, meaning that this assumption
was not valid. Instead, only part of the signal contributed to the flooding, with the
remainder contributing the full H*(10). This meant that the corrected data showed
overestimation at high H*(10) per burst values. In order to use this compensation
method, a limit had to be set in order to apply the correction only to the part of the
reading that contributed to detector flooding. An integration of the signal obtained
from the LUPIN-II shown above (Figure 5.7), as well as others obtained through the
measurements, showed that 68-75% of the signal was collected in the first 2 ms of the
burst, which is the charge collection time of the LUPIN-II. This was therefore the limit
set on the correction method, so that the compensation was applied to only 68% of the
signal. Using this improved method, the results shown in Figure 5.8 were obtained.
From this result, it can be seen that the LUPIN-II retains a much more linear
response to increasing H*(10) per burst than the other REM counters included in
the measurement. As in 5.1, the Wendi-II shows the weakest performance while the
BIOREM lies in between: it can be seen that the commercial detectors again show a
weaker performance, as with the measurements at the PS.
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Figure 5.8: Comparative detector response obtained from measurements at HiRadMat[76].
This plot shows the H*(10) expected due to the beam settings vs. the H*(10) actually
measured by the detectors.

5.3

Correction for Space Charge Effect

The space charge effect (SCE), as discussed in Section 1, is the physical mechanism
that leads proportional counters and ionisation chambers using gas gain to underestimate the fluence through the detector. This effect is caused by a build up of charge
within the proportional counter, reducing the electric field in the gas and therefore
also the proportionality. With a reduced proportionality, the output H*(10) will be an
underestimation of the real H*(10), causing problems for a radiation protection device.
This is evident in the results in Section 5.2, which show the LUPIN underestimates the
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H*(10) by 20% at 500 nSv/burst. Therefore it is important to find a way to correct
for this effect.
A method for assessing the magnitude of the SCE within proportional counters
was constructed by Rios et al. by determining the change in the electric field within
the device[55]. This is outlined in Section 1, however it will be partially restated here
to clarify the changes made to apply it to the LUPIN. An assumption is made in order
to determine the reduced multiplication factor: that the charge is generated in the gas
in a time shorter than the collection time of the positive ions in the detector. This
time is 2 ms for the LUPIN. Therefore, a neutron burst to which the final correction
factor is applied must conform to this hypothesis.
The derivation starts with the Diethorn equation 5.1:
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(5.1)

Where V is applied voltage, b/a is the ratio of the cathode to anode radius, ∆V
is the potential difference affecting an electron between ionisation events, K is the
threshold E/p below which no multiplication occurs, p is counter gas pressure, Q is
the charge generated in the device by the interacting neutrons, E is the full energy
deposition of the
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B(n,α)7 Li reaction (2.31 MeV (94%)), W is the energy required to

produce an ion-electron pair (33.7 eV), and e is the electron charge (1.602 · 10-19 C).
This was then simplified as above with equations 5.2, 5.3, 5.4:
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C = K · p · a · ln
a

!

(5.3)
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D=

E
eb2
·
W V ol · 4π0

(5.4)

And introducing the factor δV to represent the change in the potential due to the
SCE, equation 5.5:

δV =

E
eb2
·
· Ni · M 0
W V ol · 40

(5.5)

Where Vol is the counter gas volume, 0 is the permittivity of free space (8.854·10-12
F/m), Ni is the number of interacting neutrons and M’ is the reduced multiplication
factor. It is important to note that equation 5.5 does not include a factor of 1/pi()
that was shown in equation 1.11; this is due to the fact that it appears to be included
in error, as stated by Mathieson[85].
The equation for the Multiplication factor in the presence of space charge M’,
including the factor δV is:






V − δV ln2
V − δV
  
M 0 = exp   b 
· ln 
∆V
ln
K · p · a · ln b
a

(5.6)

a

And, by substituting the factors from above, exploiting the relation that the charge
generated in the device Q = M 0 · Ni · e or the number of interacting neutrons multiplied by the reduced multiplication factor and e; and solving for M’, the reduced
multiplication factor becomes equation 5.7:

M0 =

1
h

exp − VB · ln

 i
V
C

+

D
B

h

· Ni · 1 + ln

 i
V
C

(5.7)

This gives the important relation between M’ and the number of interacting neutrons Ni . Due to the operating principle of the LUPIN, which obtains number of
interacting neutrons buy dividing the total charge generated by a Charge Calibration
Factor (CCF), this relationship allows the implementation of a compensation method

5.3. Correction for Space Charge Effect

114

for the SCE. This method simply finds the reduced multiplication factor by inputting
the number of interacting neutrons in a burst, then multiplies the output (in number
of neutrons or H*(10)) by the ratio M/M’, to obtain the corrected output. This is an
approximation, as the number of interacting neutrons used to determine M’ is also
affected by the SCE, however it will be shown below that this method shows vast
improvement in the linearity of the LUPIN.
In order to use the method, several parameters had to be determined empirically,
as the geometry of the BF3 counter was not known in detail. This was accomplished
by irradiating the LUPIN with an Am-Be source in the secondary standard calibration
laboratory at Politecnico di Milano, with the source placed at a distance to ensure that
the count rate was at around 10 cps, minimising the probability of two neutron interactions within the acquisition window. The window was set at 2 ms to ensure charge
collection while avoiding multiple interactions per window. The charge spectrum (histogram of integrated charge from one acquisition) was obtained at varying high voltage
settings and the mode of the charge was found (Q as reported in equation 5.1). This
mode of the charge spectrum represents the charge generated in the counter when the
neutron capture products are completely stopped in the gas. Fitting equation 5.1 to
a plot of the multiplication factor (found from the mean charge Q) versus the applied
high voltage allows the parameters B and C to be determined. The parameters used
for the compensation method are shown in table 5.2.
Once the parameters were obtained, the method was applied to the results from
measurements taken at Helmholtz-Zentrum Belin fur Materialien und Energie (HZB),
those shown in Section 5.2, and for some measurements taken at the Elettra Sincrotrone Trieste in Italy. The implementation of this method is published in [90]
The cyclotron used for the measurements taken at HZB was designed for the treatment of ocular tumours using proton therapy. The proton beam is delivered with an
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Table 5.2: Parameters used in SCE compensation method
Parameter
CCF
B
C
D
∆V
E
W
a
b
P
1

Counter 1 value
610
282.05
405.34
6.58cdot10-4
31.7
2.31 (94%)
33.7
2.5·10-5
0.012
20 (2666)
5 × 109

Counter 2 value
248
291.2
511.26
6.58cdot-4
32.7
2.31 (94%)
33.7
2.5·10-5
0.012
20 (2666)
2.5 - 5

Units
fC
V
V
V
MeV
MeV
eV
m
m
mmHg (Pa)

energy of 68 MeV. The beam line contains a switching magnet, to supply the beam
to the treatment room as required. For the measurements with the LUPIN-II (undertaken as part of an inter-comparison campaign), the burst duration was 1-40 µs.
This duration is coherent with the hypothesis of the derivation of the compensation
method, as this is much lower than the charge collection time of the LUPIN-II (2 ms).
The detector was placed in a reference position 0.5 m from a tungsten target, which
was irradiated with a pulsed proton beam. During the measurement, the H*(10) per
burst (referred to here as ’Dose per burst’) was varied from 0.08 nSv per burst up to
500 nSv per burst. It is interesting to note that during this experiment it was shown
that the SCE is not evident before approximately 100 nSv per burst, corresponding to
100 neutron interactions. The SCE correction has the advantage of only correcting for
measurements where the SCE is in fact significant however, due to the dependence on
Ni . This means that this correction can be implemented as an automated function,
and it will not impact those measurements that are not subject to the SCE. The results from HZB and the result of the correction method are shown in figure 5.9, along
with the theoretical performance of the ’ideal’ detector, which does not experience the
SCE.
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Figure 5.9: Plot of the results of the measurements at HZB. Note that here ’Dose’ refers to
the H*(10). The Ideal line represents the performance of a detector unaffected by the SCE,
where the measured H*(10) is the true H*(10) for the field.

While there is only one point at a Dose per burst value high enough to warrant
correction, it can be seen that the detector linearity is improved by the SCE correction
method. It should also be noted that the point at 76 nSv reference dose is only slightly
affected by the compensation and the points below 50 nSv per burst remain unaffected,
as expected.
The measurements at HiRadMat were obtained by placing the LUPIN-II in an
access tunnel to the beam dump. During the measurement, the beam was directed
onto the dump, and the resulting scattered neutron field was measured. For a detailed
description, see Section 5.2. The results of the SCE correction are shown, along
with the uncorrected results for comparison, in figure 5.10. Also included here is
the theoretical performance of the ’ideal’ detector that does not experience the SCE.
The improvement of detector performance is again evident in the results from
HiRadMat. It may be noticed, however, that the corrected data lies slightly higher
than the ideal line. This may be due to the nature of the neutron field at HiRadMat.
The placement of the LUPIN-II in an access tunnel to the beam dump means that
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Figure 5.10: Plot of the results of SCE correction on the data from HiRadMat. Note that
here ’Dose’ again refers to the H*(10). Also note that the axes are Log-Log. The distribution
of points at low Dose per burst is due to the low statistics of those measurements.

the neutron field was scattered, and also spread in time. This means that the field
must be considered in terms of a ’prompt’ part and a ’delayed’ part, that is, those
neutrons that lie within the hypothesis for the SCE correction and those that do not.
The LUPIN-II was used to obtain single acquisition windows (representing a single
burst), an example of which is shown in figure 5.11. An integration of this data
shows that 68% of the charge (and therefore the neutrons) is concentrated in the first
2 ms of the measurement. Therefore, 68% of the signal satisfies the hypothesis. In
addition, the compensation method treats the situation as a sudden injection of charge,
while during this measurement charge is continuously being injected and collected.
Therefore, there is an influence of the SCE that is varying with time, and even neutrons
detected after 2 ms are still affected to some extent by the SCE. However, despite the
complicated nature of the field, the SCE correction shows promising improvement of
detector performance; even if the correction leads to a slight overestimation of the
Dose per burst, in a radiation protection capacity this does not cause major problems
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(due to the application of the As Low As Reasonably Achievable principle).

Figure 5.11: Example window of the measurements at HiRadMat.
However, it is an important limitation that any field in which this compensation
method is employed must be know to conform to this hypothesis. In order to make a
general compensation method, a time dependent factor must be developed.
A third set of measurements that the compensation was applied to was taken at
the Elettra Sincrotrone Trieste in Italy. The neutron field was produced using the
FEL-1 Free-Electron Laser. The electron energy used was 1276 MeV, with a bunch
charge of 0.8 nC and a bunch length of 400 fs. The repetition rate was 10 Hz. The
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accelerator used for this experiment was extremely stable, which meant the number of
primary particles was highly reproducible. Thus the number of observed neutrons from
each burst was governed by Poisson statistics. Repeating bursts of the same intensity
allowed the compliance to the Poisson distribution to be assessed by calculating the
reduced χ2 value. This is obtained by dividing the variance of the distribution by the
mean; the expectation value for a perfect Poisson distribution is 1. The measurements
in Trieste all yielded values lower than 1, meaning the distribution was too narrow.
By applying the SCE correction method, the value was improved to be within the
expected range of acceptance, excepting for the 700 pC measurement (shown in table
5.3). This was thought to be due to variations within the field itself, as the number
of neutrons per burst was not truly constant.
Table 5.3: Improvement of χ2 of data from measurements in Trieste due to application
of SCE correction, with limits for 95% confidence limit.
Charge (pC)
200
350
500
700

Measurement χ2
0.91
0.71
0.67
0.58

Corrected χ2
1.08
0.92
0.96
0.92

χ2 Upper limit
0.62
0.54
0.52
0.42

χ2 Lower limit
1.46
1.57
1.6
1.79

An important limitation of the correction method that has already been noted is
with the time structure of the field. When the structure is such that the neutrons have
a time of detection spread over a time greater than 2 ms, the compensation factor will
not give a true indication of the SCE. This is due to the assumption made during
the derivation of equation 5.7, that the neutron burst must be shorter in time than
the collection time of the positive ions. However, it is shown by the effectiveness of
the compensation on the data from HiRadMat that this is not a strict limitation. In
order to apply this method in a field with an unknown time structure, a time based
factor accounting for the collection of charge over time after the initial interaction. In
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addition, to fully explore the effectiveness of this compensation method, measurements
are needed at higher H*(10) per burst to find the limit of the method. This is problematic however, as there are few facilities capable of this and they do not necessarily
fit the hypothesis of the correction method in terms of time structure. It is planned
to implement this method within the FPGA embedded in the LUPIN-II, to provide
an automated compensation online.
In summary, an analytical method for compensating for the build up of space
charge in the LUPIN-II in intense PNFs was found. This was applied to data from
measurements at HZB, HiRadMat and in Trieste and proved able to correct the detector reading. However, this correction was applied after the measurement and not
online, so at this stage it has limited application. In order to improve the detector
system the SCE correction should be applied by the detector during acquisition, which
should be possible in the future due to the presence of an FPGA in the detector readout electronics. It is also important to determine a time-dependent factor for this
correction, to allow it to be implemented in a neutron field containing both pulsed
and non-pulsed neutrons.
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Photon Rejection

A problem common in neutron REM counters is their sensitivity to photons. Due
to the operating principle of these devices, signal from photos is easily attributed
to neutrons, increasing the reading. This is especially true of the LUPIN-II, due to
the acquisition method of sampling the current, as current induced by neutrons is
electronically indistinguishable from that generated by photons.
Methods have previously been used to try to reduce the signal due to photons,
two of which are employed by the LUPIN-II: the use of a BF3 proportional counter
to increase the energy of the neutron capture products and the introduction of lead
into the moderator to provide a measure of shielding from the photon radiation. The
10

B(n,α)7 Li reaction has a Q-value of 2.31 MeV (94%), which gives a greater contrast

to photons than the 3 He(n,p)3 H reaction used in 3 He counters commonly used in REM
counters, with a Q-value of 0.764 MeV. Also, it should be stressed that the inclusion of
the lead in the moderator is primarily to increase the response to high energy neutrons
through spallation reactions (as stated in Section 2) and the shielding of the counter
from photons is a by-product.
Despite these measures, the contribution of photons to the signal still exists and
due to the operating principle of the LUPIN-II, can remain important where the
radiation field contains a photon component. This can take one of two forms: a
constant background photon component and a pulsed photon component. In a field
containing a constant photon background, the increased baseline current reading of
the detector will be integrated along with the neutron peak, and will increase the
charge and therefore the number of neutrons observed (see figure 5.12). Therefore, it
is necessary to determine a method for reducing or eliminating the photon contribution
to the device output.
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Figure 5.12: Example window of a single neutron acquisition with (top) and without (bottom) a steady neutron contribution. The red represents the extra area under the curve
(charge) introduced by an offset of the current by 5 nA, which adds an extra 33 neutrons to
the acquisition. Only 0.2 nA is required to add an extra neutron to the acquisition.

To distinguish between a steady photon background and a neutron peak, a change
to the acquisition method was implemented. In this acquisition mode, the LUPIN-II
is reverted to a simple counting mode. However, the trigger for one count (neutron) is
set on the pseudo-derivative of the current instead of on the current (or voltage as is
the case with the more standard REM counter). As a constant photon background has
only small variations, the change in current with respect to time will be small; when a
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neutron interacts, however, the resulting charge cascade creates a sharp increase in the
current, and a corresponding increase in the derivative. Examples of neutron peaks
versus photon noise are shown in figure 5.13, along with a proposed threshold on the
rate of change of the current. The large difference between the rates of change is also
shown in figure 5.14.

Figure 5.13: Plot of several neutron signals (blue) versus a constant gamma background
(red). Note the leading edges of the neutron signals, which the proposed method would use
to set the threshold for a neutron count. The line in black represents a proposed threshold.

In order to implement this in the detector, a method of finding a ’derivative’ had
to be defined. This was defined as equation 5.8.
d(In )
1
=
(In+1 − In−1 )
dt
2δt

(5.8)

Where In+1 and In−1 are the values of the n+1 and n-1 samples of the current and
δt is the time between samples (100 ns). This gives a rate of change of the current
over these samples, which can then be assessed to find neutron peaks. The peaks are
detected by using a peak detection analysis, with an adjustable number of samples
needed to exceed the threshold before registering a neutron count (set by the user).
It can be seen that this is not the true derivative of the signal, however it suits the
purposes of the this detector, being easily implemented in an on-board FPGA to run
on-line.
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Figure 5.14: This is a comparison of the current (left) and current pseudo-derivative (right)
for a radiation field containing neutrons only (top), photons only (centre) and a mixed field
(bottom). Note the differences in magnitude of the pseudo-derivative between the photon
and neutron radiation.
In order to test the above method, measurements were taken at the secondary
standard calibration lab at Politecnico di Milano. The detector was placed into 2
fields: one containing only neutrons (and 4.4 MeV photons) from a Am-Be source and
the other a mixed field containing both the Am-Be neutrons and photons from a 137 Cs
source. The results are shown in table 5.4.
Table 5.4: Results of measurement using the standard LUPIN-II streaming mode and
newly implemented derivative mode in neutron only and mixed field.
Source(s)
Am-Be
Am-Be +

137

Cs

Measurement
1
2
3
4

Streaming mode count (Hz)
19.4 ± 4.4
20.5 ± 4.5
495 ± 22
496 ± 22

Derivative mode count (Hz)
19.6 ± 4.4
20.8 ± 4.6
21.5 ± 4.6
20.9 ± 4.6

From the results shown in table 5.4 it can be seen that while the streaming mode
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is affected by the steady photon field, the derivative mode still reads only the neutron
signal even when a steady gamma field is present. A possible limitation of this method
is that, operating as a simple neutron peak-counter, overlapping neutron peaks may
present a problem. In informal tests this seems not to occur, and the theory dictates
that as long as the leading edges of the peaks are distinguishable (i.e. the rate of
change reduces to 0 for the first peak before the leading edge of the second peak) the
counter should be able to cope (see figure 5.15 however, this needs to be tested in
intense pulsed fields, which was not possible within the scope of this project. It is
also important to note that this will not eliminate the contribution of photo-neutrons
produced in the moderator components.
For the second problem related to pulsed photon fields, another method was theorised. During measurements taken at the Paul Scherrer institute (PSI) as a part of
the activities of the ARDENT collaboration, it was observed that the pulsed photon
component was distinguishable in the LUPIN-II read out. This was due to the timeof-flight of the neutrons versus the photons from the point of generation to the point
of detection. The photons, travelling at the speed of light, reach the detector before
the neutrons, producing a peak distinguishable from the remainder of the acquisition
window due to both its timing and shape. An example window is shown in figure 5.16.
The measurement campaign at PSI was undertaken using a free-electron laser,
which is a test injector for the SwissFEL facility under construction at PSI. The
maximum operating energy of the test facility was 300 MeV. The test facility consists
of the injection gun, 4 S-Band accelerating structures, one bunch compressor and a
beam dump, with space for diagnostics between the compressor and the dump (shown
in figure 5.17, along with the positions used during the measurement). The injection
gun used was a CTF3 gun number 5 [84]; a RF-photo injector made up of a 2.5 cell
standing wave cavity.
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Figure 5.15: Single neutron shifted by 1 (top) and 3 (bottom) µs and superimposed. It
can be seen that in the top figure, the neutrons are indistinguishable to the rate of change
counting method, while the usual LUPIN-II method of integration and division would give
2 neutrons. The bottom figure shows 2 neutrons for both methods.

During the measurements, the accelerator was operated at a maximum electron
energy of 230 MeV, and at a repetition rate of 10 Hz. The beam was directed onto a
concrete beam dump, and the bunches were of 200 pC bunch charge and a few ps bunch
length. The 12 positions shown in figure 5.17, with neutron bursts expected at the ’BC
Back’, ’BD front’ and ’BD lat’ positions, due to losses of accelerated electrons during
bunch compression and stopping of the beam in the dump. The mode of operation of
the RF cavities and the gun were also varied, both to assess machine characteristics
(e.g. dark current) and the performance of the LUPIN-II in different field conditions.
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Figure 5.16: Example acquisition window from measurements at PSI, taken in front of the
beam dump.

Figure 5.17: Layout of the test injector for the SwissFEL accelerator at PSI. Positions used
during measurements with the LUPIN-II are shown as points above the accelerator layout.

These modes were: a) Gun RF and laser on, b) Laser on only and c) Gun and laser
off. The standard LUPIN-II acquisition mode was used to determine the H*(10) per
burst due to the secondary neutrons produced by the machine.
It can be seen in figure 5.18 that the photon peak associated with the measurements
at PSI is a prompt peak occurring before the neutron peaks, and is symmetrical on
each side instead of the exponential decay of the neutron peaks. A method theorised
to eliminate this photon contribution was to remove the first 5 µs of the acquisition,
and thus avoid integrating the photon component. This was done in post processing
and the results are shown in table 5.5.
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Figure 5.18: Example window of measurements taken at the Paul Scherrer Institut, Switzerland. The photon peak had a charge corresponding to around 1.7 neutrons, while the neutron
peak was only a single neutron.
It can be seen that the method of removing the peak was effective in removing
the photon contribution from the signal. The χ2 value was used as a measure of
the conformance of the data to a Poisson distribution (χ2 = 1 for a perfect Poisson
distribution), and it can be seen that it is improved by the removal of the photon peak.
The improvement varies due to variations in photon peak intensity, and the fact that
the contribution of the photon peak was estimated from a few snapshots of acquisition
windows during the measurement and not made in real time on a burst-per-burst basis.
If this method was employed in real time, variations in the photon peak intensity would
not pose a problem, and this was attempted with the LUPIN-II. However, the method
of removing the first peak from the acquisition proved problematic to implement in
the FPGA.
In order to implement a working method in the detector to eliminate the photon
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Table 5.5: Raw and corrected results of the measurements at PSI. For brevity, only the data
requiring correction is included (for setting c, only dark current was observed).
Measurement Setting
3a
4a
5a
5b
6a
6b
7a
7b
8a
9a
9b
10a
10b
11a
11b
12a
12b

Raw
No. Neutrons per Burst
2.28
5.07
12.6
13.1
37.6
38.2
25.98
26.05
9.43
3.57
1.3
38.56
9.15
67.55
38.56
9.09
8.8

Variance
0.33
0.1
7.9
9.3
18.4
16.6
21.32
24.12
9.14
2.4
0.59
17.11
5.07
78.17
17.1
5.86
5.5

χ2
0.15
0.02
0.63
1.4
0.5
0.43
0.82
1.08
0.97
0.68
0.45
0.44
0.55
0.3
0.44
0.64
1.59

Corrected
No. Neutrons per Burst Variance
χ2
0.3
0.33
1.1
0.07
0.08
1.14
7.6
7.7
1.02
9.12
8.8
0.97
28
16.7
0.59
28.53
17.22
0.6
23.01
20.6
0.9
23.13
22.11
0.96
8.43
9.14
1.08
2.57
2.41
0.94
0.4
0.49
1.225
30.56
17.11
0.56
7.17
5.12
0.71
57.55
78.17
1.36
30.56
17.1
0.56
6.09
5.86
0.96
5.81
5.47
0.94

contribution, it was decided to use the derivative method discussed previously to
eliminate steady photon background. When using this acquisition mode, the peaks
will all be counted, as the threshold on the rate of change will be exceeded for both
the photon and the neutron signals. For a pulsed photon field, this will mean that
one ’neutron’ peak (i.e. one count) will be added to the neutron count due to the
photon peak in the proportional counter output. So, in order to remove the influence
of the photon field, it is simply necessary to remove 1 from the neutron count. This
also means that both a steady and pulsed neutron field can be eliminated from the
acquisition with a single operating mode. This mode, up until the writing of this
work, has not been tested in an intense field, due to the lack of available beam time.
It would be important to test this mode to ensure that overlapping neutron signals do
not cause an underestimation of the H*(10) of an intense PNF. This method will also
not eliminate the contribution of photo-neutrons produced in the moderator materials,
as a single neutron peak would still result in the proportional counter output. The
theory is solid, however, and the author feels that testing will prove this method

5.4. Photon Rejection

capable of coping with pulsed photon fields.

130

Chapter 6
Conclusion
The LUPIN-II has been shown to be an excellent solution to the problem of detecting
neutrons in a radiation protection role. Specifically, it fulfils its design goal of being
able to accurately measure PNFs.
The goals of this project were to improve the detector’s performance in PNFs, and
to develop the detector’s ability to distinguish between photons and neutrons during
acquisition.
Within the scope of this work the detector has been improved from showing a 20%
underestimation of H*(10) at 100 nSv per burst to the order of 10 µSv per burst,
as shown by the measurements at HiRadMat. In addition, the introduction of the
derivative algorithm has been shown to allow the detector to distinguish between
neutrons and photons with a high degree of accuracy, pending further testing in a
mixed field of pulsed neutrons and photons.
The simulations show that the response satisfactorily follows the H*(10) to fluence
conversion factor curve versus energy, as is required for it to function as a REM counter.
In addition, valuable data has been obtained for future developments of the correction
algorithm implemented in the detector, with the simulation of the time characteristic
of the neutron burst interaction
131
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Therefore it has been shown that the LUPIN-II is a detector capable of accurately
measuring the H*(10) of a most PNFs, with a further capability to improve with
more testing. This is an important development in radiation protection as accelerator
facilities develop the ability to deliver higher intensity radiation pulses.

6.1

Proposals for Future Work

Since the completion of the project described in this work, the pseudo-derivative
method and FPGA have been implemented in the LUPIN-II detector. In its current state at the time of writing, the LUPIN-II is a commercially available detector
system, capable of giving a H*(10) reading in real-time. Future work for this project,
as discussed in Chapters 4, 5 and 6, focuses mainly on further testing to evaluate the
maximum intensity at which the LUPIN-II can operate.
Simulations to fully investigate the TDT characteristic could allow a method for
back-projecting the exponential and avoiding the problem of the SCE in the detector,
however the simpler method discussed in Section 5.3 already fulfils this requirement.
As of the time of writing the SCE correction method (Section 5.3) had not been
implemented in the detector system for real-time application; this would be necessary
to allow the detector to be fully implemented within intense PNFs as required by the
project (Chapter 2). In order to use this correction factor in a field with mixed pulsed
and non-pulsed components (or for that matter a field with an unknown time dependence), a time dependent factor would need to be derived, to avoid overestimating the
H*(10) for that field.
While the results for the pseudo-derivative method for photon-neutron discrimination are promising, further testing is required to ensure that it is capable of working
to discriminate a pulsed photon field from a PNF. Experiments have shown that it
works for a steady photon field (Section 5.4).
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Authors Contribution

The following list notes the contributions of the author to the continuing development
of the LUPIN-II, as discussed in this work.
• Development of Geant4 simulation of LUPIN-II and analysis of results (see Chapters 3 and 4).
• Testing of LUPIN-II in measurement campaigns within different neutron fields
(See Sections 5.1 and 5.2). This includes measurements at:
– Cern PS
– Cern HiRadMat
– Paul Scherrer Institut, Switzerland
– secondary standard calibration lab at Politecnico di Milano
– CNAO, Italy
• Analysis of data taken at above measurement campaigns (See Sections 5.1 and
5.2).
• Mathematical implementation (post-measurement) of a correction for the Space
Charge effect in the detector (See Section 5.3).
• Proposal of method for using the pseudo-derivative of the current to distinguish
between photon and neutron signal in the detector (see Section 5.4).
• Preliminary analysis of time based neutron-photon discrimination method (see
Section 5.4).
• Presentation of work at various conferences (see List of Presentations).

Appendix A
The Proton Synchrotron facility
The proton synchrotron is capable of accelerating protons up to 14 GeV, which can
then be directed to the Super Proton Synchrotron (SPS) to be further accelerated.
During the measurement, a 14 GeV beam used for fixed target physics was extracted
using the continuous transfer technique.
The beam is extracted from the PS over 5 turns, each of 2.2µs, giving a resultant
stray field of length approximately 11µs. The pulse repetition rate is 0.83 Hz, meaning
there is a gap of 1.2 seconds between each measurement. This results in an intense
pulsed neutron field anywhere there are beam losses, and especially around the magnetic septum where the beam is extracted for the Super Proton Synchrotron (SPS)
which is the next stage before the beam in finally injected into the Large Hadron
Collider (LHC). Shown in figures A.1 and A.2 are the overall CERN complex with
the PS highlighted and the PS accelerator layout, respectively. Table A.1 shows the
important parameter values of the PS.
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Figure A.1: The CERN accelerator complex. The PS is highlighted by a red oblong.

Table A.1: CERN PS parameters[82]
Parameter Name
Injection kinetic energy
Maximum momentum
Dipole field at 26 GeV/c
Radius
Curvature radius
gt
Pipe half height
Pipe half width

Unit
GeV
GeV/c
T
m
m
cm
cm

Value
1.4
26
1.26
100
70.079
6.1
3.5
7.0
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Figure A.2: The PS accelerator layout.
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