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Abstract

Alpha radiation detector technology lags behind gamma and beta due to difficulties
presented by the short travel of alpha particles in environments complicated by mixed
radiation fields, complex geometries, areas of high dose, and limited operator access.
Yet, it is vital in nuclear decommissioning, safety and security operations. Recent
developments focus on alpha-induced radioluminescence as a mechanism for long-
range alpha detection. Detection in the 300400 nm wavelength range has been
achieved in special lighting conditions, but interference from background light hampers
detection in daylight.

This thesis looks at the viability of detecting ultraviolet C (UVC, 180 — 280 nm)
radioluminescence photons, focusing on characterising a flame sensor (UVTRON,
Hamamatsu) sensitive to photons only in this wavelength range. UVC is already used
in the detection of fires and corona discharge as Earth’s atmosphere absorbs UVC from
the sun and artificial lighting does not produce UVC. UVC radioluminescence from a
6.95 MBq 2'°Po sample was detected in normal lighting conditions using the UVTRON,
with very low background counts found in all environments. As the UVC

radioluminescence signal is small, gas flows of Ar, Xe, Ne, N2, Kr and P10 were



directed over the 2!°Po sample to enhance radioluminescence with positive effect. In
one instance Xe doubled the count in relation to an air atmosphere. Tests showed that
the UVTRON reacts to the presence of gamma and beta radiation. However, it may be
possible to identify alpha radioluminescence by separating the gamma and UVC parts
of the signal.

Research presented herein shows it is possible to use a UVC flame sensor to
detect alpha radiation through radioluminescence, and therefore an approach which uses
the UVC portion of the radioluminescence spectrum may be successful in the
development of a stand-off alpha detector, which would overcome many of the

difficulties affecting traditional alpha detection methods.
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Chapter 1

Introduction

1.1 Introduction to the project

With a large legacy of nuclear facilities requiring decommissioning over the next
century or so, any efficiencies can generate great cost, time and safety benefits. One
necessary element of the process is the accurate and timely characterisation of sites prior
to planning and carrying out decommissioning tasks. This requires the location and
characterisation of all sources of contamination of a site, including the location and type
of gamma, beta and alpha emitting radioisotopes, often in large areas with complex
geometries and access restrictions. Although alpha radiation poses the greatest
biological hazard of the three radiation types mentioned, due to the difficulties in
detecting alpha particles, it is the area with the least development in detector technology,
although the importance of this has been realised and work towards better alpha

detectors is being supported.
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As alpha particles are positively charged, they interact strongly with atoms and
molecules, travelling only a few centimetres in air, up to about 5 cm depending on their
energy. They transfer all their energy in a short distance, which is why they are
biologically so hazardous. However, they are easily stopped by matter, unable to
penetrate a sheet of paper or skin.

It is this short travel that makes alpha particles so problematic to detect. Methods
which require direct interaction between the sensor and alpha particles, must be used
within the mean free path of the alpha particle, in practice around 1 cm from the surface
being scanned [5]. This can be time consuming, especially for large areas or those with
a complex geometry. It also means the sensor is in danger of becoming contaminated
should the probe touch the contaminated surface. It also places the operator in close
proximity to the radiation source, which can be hazardous. Alpha could be ingested, for
example by disturbing contaminated dust, or there could be a mixed radiation field in
which the operator would be required to work, requiring PPE (personal protective
equipment) and exposure to a dose of radiation. Hence, a method for stand-off alpha
detection has long been sought.

As alpha particles travel they transfer their energy to the surrounding air, causing
ionisation, which leads to the emission of ultraviolet photons. These are primarily in the
300 — 400 nm wavelength range, ultraviolet A and ultraviolet B (UVA and UVB), with
approximately 95% in this range [1]. These photons travel in the order of kilometres
and hence provide a potential avenue for stand-off alpha detection. Various attempts
have been made to detect this UV light (see Chapter 2; Alpha Particle Detection Using
Alpha-Induced Air Radioluminescence: A Review and Future Prospects for Preliminary
Radiological Characterisation for Nuclear Facilities Decommissioning). However, the

interference from sunlight has proven a major stumbling block to success. To date,
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despite the use of filters or other methods to reduce the impact of background daylight,
special lighting conditions are required to detect the radioluminescence from alpha
radiation.

However, a small proportion of the radioluminescence is in the ultraviolet C
(UVC) wavelength range (180-280 nm). As UVC from the sun is blocked by the ozone
layer, and normal artificial lighting does not produce UVC, there is no background to
interfere with detection. This could provide the avenue for radioluminescence detection
in normal field conditions. The solution then becomes finding a suitable sensor which
is solar-blind, that is to say unresponsive to light outside of the UVC wavelength range,
which is sensitive enough to detect the UVC radioluminescence.

In this thesis a solar-blind flame detector, the UVTRON, was characterised in
terms of suitability for inclusion in a stand-off alpha-induced radioluminescence
detector. It was found that the UVTRON was capable of detecting the
radioluminescence emitted by a ?'°Po source at further than the mean free path (MFP)
of the alpha particles. The UVTRON has a very low background count which is
generated by its operation, not natural or artificial light. This work also established that
a flow of certain gases over the alpha source increased the signal strength, with up to
double the signal detected from a Xenon flow as opposed to an air atmosphere.

It was found that the UVTRON is susceptible to gamma and beta radiation, of
sufficient magnitude to mask the alpha detection. However, as the addition of
individually tested alpha and gamma sources is approximately equal to the signal from
the two tested in combination, it may be possible to subtract the signal caused by the
UVC from that caused by the gamma to determine the presence of an alpha source. A
Tungsten alloy collimator was tested with the UVTRON and found to be able to detect

UVC radioluminescence whilst attenuating beta and some gamma radiation.
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1.2 Aim and scope of the work

Alpha radiation is arguably the most challenging of the radiation types to detect, mainly
due to the short travel of alpha particles in air, around 50 mm depending on energy. Yet
many of the materials used for and produced through nuclear energy generation are
primarily alpha emitters: including Pu, U and Am. As gamma is highly penetrating, it
may be only through the detection of alpha that surface contamination be identified.
Indeed, some isotopes, for example ?°Po, only emit alpha radiation and hence are
undetectable to other types of radiation monitors. Therefore, the detection of alpha
radiation is essential to the full characterisation of decommissioning sites, monitoring
for health physics, and contamination control. However, due to the difficulties posed by
detection of alpha particles, developments in new detector technology in this area has
lagged behind that of other types of radiation.

This project seeks to identify a new approach to alpha particle detection, which
will overcome the difficulties with traditional detectors. It will focus on the hitherto
untapped potential of the UVC wavelength range to overcome the issues with
background light from the sun and artificial lighting encountered by other
radioluminescence detectors trialled to date. The use of an existing flame detection
sensor which can be used for this entirely new purpose, locating alpha radiation, brings
the benefits of readily available, tried and tested technology to a new application. This
will result in a faster and easier method of alpha detection, with the benefits of cost and
time reductions, a reduced hazard to operators, and the potential for deployment in areas
where a traditional detector may not have access. Although the nuclear industry is
necessarily cautious in terms of accepting new technologies, the unique challenges that
are presented, especially in terms of decommissioning, also makes it open to the

introduction of new ways to do things, if shown to be robust and safe. Therefore, the
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development of a new way to detect alpha radiation is both necessary to and desired by

the nuclear industry.

This project seeks to address the need of the nuclear industry for a robust, stand-

off alpha detector, through the phenomenon of alpha-induced radioluminescence by

carrying out the following activities:

Research into the radioluminescence phenomenon and how this can be applied
in a detector system, with special reference to any unexploited potential
Assessment of progress to date in the design and development of a stand-off
alpha detector, identifying strengths and weaknesses on which to build
Determination of a new potential method for stand-off alpha detection which
will meet the requirement for use in the field — including use in daylight
conditions which has not as yet been fully achieved

Determining detector elements, with a focus on the sensor, ideally identifying
an existing sensor which can be utilised in this new application

Testing and characterising a potential sensor — including laboratory and field
tests to determine its use in this new application

Using all collected data to inform the design of a prototype detector which can

be used in the field under normal lighting conditions

1.3 Achievements of the project

1.3.1 Journal papers

1. Crompton, A.; Gamage, K.; Bell, S.; Wilson, A.; Jenkins, A.; Trivedi, D. First

Results of Using a UVTRON Flame Sensor to Detect Alpha-Induced Air

Fluorescence in the UVC Wavelength Range. Sensors 2017, 17(12), 2756;

https://doi.org/10.3390/s17122756. http://www.mdpi.com/1424-8220/17/12/2756
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Crompton, A.; Gamage, K.; Jenkins, A.; Taylor, C. Alpha Particle Detection Using
Alpha-Induced Air Radioluminescence: A Review and Future Prospects for
Preliminary  Radiological  Characterisation  for  Nuclear  Facilities
Decommissioning. Sensors 2018, 18(4), 1015; https://doi.org/10.3390/s18041015.

http://www.mdpi.com/1424-8220/18/4/1015

Crompton, A.; Gamage, K.; Bell, S.; Wilson, A.; Jenkins, A.; Trivedi, D. Gas Flow
to Enhance the Detection of Alpha-Induced Air Radioluminescence Based on a
UVTRON Flame Sensor. Sensors 2018, 18(6), 1842;

https://doi.org/10.3390/s18061842. http://www.mdpi.com/1424-8220/18/6/1842

Crompton, A.; Gamage, K.; Trivedi, D.; Jenkins, A. The Effect of Gamma and Beta
Radiation on a UVTRON Flame Sensor: Assessment of the Impact on
Implementation in a Mixed Radiation Field. Sensors 2018, 18(12), 4394;

https://doi.org/10.3390/518124394. http://www.mdpi.com/1424-8220/18/12/4394

Crompton, A.; Gamage, K.; Jenkins, A.; Bell, S; Trivedi, D. Performance
characteristics of a Tungsten collimator and UVTRON flame sensor for the
detection of alpha-induced radioluminescence; Impact of UVC reflecting mirror

and the effect of beta and gamma radiation sources. In submission.

1.3.2 Conference papers

1.

Crompton, A.J., Gamage, K.A.A. UVC Detection as a Potential for Alpha Induced
Air Fluorescence Localisation, 15" International Conference on Environmental

Science and Technology, Rhodes, Greece, 31 August to 2 September 2017
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2. Anita J. Crompton, Kelum A. A. Gamage, Alex Jenkins and Divyesh Trivedi.
Detecting Alpha-induced Radioluminescence in the UVC Wavelength Range Using
a UVTRON Flame Sensor, and the Effect of a Gas Flow on Detection Rates as
Compared to an Air Atmosphere. 2018 IEEE Nuclear Science Symposium and
Medical Imaging Conference, 10 — 17 November 2018, International Conference

Centre, Sydney, Australia.

1.3.3 Awards

Award for the Best Presentation at the 7" NDA PhD Seminar - awarded by the Nuclear

Decommissioning Authority, January 2019

1.4 Novelty of the project

This project seeks to utilise the hitherto untapped potential of alpha-induced
radioluminescence in the UVC wavelength range to overcome difficulties with
traditional alpha detectors, and more recent stand-off alpha detectors. The UVTRON
flame sensor used in this work has the potential to also be employed to detect alpha-
induced radioluminescence at a distance and operates in normal lighting conditions. By
using an established sensor in a completely new application, the benefits of a tried and

tested device, which is easily obtainable and low in cost, can be exploited.

1.5 Outline of each chapter

This thesis presents the results and findings of research towards a new stand-off alpha
detection system, using the UVC portion of the alpha-induced radioluminescence
spectrum, focusing on a potential sensor for use in such a system, the UVTRON by

Hamamatsu (Japan).
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Chapter 1. This chapter looks at the motivation and background to the work
and the intention of this research. It includes an overview of the underpinning
science, with reference to where further information is included in the remainder
of the thesis, including: the nature of alpha, beta and gamma radiation; the
radioluminescence phenomenon; natural and artificial light and its effect on
detecting radioluminescence; UV light transmittance and reflection.

Chapter 2. A literature review was carried out to ascertain the work done to
date in this area of research and is presented in this chapter. The underpinning
science along with the advantages and disadvantages of the radioluminescence
approach is followed by a critical analysis of existing prototypes able to detect
radioluminescence in any UV wavelength range and other alternative stand-off
alpha detectors.

Chapter 3. This chapter details the approach taken in this research, building on
the literature review, including: reasons behind the selection of the UVC
wavelength range; the sensor selection process; experimental set up; and
preliminary testing.

Chapter 4. This chapter documents experiments carried out at the National
Physical Laboratory (NPL) in Teddington, London to determine if the
UVTRON R9533 can detect radioluminescence in the UVC wavelength range.
The setup of the experiment along with the results are presented. The sensor was
able to detect the UVC radioluminescence from a ?'°%Po source, with a clear
signal compared to background. The estimated limit of detection for this source
and sensor configuration is 240 mm, well beyond the range of alpha particles in
air.  The low background count of the UVTRON in normal

commercial/laboratory lighting was also established.
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Chapter 5. This chapter documents experiments carried out at NPL,
Teddington, London, to determine the effect on detection of flowing gas over
an alpha source. It showed that a flow of gas of around 65 mL/min was sufficient
to increase the signal detected in all gases tried: Ar, Xe, Ne, N2, Kr and P-10. In
one instance a flow of Xe increased the count by 105% compared to an air
atmosphere. As the UVC signal is much smaller than that in the UVA and UVB
range, an increase in the number of UVC photons may be crucial in determining
the sensitivity of the detector for lower activity implementations.

Chapter 6. As the detector may be required to work in a mixed radiation field,
the effect of gamma and beta radiation was tested on both the UVTRON sensor
and its associated electronics, with the results presented in this chapter.
Experiments were carried out in the Lancaster Environment Centre (LEC) at
Lancaster University. The experiments showed that the UVTRON R9533
responds to both gamma and beta radiation, and at a level which would mask
the UVC signal. This has implications for implementation of this sensor for
nuclear applications.

Chapter 7. This chapter looks at experiments carried out at NPL, Teddington,
London, on the effect of using a Tungsten alloy collimator with the UVTRON.
A UVC mirror proved successful in reflecting alpha-induced radioluminescence
onto the UVTRON, allowing an internal collimator geometry which prevents a
direct shine path for any beta and gamma radiation. The collimator reduced the
signal generated by both beta and gamma radiation and the alpha-induced
radioluminescence count as well. Using a fused silica window, it was possible
to further reduce the signal generated by the beta source. The combined count

from individual alpha, beta and gamma sources was very similar to a single
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count from the three sources together. This provides a potential avenue for the
identification of the UVC part of the signal.
e Chapter 8. A summary of the research done and results, with suggestions for

future work relating to the findings is presented in this chapter.

1.6 Background

1.6.1 UK nuclear industry and decommissioning

The birth of the nuclear industry in the UK occurred in the 1940s on the site now known
as Sellafield. Its initial purpose was to produce Pu for weapons. But realising the
potential use of the heat which was generated as a consequence of Pu production, in
1956 the site moved into energy generation, with Calder Hall the first nuclear power
station of industrial-size in the world, and later the Windscale advanced gas-cooled
reactor (AGR) which was the template for other reactors around the country. Fuel
reprocessing began in 1964 with the Magnox Reprocessing Plant, and later THORP
(Thermal Oxide Reprocessing Plant) which is the largest building on the Sellafield site.
Commercial power generation at the site is no longer carried out and reprocessing is
planned to end in 2020, at which point Sellafield will become focused on Pu
management, waste treatment and decommissioning of the site. Over the 70" years of
its operation it has grown to cover an area of two square miles with more than 200
nuclear facilities which vary in size, layout and use. It is the most complex nuclear site
in the world and houses four of the biggest nuclear risks and hazards in the world.
Sellafield and the other 16 nuclear sites in the UK which are at the end of their
operational lives present a significant legacy of nuclear facilities requiring
decommissioning. It is estimated that approximately 4.77 million m® of contaminated

waste will be generated as these facilities are dismantled and disposed of, and the land
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which they now occupy is returned to a state where other activities can take place [2].
Decommissioning is expected to be carried out over the next 120" years at a cost of
£121 bn [3]. Therefore, any means to speed up and reduce the cost of decommissioning
activities, to reduce waste and improve safety is of great importance to the industry,
with very large potential savings in time and money. This is also true for ongoing
operations, where monitoring of contamination and remedial action is required.

To effectively deal with contaminated materials, either from operational
activities, post operational clean out (POCO) or decommissioning, it is important that
waste is classified correctly. This ensures that the disposal method is appropriate, and
costs can be kept to a minimum. As the cost in general increases depending on the level
of hazard of the waste, characterising the radioactive environment to plan waste disposal
is very important. The cost differences between different categories of waste is in the

order of tens of thousands of pounds, and therefore savings can be very great indeed.

1.6.2 Nuclear Security

Although this research is primarily focused on decommissioning, there are also security
implications for the detection of alpha radiation, in terms of the detection of illicit
nuclear materials. For example monitoring to prevent the unsanctioned removal of
nuclear materials from secure sites, the illegal import, export or movement of nuclear
materials, even to activities like the assassination of Alexander Litvinenko in 2006 using
210po, and the possible use in dirty bombs. The resulting distribution from a radiological
dispersal device can be complex and difficult for gamma detectors to measure, and a
stand-off alpha detector may be better suited to this task [4]. Once a working technique
for alpha detection is determined, it is a matter of different implementation as to what
purpose it is put to. Therefore, security needs could also be addressed with the same

technique as developed for nuclear industry needs.
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1.7 Traditional alpha detection

1.7.1 Traditional alpha detection methods

Alpha radiation is a form of ionising radiation where the emitted particles transfer their
energy to the surrounding atmosphere as they travel, slowing the particles and limiting
their distance of travel. Having a relatively large mass, atomically speaking, and being
positively charged, alpha particles travel only a short distance in air, approximately 50
mm, compared to a few metres for beta electrons and many metres for gamma photons,
depending on energy (See section 1.8 Underpinning Science for the nature of alpha
radiation).

Traditional detectors require direct interaction with the alpha particle, which
means they must be operated within approximately 10 mm from the surface being
scanned for alpha contamination [5]. Proportional counters and scintillators can
differentiate between radiation types, though many detectors are sensitive to both alpha
and beta radiation. It is usual in alpha detection to take swabs, have the isotopes
chemically separated and then spectroscopy is carried out to determine the nature of the
contamination, which can take a matter of weeks to complete and for results to be

known.
1.7.2 Advantages and disadvantages of traditional methods

Although alpha detection has somewhat lagged behind that of the developments in
gamma and beta detection, traditional detectors do present mature technologies with a
great deal of understanding and experience behind them. See Chapter 2, section 2.6.1
Traditional detectors for more information.

Alpha detectors are easily available as commercial off the shelf (COTS)
products from established suppliers. They offer reliability and have been designed to be

robust for field use. And they are available in a number of configurations as may suit
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their implementation, including for example a probe small enough to check inside
wounds for the presence of contamination [6].

However, there are significant drawbacks. The close proximity required to the
surface being scanned makes the process time consuming, especially for large areas and
surfaces with complex geometries. A simple scan over a work surface to check for
contamination in the lab takes only a few minutes to complete. However, if one
imagines a glovebox containing tools and stands, a room with pipework, or a long
corridor, as may be found on a nuclear site, with all surfaces requiring scanning from
approximately 10 mm away, then the time-consuming nature of direct alpha detection
becomes easier to comprehend. There are also areas with limited access in terms of size
and location, geometries which are difficult to negotiate, or areas of high dose which
makes human access impossible. This limits the ability to complete alpha detection
activities in these areas, posing difficulties for decommissioning activities. It is also
possible that surfaces with an uneven topography emit alpha particles in unexpected
directions, which can affect count efficiencies [7].

The detector probes are also quite delicate and contact with a sharp corner or
edge can damage them, and they are at risk of contamination themselves should they
come in contact with a contaminated surface.

The surface to be scanned may be in an area where the detector operator may be
exposed to a mixed radiation field, where contamination may be emitting beta and
gamma radiation as well as alpha, requiring the use of PPE and exposing staff to
potential radiation doses. Alpha emitting materials are extremely hazardous if ingested,
such as by inhalation in the event of accidental liberation of contaminated material,
which makes removing personnel from contaminated areas highly desirable for safety

reasons.
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1.7.3 Overcoming the limitations of traditional alpha detection methods

Due to the issues with traditional alpha detection methods, a stand-off alpha detector
has long been sought which will remove the operator from close proximity to the
contamination and allow faster scanning of larger areas or complex surfaces. The
process could be automated by the use of a scanning platform, freeing operators to work
elsewhere. This should provide faster overall characterisation times, reduced operator
hours, increase workplace safety, and reduce the costs of decommissioning. The
phenomenon of alpha-induced radioluminescence has provided an avenue of possibility
for the development of a stand-off detector. The negatives and positives of using
radioluminescence for a stand-off detector are explored further in Chapter 2 section 2.5

Advantages and Drawbacks of Using Radioluminescence.

1.8 Underpinning science

1.8.1 Alpha radiation

Proton-rich nuclides with a high atomic number may decay through the emission of an
alpha particle into a more stable daughter nuclide. An alpha particle comprises two
protons and two neutrons and is therefore positively charged, and its emission leaves
the daughter nuclide with two extra electrons which are soon lost. The decay process
can be described by the following;

4P > [423D 1> + %« (1.1)

In heavy nuclides the electrostatic repulsive forces are greater than the cohesive
nuclear force, making the nuclide unstable and more likely to decay by alpha emission.
If also unstable, the daughter nuclide may itself decay in a process which continues until

the material reaches a stable state, known as a decay chain. As an example, the decay
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chain of 238U is shown in Figure 1-1 which includes the type of decay, energy and half-

lives of all parent / daughter nuclides in the chain.
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Figure 1-1: Decay chain of 2U [8]

The alpha particle is emitted with such energy as is required to escape the
nuclide, which is achieved through quantum tunnelling as the energy of the potential
repulsion barrier has been seen to be greater than an emitted alpha particle. As it travels
the Kkinetic energy is transferred to the surrounding atoms and molecules and the alpha
particle slows. At a sufficiently low energy it becomes a helium atom through the
acquisition of two electrons. Alpha particles are positively charged and atomically
relatively large (7000 times more massive than a beta particle), and are therefore easily
stopped by solids, liquids and air, travelling at most around 50 mm in air depending on
energy. They primarily interact with the electron cloud of atoms, but may in some
instances, directly impact on the nucleus. Both these interactions leave the atom in an

excited state.
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Due to the very short stopping distance within solids, alpha particles are unable
to penetrate human skin. However, should they be ingested by inhalation or
consumption, or enter the body through injection or breaks in the skin, they release a
great deal of energy in a short distance in human tissue, which kills or damages cells,
making them extremely toxic to humans.

Chapter 2 section 2.2 Introduction includes further information about alpha

radiation, with specific reference to the nuclear industry.

1.8.2 Beta and gamma radiation

An unstable radioactive nucleus with an excess of neutrons, as may be produced
following neutron bombardment of stable materials in a reactor, may convert one of
these neutrons to a proton with the creation of a beta particle and an anti-neutrino. This
can be shown by;

n-p+f +v (1.2)

where v is the anti-neutrino. The beta particle is a fast electron and is denoted as S~ to
show that it differs from a standard electron, e~. The daughter nucleus is left in a
positively charged state, but quickly absorbs an electron to return to a neutral charge.
Beta particles are emitted with a range of energies, from zero to a maximum,
which is in the range of approximately 10 keV to 4 MeV. Although also interacting due
to coulomb forces, they lose their energy at a slower rate than alpha particles due to
their smaller mass and lower charge, meaning a longer travel path in the same medium.
Still, the thickness of materials such as metal and glass required to stop beta particles is
small, with beta particles of less than about 200 keV limited in their penetration of

human tissue. In air, a beta particle may travel up to a few metres.
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Pure beta emissions, such as °°Sr, achieve ground state after the emission of the
beta particle. Other beta emitters remain in an excited state and emit a gamma photon
to return to ground state.

The emission of gamma-ray photons mostly occurs when the decay of a parent
nuclide by alpha or beta emission leaves the daughter nucleus in an excited state. The
daughter nucleus rapidly (<10 s) emits a gamma photon to return to the ground state.
Due to the limited excitation energies of any particular nucleus, gamma photons are
monoenergetic from any individual transition and typically of energy of less than
approximately 2.8 MeV. The energy of the gamma photons is determined by the energy
levels of the daughter nucleus, but they have the half-life characteristics of the parent
nucleus, giving the gamma photon characteristics of both parent and daughter nuclide.

Gamma radiation is highly penetrating and requires a significant thickness of
absorbing material to attenuate gamma photons, making it difficult to shield against. In

air, gamma photons will travel many metres.

1.8.3 Radioluminescence

As alpha particles travel through air, they lose their kinetic energy, transferring it
through mainly elastic and infrequent inelastic interactions with the surrounding atoms
and molecules. This leaves the air atoms in an excited state from which they may emit
a photon to return to ground state. The emitted photons are known as
radioluminescence.

The alpha particle’s energy is transferred over a range of around 50 mm in air,
depending on the initial energy. The amount of energy transferred increases as the
particle slows, with a 1/v? relationship (see Figure 1-2) as the stopping power increases

with path length. Just before the particle comes to rest, the likelihood it will interact
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with the surrounding atoms increases. The peak on the Braggs curve shows the cross

section increase as the particle reaches its maximum path length (see Figure 1-2).

Energy Loss of Alphas of 5.49 MeV in Air
(Stopping Power of Air for Alphas of 5.49 MeV)

Stopping Power [MeV/cm]

0 : : : , :
0 1 2 3 4

Path Length [cm]

Figure 1-2: Braggs curve for 5.49 MeV alpha particles [9]

The wavelength of the emitted photon is dependent on the gas composition of
the surrounding atmosphere. Normal air is 77% Nitrogen, which causes
radioluminescence in the 300 — 400 nm wavelength range. Other gases emit photons of
other wavelengths, and those relevant to this research are presented in Chapter 5, section
5.3 Gas Atmosphere Influence on Radioluminescence Spectrum and Yield. This
radioluminescence travels much further than the initial alpha particle and may provide
an avenue to stand-off alpha detection. Chapter 2 section 2.4 Alpha-Induced Air-
Radioluminescence looks in more depth at ionisation and radioluminescence.

There is a small amount of radioluminescence in the UVC wavelength range,
though this is still to be quantified and the mechanism determined. Using data from
Grum [10], Roberts [4] has calculated that the yield in the UVC wavelength range is
approximately 200 times less than that emitted in the 300-420 nm range, with 0.08

photons per MeV of deposited ionising energy. They calculate that for a 10 GBq source
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with 1 MeV of deposited energy, the resulting UVC radioluminescence would be 50
photons cm s at a distance of 10 m from the source. However, as the original work
was done at a pressure of 3 atm and pressure affects UVC absorption, this figure may
not be wholly accurate. However, it does provide an indication of the difference
between the yield in the different wavelength ranges. Difficulties in determining the
exact yield arises from: the small count being hard to determine against detector dark
count; the attenuation of UVC through ordinary glass meaning special optics are
required; and the difficulties in finding a solar blind detector set up which will fully

block background light.

1.8.4 Sunlight and artificial light

1.8.4.1 Sunlight

Our sun fuses 600 million tonnes of hydrogen into helium every second and as a result
emits electromagnetic radiation in the infrared, visible and ultraviolet spectrum. As it
passes through the atmosphere, 70 % of the UV light is filtered out by atmospheric

gases, with ozone absorbing all light of less than approximately 290 nm, see Figure 1-3.
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Figure 1-3: Extra-terrestrial light spectrum and daylight spectrum at sea level [11]
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10% of the light from the sun which arrives at the edge of our atmosphere is
UV, and despite the filtering effect of the atmosphere, a significant amount of UV light
in the UVA and UVB wavelength ranges reach the surface of the earth, around (2-8) x
102W cm~2nm* [1]. The wavelengths of sunlight and radioluminescence overlap in
the UVA and UVB range, which causes issues in detecting the radioluminescence from

alpha particle emissions.

1.8.4.2 Atrtificial light

Humans can see light in the range of approximately 400 — 700 nm, with reflected and
absorbed wavelengths of light determining the colour of objects around us. Light
outside of this range is not useful for human vision and so lighting is designed to only
emit the required wavelengths where possible. Early means of lighting, for example
candles, did give off wavelengths down to the UVC range. Incandescent lamps emit
most of their light towards the red end of the spectrum, with 80% in the infrared, and
gas discharge lamps use phosphors to control the output spectrum. In the main, indoor
lighting is focused on the 400 — 700 nm wavelength range. UVC is especially absent in
contemporary lighting systems as prolonged exposure to UVC can cause eye damage.
Due to the focus on the visible light wavelength range, data on the emission spectrum
from different lighting is difficult to find for below 400 nm. However, testing of
prototypes for alpha-induced radioluminescence detection had to be carried out in
darkness or in special lighting conditions, indicating that UV lighting is found in indoor

lighting systems [1, 5, 12 - 18].
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1.8.5 Transmittance of UV light through translucent materials

Transmittance of light through translucent materials depends on the exact composition
of the material and the wavelength of light. As it travels through a translucent material
a constant fraction of the light is absorbed per unit travelled, which results in an
exponential drop off in transmittance with absorber thickness. This can be calculated

using Lambert’s Law;

U, =e (1.3)

where | is the intensity of light after passing through the thickness t of the material, I,
is the intensity of light entering the medium and « is the absorption coefficient of the
material. The absorption coefficient is a property of the material and is a function of
wavelength, which in some instances makes it harder for UV light to pass than other
light wavelengths. Building window glass, unless specifically designed to block UV
light, is opaque to UVB, but transmits around 72% of UVA light [19]. Perspex is
transparent to UVA and UVB, as is quartz glass. Fused silica and quartz glass are also
transparent to UVC light. Figure 1-4 shows the transmittance of different materials used

in manufacturing cuvettes.
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Figure 1-4: Light transmittance by wavelength through different materials [20]
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Hence, when detecting UV light the selection of materials for any optics is
important. Issues with UV light transmittance also impacts on the detection of
radioluminescence through translucent materials already present in the field, for

example, plexiglass, Perspex and glass.

Chapter 2 section 2.5 Advantages and Drawbacks of Using Radioluminescence
reviews research done on the transmittance through materials commonly found in the

nuclear industry.

1.8.6 Reflectance of UV light

Commonly found mirrors consist of a reflective surface protected by a layer of ordinary
glass. Due to the issues of transmittance of UV light through glass, this makes standard
mirrors unsuitable for radioluminescence detection. A front surface mirror or polished
metal surface are required for reflecting UV light. Polished metal can reflect light into
the UV wavelength range, but with limited reflectance and there are the dangers of
damaging the surface or surface reactions with certain environments (such as humidity
and heat) which would reduce the reflectance [21].

Coatings of different substrates can produce mirrors which offer peak
reflectance at specific wavelengths, and offer differing levels of reflectance, for
example, enhanced Aluminium (where multi-layered films of dielectrics are used to
increase reflectance in the required wavelength range) and MgF. coatings. These
produce mirrors capable of reflecting light from 120 nm to 11000 nm wavelengths. An
example of the wavelength transmittance of two types of enhanced Aluminium is shown

in Figure 1-5.
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Figure 1-5: Reflectance curve of mirrors with specialist VUV (vacuum UV) and DUV (deep
UV) coating [22]

The reflectance of UV light is important in the field for two reasons. First, any
unwanted reflection from surfaces may make locating the source of radioluminescence
problematic. Secondly, as it may be necessary to shield the detector system against other
radiation in the field, mirrors could be used to reflect the UV whilst allowing gamma
radiation to pass through, thus removing the sensor and any electronics from the shine

path.
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Chapter 2

Alpha Particle Detection Using Alpha-Induced
Air Radioluminescence: A Review and Future
Prospects for Preliminary  Radiological
Characterisation  for  Nuclear Facilities
Decommissioning

Anita J. Crompton, Kelum A. A. Gamage, Alex Jenkins and Charles James Taylor

Reprinted from Sensors, 18(4), 1015; March 2018, with permission from Sensors.

2.1 Abstract

The United Kingdom (UK) has a significant legacy of nuclear installations to be
decommissioned over the next 100 years and a thorough characterisation is required
prior to the development of a detailed decommissioning plan. Alpha radiation detection
is notoriously time consuming and difficult to carry out due to the short range of alpha
particles in air. Long-range detection of alpha particles is therefore highly desirable and

this has been attempted through the detection of secondary effects from alpha radiation,
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most notably the air-radioluminescence caused by ionisation. This chapter evaluates
alpha induced air radioluminescence detectors developed to date and looks at their
potential to develop a stand-off, alpha radiation detector which can be used in the
nuclear decommissioning field in daylight conditions to detect alpha contaminated

materials.

2.2 Introduction

Since its inception in the 1940s firstly as a means to produce Pu for weapons and later
for energy generation, the UK nuclear industry has as a consequence of operations seen
radioactive contamination of its facilities across the UK. This is an unavoidable
consequence of nuclear processes and an anticipated phenomenon. At the end of their
useful life, these facilities require decommissioning and clean up to remove hazardous
substances in order that the site can be repurposed or reused. This produces significant
quantities of waste, which is forecast to reach a total of 4.7 million tonnes over the next
100 years [2]. This waste falls into several categories depending on the type, levels,
activity, half-life, etc. of radioactivity of the waste including: very short lived waste
(VSLW); very low level waste (VLLW), low level waste (LLW), intermediate level
waste (ILW) or high level waste (HLW); and waste which does not exhibit any
radioactive contamination (EW—Exempt Waste) (see Figure 2-1).

How the different types of waste are collected and treated differs, from the PPE
required by personnel, to the process of collection and processing, and the storage of
the waste, all of which have associated cost implications. In general HLW is much more
costly to deal with than LLW, which is in turn more costly than uncontaminated waste.
This is due to the increasing safety precautions required with increased activity: for

example lower safe exposure times for staff meaning shorter working times, increased
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amounts of PPE required, pre-storage decontamination and other treatment, greater
shielding required of storage receptacles and facilities, specialist equipment, e.g. robots

in areas too active for human intervention.

L
"

HLW
High level waste
(deep geological disposal)

Activity content

ILW
Intermediate level waste
(intermediate depth disposal)

LLW
Low level waste
(near surface disposal)

VSLW
Very short lived waste
(decay storage)

VLLW
Very low level waste
(landfill disposal)
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Exempt waste
(exemption/ clearance)

N
7
Half-life

Figure 2-1:The different delineated areas show nominal waste classification according to
activity level and half-life. Half-lives range from seconds to millions of years, with ‘short lived’
considered to be less than approximately 30 years. Reproduction of the conceptual illustration
of the waste classification scheme diagram, from: International Atomic Energy Agency,
Classification of Radioactive Waste, IAEA Safety Standards Series, No. GSG-1, IAEA, Vienna,
2009 [23]. Reproduced with permission from IAEA.

It is therefore important for financial and safety reasons that plant and equipment
is correctly characterised prior to decommissioning taking place in order that a suitable,
efficient and safe plan for the removal and storage of waste can be drawn up and
implemented. As part of this characterisation process, the identification and location of
alpha radiation emitting sources is an important element. Pu contaminated materials

which are almost exclusively alpha emitters are widespread in nuclear reprocessing
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facilities, yet these are difficult to detect by non-destructive or passive detection
methods posing a problem for characterisation efforts.

This chapter looks at existing alpha particle detection methods, particularly
through alpha-induced air-radioluminescence. It attempts to draw together the existing
research on this subject and to lay out a path to progress the understanding and
capability in this area based on the foundation of work carried out to date. The work is
primarily focused on the research into and application of alpha detection technology for
nuclear decommissioning, although it is possible that there could be applications for

other areas such as nuclear safeguards and security.

2.3 Alpha Radiation

Alpha particles are comprised of two protons and two neutrons. They have a relatively
strong positive charge and therefore interact strongly with molecules in the air as they
are emitted from a radioactive source, transferring their energy within a range of a few
centimetres depending on their initial energy. Their atomically large mass and charge
also means that they are easily stopped in solid matter, for example by a sheet of paper
or skin. Although the least penetrating form of radiation, if ingested alpha particles
cause the most internal damage relative to absorbed dose due to their high linear energy
transfer, making them hazardous to humans. Despite the biological hazard increasing
from gamma to beta to alpha radiation, there are correspondingly less detectors
available, and as some contamination isotopes may only be alpha emitters, this makes
a new way to detect alpha more important [1].

Actinides, to which group the main isotopes found in nuclear applications belong,
are primarily alpha emitters, giving off relatively weak beta and gamma radiation,

which is also of low energy. Figure 2-2 shows a comparison of alpha, beta and gamma
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emissions from two U isotopes widely found in the nuclear industry [5]. The main
isotopes found in nuclear applications, which are predominantly alpha emitters, are
235y, 28y, 28py, %Py and 2**Am [24]. Alpha emissions are more likely from trans-
uranic elements, those with a greater atomic number than U, for example Pu and Am,
where the high atomic mass makes the isotopes unstable. Technology available at
present is less effective for characterising actinides [15], which as the primary isotopes
in nuclear applications, has implications for the nuclear industry, making advances in

alpha detection highly desirable.
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Figure 2-2: Average decay energies of U-238 and U-235 series. Source: WISE Uranium Project
[25].

Due to the short range of alpha particles, traditional detectors which require
direct interaction with the alpha particles must be used in very close proximity to a
contaminated surface, around 1 cm [5]. This makes detecting alpha radiation time
consuming, taking in the order of hours for one room [26]. It also requires the use of
PPE to prevent ingestion by personnel in close proximity to alpha sources, including
the danger of inhalation if disturbed, contaminated material becomes airborne. It may
also be necessary to protect against exposure to other types of radiation which may also
be present. Samples are taken from suspected areas and analysed in a vacuum for

complete characterisation [5] which can take significant time and cost [27].
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Due to these difficulties, and those in the development of direct alpha particle
detectors, a new way to detect alpha radiation is being sought which can be
accomplished at a distance using secondary effects, for example alpha-induced air-
radioluminescence. In this chapter the authors review such alpha detection techniques
and discuss further improvements and prospects for nuclear decommissioning

applications.

2.4 Alpha-Induced Air-Radioluminescence

The most prevalent method of detecting alpha radiation at a distance is through the
detection of the UV photons emitted by Nitrogen after receiving energy from alpha
particle emissions. After emission from a source, an alpha particle’s energy is
transferred directly and via secondary electrons, to molecules with which they interact.
When these molecules relax they may emit an Ultraviolet (UV) photon. Although the
alpha particle and the secondary electrons they generate through ionisation have a range
of only a few centimetres (depending on their energy), UV photons have a much longer
MFP in air than alpha particles and therefore can be detected at a much greater distance
from the source than a traditional detector would allow.

Researchers found the range of alpha particles with energy of 5.1 MeV to be 38 mm
in air, with the area of highest intensity of radioluminescence scintillation within a
radius of 10 mm from the source [13]. Others found by simulation that the range within
which the energy of the alpha particle was transferred was approximately 5 cm fora 6.1
MeV source [26]. For a point source in space, the zone of alpha particles would be a
sphere with a radius of the range of the alpha particle emissions. For a point source on

a surface this would be a hemisphere with the same radius, see Figure 2-3 [17,28].
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Figure 2-3: Model of: (a) Radioluminescence photons induced by alpha particles showing the
hemisphere in which they are initially created by the alpha particles; (b) Showing the random
directions in which the photons are emitted from the hemisphere in (a) and their longer path
length—Using FRED Optical Engineering Software (Photon Engineering LLC) [17].
Reprinted with permission from the author.

The photons generated, similarly to the alpha particles themselves, form a
hemispherical zone for a point source on a surface. This has a radius of many metres
due to the longer travel of photons. The intensity of the radioluminescence decreases
with an inverse square relationship to the distance from the source (see Figure 2-3) [25].

Although other gases present in air may also emit UV photons, Nitrogen which is
the main constituent of air, has been proven to be the main emitter in the 300 to 400 nm
wavelength range, in which 95 % of the radioluminescence intensity occurs [1,29].
Hence, research has been focused on this gas in particular. The radioluminescence has
a discrete spectrum as can be seen in Figure 2-4, which shows the main intensity peaks
of Nitrogen radioluminescence and their relationship to the 2P and 1N energy states
from which they arise. Some gloveboxes may be Nitrogen or Argon filled as an
alternative to air for operational purposes. An increase in the Nitrogen concentration
has been shown to provide an increase in radioluminescence intensity, likely due to the

reduction in Oxygen which quenches radioluminescence [30]. Argon may also provide
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a more intense radioluminescence, though this requires further experimentation and
verification.

Much of the radioluminescence seen in air and Nitrogen atmospheres is within
the range of solar radiation wavelengths (see Figure 2-5). The intensity of daylight
above approximately 300 nm is far greater than the intensity of radioluminescence due
to the presence of an alpha source. Sunlight irradiance in 300 to 400 nm wavelength
range reaches (2-8) x 1072 W cm™2 nm™?, whereas the brightness of the peaks of
Nitrogen radioluminescence are in the order of 107%to 107" W cm 2 nm™ for sources
within the 3.7 x 107 Bq activity range, and even at night the ambient light will be greater
than the radioluminescence signal [1]. This provides a challenge to the detection of
alpha-induced radioluminescence where a large background signal is present which
must be removed by filtering, working in darkness or avoiding the range of sunlight by

working in the UVC wavelength range (180-280 nm).
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Figure 2-4: (a) Scheme of energy states of the 2P and 1N electronic-vibration band system of
Nz and Ny*; (b) Nitrogen radioluminescence spectrum between 300 nm and 400 nm in dry air.
The same colours are used in (a,b) for the corresponding spectral bands. Reprinted from [29]

with permission from Elsevier.

31



Chapter 2 : Alpha Particle Detection Using Alpha-Induced Air Radioluminescence: A Review and
Future Prospects for Preliminary Radiological Characterisation for Nuclear Facilities Decommissioning

Radioluminescence spectrum of air excited by Am-241
(a) alpha particles
1600
1400
1200
& 1000
Z 800
c
£ 600
=
400
200 A N
0 e J\J VL‘AMM
SiHASERRIRAESAASNARIREESR38388555953¢%8
R Wavelength (nm) =

(b)

Intensity of light at Earth's surface

S

100 280 315400 700
Wavelength (nanometres; log scale)

Figure 2-5: Comparison of the spectrum of alpha-induced photon wavelength in comparison
with the spectrum of sunlight at the surface of the earth [18, 31]. Image (a) produced using data
with the permission of the author [18]; Image (b) reprinted from [31] by permission from

Springer Customer Service Centre GmbH.

Kerst et al. [32] investigated the effect of Nitrogen on radioluminescence in the
UVC wavelength range. They note that although molecules in air can potentially emit
light of below 300 nm, only N2 can produce an amount which is detectable. They
therefore tested a #'°Po source in a N2 purged atmosphere and found increased
radioluminescence in the sub-300 nm wavelength range due to an increase in NO
luminescence, see Figure 2-6. This increase in radioluminescence in the solar blind
region has implications in detection without the interference of background light if

replicable in field conditions. However, little effect has been found on the CPS (counts
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per second) recorded by a UVC detector (UVTRON, Hamamatsu) when N2 was flowed

over a ?°Po source [33]. This may have been due to using a flow rather than a purge.
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Figure 2-6: Increase in radioluminescence in the 200400 nm wavelength range using an N

purge. Reprinted from [32] with permission from IEEE.

In calculating the number of UV photons produced in the process of
radioluminescence, several results have been put forward, with values ranging from 20
to 400 depending on the number of alpha particles and the energy [1,17,28,34]. Two
more recent pieces of research specifically looking at the radioluminescence yield of
alpha particles, Sand et al. [34] and Thompson et al. [35], were able to correlate their
findings with previous cosmic ray analysis of secondary electron radioluminescence,
which would seem to verify their results. Sand et al. [34] concluded that there are 19 +
3 photons per MeV of energy released from the source. This remains linear between 0.3
MeV and 5.1 MeV. Therefore a 5.1 MeV alpha particle would cause the emission of on

average 97 photons. From their measurements, Sand et al. [34] found the efficiency for
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conversion to luminescence from kinetic energy was 6.7 x 107 using 350 nm as a
representative wavelength for all photons.

Thompson et al. [35] have developed a model which as part of the Geant4
simulation software framework, is able to predict the yield of air-radioluminescence
photons produced by ionising radiation from alpha and beta radiation sources in the first
negative and second positive excited states of N2. Their results are sufficiently close to
those found in experimental methods, for example Sand et al. [34], for confidence in
the predictive capabilities of the model. Thompson et al.’s [35] model predicted 18.9 +
2.5 photons per MeV, whereas Sand et al [34] detected 19 + 3 photons per MeV,
showing a strong correlation between results from the simulation and results from
observation. Thompson et al. [35] found that a linear correlation existed between alpha
energy from sources below 5 MeV and the number of photons produced, also in
agreement with existing observations.

It can therefore be asserted with some confidence that there are approximately
19 photons produced per MeV of alpha energy released from the source.

The energy of the photons produced is linked to their wavelengths which are in
turn dependent on the gas in which the ionisation takes place. In Nitrogen this is well
known and Figure 2-6 shows the peaks for a Nitrogen atmosphere. This is similar to air,
where Nitrogen is the main component, although Oxygen quenches some of the
Nitrogen radioluminescence, as can be seen by the difference between air and an N
flush.

Other atmospheres have also been tested. For example, Grum et al. [10] in
research into corona discharge devices identified the emission spectra of corona
discharges in Nitrogen, helium and air. In a Nitrogen atmosphere, they found that in the

UVC range it is:
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hOYu+n - X (2.1)

mechanism that is responsible for the emissions, rather than:

C3nu — B3mg (2.2)

which is the primary mechanism above 300 nm. Below 300 nm they also identified
additional lines in the air spectrum that are not in the N> spectrum, possibly from
contaminants or CO». In helium the spectrum below 300 nm shows only a weak
emission at a wavelength of 249 nm. However, it shows a strong signal at 389 nm,
whereas Nitrogen shows strong signals at 358 and 337 nm, and medium strong at 316
nm. If a gaseous atmosphere is to be used to enhance the radioluminescence signal, it
would therefore appear that N> would be more beneficial than helium.

Thompson et al. [35], alongside developing a model of radioluminescence yield,
also investigated the distribution of photons from alpha and beta sources using their
simulation. They assert that an alpha source would be easier to locate due to the
increased intensity of photons closer to the alpha source. Figures 2-7 to 2-9 show how
the intensity of photons vary for three different sources, the first (Figure 2-7) being a
5.48 MeV 2*1Am alpha source of simulated 1 kBq, the other two being primarily beta
sources. Although in isolation it would appear that each provide a clear indication of
the source location, if considered in a mixed radiation environment where there may be
several ionising radiation emitters due to contamination, it becomes clear that the
isolation of an individual area of contamination may be more easily accomplished for
alpha emitting radioactive sources. Thompson et al. [35] suggest that by measuring the

size of the corona, it might be possible to estimate the energy of the alpha emission

35



Chapter 2 : Alpha Particle Detection Using Alpha-Induced Air Radioluminescence: A Review and
Future Prospects for Preliminary Radiological Characterisation for Nuclear Facilities Decommissioning

which may provide a means to identify the source material, although the difficulty of

isotope identification is discussed later.
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Figure 2-7: Number of photons emitted per mm? attributed to the 337 nm emission in a 200 x
200 mm area as observed from above a *Am source dispersed over a 2 cm radius circle on an

Aluminium surface. The ticks give the x and y positions in mm. Reprinted from [35]
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Figure 2-8: Number of photons emitted per mm? attributed to the 337 nm emission in a 500 x
500 mm area as observed from above a ®°Co source dispersed over a 2 cm radius circle on an

Aluminium surface. The ticks give the x and y positions in mm. Reprinted from [35]
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Figure 2-9: Number of photons emitted per mm? attributed to the 337 nm emission in a 500 x
500 mm area as observed from above a P-32 source dispersed over a 2 cm radius circle on an

Aluminium surface. The ticks give the x and y positions in mm. Reprinted from [35]

It can therefore be seen from the research carried out to date that there are
approximately 19 photons produced per alpha emission, 95 % of which are in the 300—
400 nm wavelength range, which is within the solar radiation spectrum at the surface
of the earth. The flight of an alpha particle depending on energy is approximately 35—
50 mm. Within 10 mm of the source will be the greatest intensity of radioluminescence,
with the photons traveling many metres in a spherical or hemispherical pattern,

depending on the source geometry.

2.5 Advantages and Drawbacks of Using Radioluminescence

There are several benefits to detecting alpha particle emissions via radioluminescence
from ionisation. The main benefit is that detection can be carried out with a greater
distance between the source and the detector, reducing detection costs, time and risk to

personnel, enabling automated or manual scanning. Photons have a much greater MFP
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than alpha particles. In comparison to the 50 mm or so MFP of alpha particles
themselves, the induced photons can travel 1 km at 200 nm and 10 km at 280 nm in
typical atmospheric conditions [4]. As the photon flux drops off with an inverse square
law relationship, the further away from the source that the detector is placed, the more
difficult it is to detect the source due to the reduction in signal strength. As UV photons
will pass through certain translucent materials, detection of alpha contamination can be
carried out without breaching containment in instances such as glove boxes or sealed
sample bags [5] although modification may be required by the addition of suitable
materials.

The radioluminescence phenomenon will always be seen when alpha
contamination occurs, and so can be used in all situations. Due to the distribution and
reflection of photons, it also does not depend on a line of sight to the alpha source. For
example the ‘glow’ may be visible behind an item in a glovebox. This glow can also be
imaged and overlaid on a photo of the area in question, which gives a pictorial view of
the contamination well suited to analysis by personnel who can then ‘see’ where the
contamination is. This image could also be analysed to provide numerical data for the
intensity.

Due to the short range of the alpha particles, the photon emissions are relatively
local to the source allowing accurate location of the contamination. This also allows
differentiation between alpha and other forms of ionising radiation, which occur over a
longer range and therefore cause less intense radioluminescence [28]. Researchers
found that the ratio of intensities between alpha, beta and gamma induced
radioluminescence were 1:1078:1071% respectively, allowing the much greater intensity

of alpha radioluminescence to be detected in the presence of other radiation sources [1].
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Although theoretically desirable, there are also considerable difficulties with
using the radioluminescence approach. The main issue that needs to be overcome is
separating the alpha-induced air-radioluminescence from background UV radiation,
i.e., sunlight or background lighting. Although the Nitrogen radioluminescence has a
distinct spectrum, see Figure 2-4, the main peaks of this spectrum are in the UVA and
UVB bands of light (UVA 315-400 nm, UVB 280-315 nm wavelengths) (see Figure
2-5). Therefore, background light can strongly affect the ability of detectors to identify
the relatively weak signal produced by alpha emissions within these wavelength ranges.
This inhibits and restricts the use of many of the detectors trialed to date to darkness or
carefully controlled lighting conditions, which is unfeasible for most practical
decommissioning purposes where a wide range of different environments will be
encountered.

UV radiation from the sun in the wavelength range of 200 to 280 nm, known as
UVC, is absorbed in the atmosphere by Oxygen and ozone [36] therefore there is little
background at the earth’s surface in this wavelength range from natural light.
Fluorescent lighting also emits very little UV light as this cannot be seen by the human
eye and is therefore unwanted. Some fluorescent lamps may emit UVC at 254 nm which
is the wavelength at which mercury fluoresces, as this is the mechanism through with
fluorescent tubes operate [37]. So there is likely to be some background UV from
interior lighting, but little of this will be in the UVC wavelength range for a properly
operating lighting system.

Due to the low intensity of the UV radiation from the Nitrogen
radioluminescence, a high signal-to-noise ratio is required in order to differentiate the
signal from any background, and long collection times are needed, in the order of

minutes to hours, to reliably detect the signal. Conversion efficiency is the ratio of the
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energy of the particle transferred to the air during ionisation and the energy converted
to radioluminescence. Conversion efficiency figures for the generation of air
radioluminescence vary between 1 x 107°[1] t0 6.7 x 10°[18]; 1.5 x 10> has been used
as a conservative estimate in other work [28].

There are also issues with calculating the exact yield of this radioluminescence.
Energy lost to the air has been used to calculate the yield, but due to internal absorption
of the source and the complex mechanism of ionisation, it is not always possible to
predict yield from a specific isotope via energy lost. As the nature of the
radioluminescence does not depend on the isotope emitting the alpha particle, but
depends on the energy levels of the gas atmosphere, this makes isotope identification at
best complex and at worst impossible using this technique.

In 2013, Roberts [4] looked at the feasibility of using alpha-induced air-
radioluminescence for the detection of radiation sources. Through a series of
calculations and a number of Geant4 simulations, it asserted that a source with 10°
decays per second at a distance of 10 m, would produce a signal of 10’s or 100’s of
photons per centimetre square. To verify the presence of the signal suggested by the
calculations and simulations, experiments were carried out to detect a ?!°Po source,
using a photon counting module and bandpass filter. This verified the emission of
photons in the solar blind range by an alpha source, but did not quantify the number of
photons in this wavelength range. Although limited in its results in terms of quantifiable
experimental data, this work was able to verify the presence of UVC photons and
demonstrated an ability to detect these, albeit in dark conditions due to the
photomultiplier having some ability to detect photons of above 280 nm. It concludes
that it may be feasible to use this method to detect alpha or other ionising radioactive

sources, however this would depend on the situation, and that further research would
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be required, including determining the yield efficiency more accurately for this
wavelength range [4].

One other consideration when trying to detect alpha induced radioluminescence
photons is the transmittance of UV photons through visible light translucent materials.
This is important in both optical elements of any detection system, for example lenses,
filters and detector windows, as well as those found in field conditions, for example
glove boxes or hot cell windows. The transmittance of a material will depend on the
properties of that material and the wavelength of light trying to pass through. All forms
of translucent materials have a transmission spectrum which determines how much of
each wavelength of light is absorbed or allowed to pass through. This can be tuned by
the addition of transition metal, rare-earth ions or nano-crystals to produce band pass
filters, which can be useful in blocking out unwanted light.

Although limited in scope and the number of samples used, Lamadie et al. [15]
investigated the transmittance of several materials. They determined that 1 mm
thickness of Plexiglas would have a transmission of 91 % relative to air, 1. mm thickness
of polycarbonate would have a 92 % transmission relative to air and that 1 mm thickness
of triplex would have a 91 % transmittance relative to air. However, they do not take
into account any specific wavelength differences. The images they present using their
detection equipment in the UV range were carried out using a 10 mm thickness of
Plexiglas, where they were able to image a source in excess of 1 MBg cm2at 1 m
distance, closer for less active sources. Sand et al. [13] quote attenuation of 80 % by
Plexiglas. However, they do not specify the thickness of the Plexiglas, which they refer
to simply as a ‘standard Plexiglas glovebox’. Others have shown various successes at
imaging UV photons through Plexiglas, although the images were in the main indistinct

[15, 38].
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In the case of in situ materials, such as glove boxes and detector windows, the
attenuation of UV photons can be a significant issue. As part of the research into a
stand-off detector several of the researchers have looked into this issue and these results
are included in this review.

For full characterisation, not only the presence but also the isotope is required.
Although it is theoretically possible for the activity, or at least the emission rate, to be
calculated from the intensity of the radioluminescence signal, the wavelength of the
optical photons emitted are determined by the gas in which they occur, as opposed to
the energy of the alpha particles. As yet, work has not been undertaken on isotope
identification, and hence Section 2.6 looks at alpha particle detectors rather than

systems which characterise the isotope.

2.6 Alpha Particle Detectors

This section explores the benefits and drawbacks of traditional detectors which are
commercially available, and looks at the prototype and test detectors designed to detect
and locate alpha sources through air radioluminescence. Some novel further ideas are
also presented. The detectors included are designed to identify the location of an alpha
emitter and not to characterise that source, hence carrying out part of the

characterisation required for nuclear decommissioning, but not all.

2.6.1 Traditional Detectors

Currently, characterisation of sites in regard to alpha contamination is carried out by
taking samples which are then analysed in order that the contamination can be identified
and characterised. This process takes significant time as samples must be collected and

recorded, sent to a suitable laboratory, analysed, and the results returned in a suitable
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format [27,39]. Therefore it is desirable to have a less time consuming and labour
intensive process to locate and identify alpha contamination. The detection of the alpha
contamination is traditionally carried out using hand-held alpha radiation detectors.

Although hand-held alpha radiation detectors are readily available, these are in
general intended for the immediate detection of alpha radiation for health physics
purposes and not characterisation [40]. As these alpha particle detectors, which use a
Geiger-Muller tube or more recently a scintillator, work through direct interaction with
alpha particles the detector-source distance must be less than that of the range of the
alpha particles [1]. This means that the detector must be positioned within a few
centimetres of the source in order for alpha radiation to be detected. The benefits of
these kinds of detectors are: fast results through the immediate detection of the presence
of alpha particles (typically within seconds); good localisation of sources through close
proximity requirement; portable; readily available; mature technology.

Although for certain detection purposes this is acceptable, there are drawbacks:
proximity to the source provides a hazard for test personnel and requires the use of PPE;
detectors may become contaminated if they inadvertently touch the source in hand-held
applications; complex plant geometries may make contamination by touch more likely
and scanning harder to achieve; time consuming to scan large areas; access issues
(limiting penetrations to areas which require characterisation); use in areas of high
radioactivity (including safety of personnel, levels of PPE required and contamination
of equipment); limited collection of data not suited to isotope identification; no
associated automatic mapping of contamination onto an image or map for location
purposes.

Hence, it is desirable to find a new method of alpha particle detection which: can

be carried out at a distance; is operated remotely; scanning based; completed on site;
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portable; and possible through clear/translucent barriers (e.g., glove box sides or
viewing windows). Therefore, a new way to detect alpha radiation has been sought

through secondary effects of alpha particle emissions.

2.6.2 Alpha-Induced Air Radioluminescence Detectors

Alpha-induced air radioluminescence detectors may provide a way forward in
overcoming the shortcomings of traditional detectors and there has been significant
research in this area in devising a prototype system. Table 2-1 shows the results of
various alpha particle detection research and is included to provide some comparison
between the results of different research projects. As can be seen from Table 2-1 the
differences in distances, sources, exposure times, conditions and detector methods
makes comparison of the methods and results difficult in determining the most efficient
system to date, but some broad conclusions can be made by a comparison in this
manner. As of yet, these detectors are designed to locate an alpha source with various
success, but identification of the source isotope has not as yet been achieved which
would be required for full characterisation.

The remainder of Section 2.6 looks at this research in more detail, dividing the
detectors by technology type.

Table 2-1: Summary of alpha particle detection research to date.

Distance / Time /

é:;?c;gef] Activity Source Equipment Conditions
(Where Known)
Monochromator Darkness
Baschenko 30m/-/3.7x 107 2eop & PMT for Presence of strong
2004 [1] Bq u spectrum gamma source
Reflector & film
for image
Lamadie et 1m/600s/<1 24Cu CCD, Fused silica objective Through 10 mm
al. 2005[15] Mbg. cm™ lens Plexiglas, Darkness,
Field Test
10cm/3600s/30  %1Am «“
kBq
20cm/5h/3.88 28py «“
kBq
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Theoretical. Daylight.

Giakos 2008  25m/-/two 3.7 x 239py, Spectrometer, ICCD camera, In presence of 18.5 x
[41] 107 Bq sources lenses, reflectors 107 Bq %°Co gamma
source.
Ivanov 2009 3m/600s/10°Bq 5MeValpha Estimate of
[42] emitting, performance in
point source daylight
Ivanov 2011  10000s/-/5 x 10* DayCor UV camera Daylight
[43] Bqg
Leybourneet 150 m/<1min/5 210pg PMT, Filters Field experiment
al. 2010 [44] mCi (185 MBq)
150 m /- /1 mCi «“ «“ Theoretical
(37 MBQq)
Sand et al. 0.4m/-/1.2kBq, 23%py, 241Am,  HAUVA (own design) Spectral filtering
2010 [17] 620 CPS 24Cm
04m/-/1s,100 «“ Yellow
kBq radioluminescence or
white LED light
0.4m/1s/1kBq 21Am . ‘Selected room
lighting’
0.2m/-/13kBq " » Coincidence filtering
Sand et al. -/>1s/- U, Pu EMCCD Darkness
2013 [12]
Sand et al. -/0.5s/0.52 GBq Pu nitrate , Darkness, glovebox,
2015 [13] quartz window
-/130s/ 4.0GBq Mox pellet , »
-/100s/0.52 GBq Pu nitrate . .
-1100s/52.79 29y " »
MBq planchette
Sand et al. 1m/10s/4kBq PMT, optics, filter stack UV-free lighting
2016 [18]
1m/10s/800 ’ Bright fluorescent
kBq lighting
Inrig et al. 1.5m/10s/<37 21Am PMT, filter, optics Atrtificial light (60 Hz)
2011 [26] MBq
lhantolaetal. 0.157 m/-/4200 241Am PMT, filter, optics Light tight box,
2012 [14] Bq Nitrogen atmosphere
Ihantolaetal. 0.1m/-/50Bq 21Am ” Red LED lighting
2013 [5]
Kume et al. 1m/30s/15kBg *'Am PMT, lens, mirror Darkness
2013 [16]
1m/20s/9kBq » LED light—centre
wavelength 635 nm
1m/30s/1.5kBq Theoretical
Cromptonet 20mm/-/6.95 210pq Solar-blind UVTRON flame Ordinary laboratory
al. 2017 [33] MBq sensor (Hamamatsu UVTRON  lighting.

R9533)
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2.6.3 Solar-Blind Detectors

In order to address the main obstacle to detecting radioluminescence, solar-blind
detectors, those sensitive only in the UVC wavelength range, have provided the basis
for prototype detector systems shown to be operable in normal indoor lighting
conditions.

In 2011 Ivanov et al. [43] used an off-the-shelf, solar-blind, UV camerato locate
alpha contamination in daylight conditions through air radioluminescence. They had
estimated in 2009 [42] that they would be able to detect alpha radiation of 5 MeV energy
with an activity between 40 and 100 Bg cm 2 with a corresponding integration time of
600 s to 3600 s from a separation of 3 m between detector and source. The camera they
used (DayCor SuperB UV, Ofil Ltd., Lawrenceville, GA, USA) is designed to show the
corona and arcing of high voltage equipment for fault diagnosis [43]. It is ‘blind’ to
UVA and UVB (400-315 nm and 315-280 nm wavelengths respectively), and only
detects UV light of less than 290 nm (UVC). This removes the interference of the
stronger background light, allowing detection of the much weaker air
radioluminescence in daylight conditions.

They present an image of a 5 x 10* Bq alpha source with an integration time of
10,000 seconds (approx. 3 h). They also present images of background spots generated
by noise, as a single frame and a sum of 7500 frames. This shows an apparently random
distribution of these background spots over time, which the researchers were able to
filter out to some degree for better sensitivity. They also presented a filtered image
taken with a 500 s integration time.

Their use of cameras that are available off-the-shelf and are therefore mature
technology is beneficial in terms of the reliability. As yet no one has put forward a

tested method to quantify the intensity of the light captured by these images, however
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this could potentially be used to determine the activity levels. This work shows that the
approach of using solar-blind detectors in detecting air radioluminescence is viable in
addressing the issue of background UV radiation interference, although lvanov et al.
note that there is future work to be carried out to quantify and apply their findings [43].

In 2017 Crompton et al. [33] were able to detect the radioluminescence from a
6.95 MBq P0-210 source from 20 mm distance using a solar-blind UVTRON flame
sensor (UVTRON R9533, Hamamatsu, Hamamatsu City, Shizuoka Pref., 430-8587,
Japan) in ordinary laboratory lighting. This sensor is designed to detect the UVC
emissions from flames for fire detection purposes and is sensitive in the 180-260 nm
wavelength range. The sensor was used with the manufacturer’s off-the-shelf driver
board configured to emit a pulse for each UVC photon detected. An average pulse rate
of 0.3280 CPS was recorded, with a background pulse rate of 2.224 x 103+ 0.7034 x
103 CPS. A fused silica window was inserted between the sensor and source to prevent
alpha particles directly impacting on the sensor. Although the distance between sensor
and source is small, they assess that in this configuration the maximum detectable
distance could have been 240 mm.

Crompton et al. [33] also tested flowing various noble gases over the source.
They found that Xenon increased the CPS by 52%, P-10 increased the count by 32%,
Neon by 26%, and Krypton 23%. Interestingly they found that Nitrogen had little effect
on the CPS. However, they note that these results require replication for verification,
especially in light of the difference between the increase in radioluminescence reported
in a Nitrogen purge (Hannuksella et al. [30] and Ihantola et al. [5]) with the flow results
presented by Crompton et al. [33].

Although the sensor used in Crompton et al.’s [33] research was only shown to

work over a short distance in these experiments and its ability for locating the source
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was not tested, they point out that these initial experiments indicate that this sensor may
be viable for stand-off alpha detection if used with other elements in a detector system.
This is due to its low background count and insensitivity to indoor lighting conditions.
Also, that using a flow of gas which could be achieved through the deployment of a
thin flexible pipe, which may be more easily provided in field conditions due to not
requiring a gas-tight enclosure and the purging of air, could enhance radioluminescence
for detection purposes. This presents a far from developed detector system, but does
show a possible sensor which could be used as a foundation for the development of
such.

Shaw et al. [36] note the limitations of using PMTs (photomultiplier tube) to
detect UVC photons, and explore the background and function of new detectors in
development, Geiger-mode avalanche photodiode (GM-APD) detectors. This semi-
conductor based alternative may make alpha induced air radioluminescence easier to
detect than using CCD (charge coupled device) or PMT. They compared five different
existing detection technologies, before detailing the GM-APD detector. In their tests
this shows a better quantum efficiency at a wavelength of 270 nm (just inside the UVC
range). Although their work does not include any testing for alpha detection, this
provides an alternative detector technology which may prove useful in the detection of
alpha induced radioluminescence. They also explore a number of possible applications
of this technology, including the imaging of deep-UV (UVC).

The use of UVC detectors seems to somewhat overcome the issue of
background interference from other light sources, however the low signal strength due
to the smaller number of photons emitted in this wavelength range is an issue in terms
of the distance at which these may work. Others suggest though that solar-blind

detectors may not be completely ‘solar-blind’ and hence that the use of external filters
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to ensure that there is no interference from longer wavelengths may still be required

[36] although these would also attenuate the signal.

2.6.4 UVA and UVB Cameras

Other detectors trialled to date specifically focus on the main peaks in the Nitrogen
radioluminescence spectrum, which occur at wavelengths between 310 and 400 nm, as
95 % of the intensity falls into this range [1]. Although in this range the number of
generated photons is greatest, the intensity of UV radiation from other sources is much
higher, i.e. sunlight and traditional artificial light. Therefore, these detectors must be
used in complete darkness or with artificial lighting of specific wavelengths, even when
filtering or background rejecting methods are used. This limits their practical
application.

Work using camera-based systems has mainly focused on locating alpha sources
rather than characterising them, with an overlaid image of the radioluminescence over
a conventional image being the preferred method of demonstrating the presence of an
alpha emitter. This results in images where contaminated surfaces seem to ‘glow’.

Lamadie et al. [15] used a CCD and objective lens to detect alpha sources using
radioluminescence. The CCD was cooled with liquid Nitrogen and was backlit, which
gave it a 60 £ 5 % quantum efficiency (QE) in the 300 to 400 nm wavelength range.
This is in comparison to Sand et al. [13] whose EMCCD (electron multiplying CCD)
achieved a maximum QE of 38 % in the Nitrogen radioluminescence wavelength range.

They noted that the luminescence was visible in what they termed a ‘bubble’
around the source with an approximate radius of the range of alpha particles emitted
from the source, with the intensity reducing relative to the square of the distance from
the source [15]. They found these ‘bubbles’ limited the separation distance between
sources at which the two luminescence zones could still be distinguished, which was
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greater than the resolution of the equipment used, and was between 30 mm and 50 mm
depending on the energy of the alpha particles. They were also able to detect bulk
contamination, showing that internal absorption that did not fully restrict the emission
of alpha particles did not prevent detection.

They developed two equations to calculate the activity of the sample based on
the signal intensity and the number of photons per alpha emission, both of which were
verified by their experimental results.

The limitation of Lamadie et al.’s [15] work is that it required long integration
times of between 1 and 5 h and was carried out in complete darkness. It does however
provide advancement in the quantification and characterisation of the
radioluminescence phenomenon.

In 2013, Sand et al. [12] tested an EMCCD device to carry out alpha imaging in
a glove box with a quartz glass window. They were able to image two mixed fuel pellets
(U and Pu), with a 60 s exposure time. The experiment was most likely carried out in
darkness as they cite this as being beneficial.

Sand et al. [13] continued with this work in 2015 when they compared the efficacy
of two low light cameras; an EMCCD and an intensified CCD (ICCD). They tested both
the differences between the two cameras and also the effect of detecting several sources
of different activity at the same time. Their samples were of various alpha emitting
materials, and activities ranged from 106 kBq to 4.3 GBq.

Both Sand et al.’s [13] systems are sensitive to natural light (visible and UV) and
therefore tests were carried out in near darkness. Testing was carried out in a modified
glove box where one of the glove ports had been replaced with a quartz glass window

to allow a 90 % transmittance of photons, as compared to approximately 80 %
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attenuation by standard glove box Plexiglas. They then overlaid their optical results
onto a conventional image.

Their images show that although the higher activity sources were detected, those
emitting similar radioluminescence intensities to the low background light were
undetectable to both systems. They were able to achieve a resolution of better than 1
cm between sources. They also found that high intensity sources could mask lower
intensity ones and suggested re-imaging after the removal of high intensity sources to
check for sources of lower intensity, using longer exposure times or reduced
background lighting. Sand et al. [13] conclude that the ICCD gave marginally better
results in the field than the EMCCD, partially due to its greater field of view.

Pineau et al. [45] (patent registered) put forward a proposed stand-off alpha
detection system which is broad-ranging in its description, and as such all avenues of
operation it describes may not necessarily have been shown to work. Their main
assertion is to fill the environment containing the source with a scintillating gas, which
may contain Nitrogen. As Nitrogen has been shown to be the main radioluminescence
emitter in the UV range, this is consistent with other findings. This could be in an
enclosure which is placed over the area to be investigated, which will retain the
scintillation gas and has a window transparent to UV photons. However, the flow of
gas used in other work [33] could be easier to apply in the field than the need for a gas-
tight enclosure to be deployed in potentially difficult to access or contaminated areas.

Pineau et al.’s [45] detector is described as being a CCD type detector, connected
to a ST 138 type controller. Due to the small number of photons produced, the system
will integrate a number of images, therefore increasing the detection time. They suggest
using a wavelength range of 200-400 nm. The device may also have a camera able to

take a visual image over which to overlay the image of the alpha induced photons. Due

51



Chapter 2 : Alpha Particle Detection Using Alpha-Induced Air Radioluminescence: A Review and
Future Prospects for Preliminary Radiological Characterisation for Nuclear Facilities Decommissioning

to the possible interference of light in the visual spectrum, they suggest using the system
in darkness or using filters to attenuate light outside of the UV spectrum. No results are
presented in the effectiveness of this system, however, for a patent to be applied for it
may be assumed that they were confident that this system would work, and tests may
have been successfully carried out.

Haslip et al. [46] use a comparison of the alpha induced Nitrogen
radioluminescence signals of four wavelengths; two wavelengths where Nitrogen
radioluminescence peaks, and two where it does not which present the background
signal. A telescope is used to collect the signal, which is amplified by mirrors and
focused on six UV-sensitive cameras. This is achieved through the use of beam splitters
and wavelength selective filtering. Images from these six cameras are collated by a
microprocessor proving an aggregated image to the operator which is in almost real-
time. Although this system is not able to reject daylight, it can be used at night where
there is still a significant amount of background UV radiation, or in the presence of
street lighting.

In 2008 Giakos [41] proposed a stand-off alpha detector architecture using a
spectrometer and ICCD camera, with a focusing assembly of lenses and reflectors.
Their calculations indicate that two 3.7 x 107 Bg 2*°Pu sources could be detected at 25
m, even in the presence of an 18.5 x 107 Bq %°Co gamma source. They also suggest that
the use of an active system using a Raman lidar system along with the passive radio-
luminescence detector, would not only be able to determine the presence of a radiative
source, but also indicate its biological hazard by determining the energy loss associated
with the detected light though the specific spectrum. The calculations are presented in

their paper to show how the architecture was devised, but there is no evidence that this
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system was tested and therefore if it was successful or not, or any limiting factors found

during any experimental trials.

2.6.5 UVA and UVB PMT Based Detector

Due to the ability to more easily quantify the signal intensity, other prototypes utilise a
PMT to detect the radioluminescence. In 2010 Leybourne et al. [44] reported their
prototype detector was capable of detecting a Po-210 source (37 MBq) at 150 m
distance from the detector, outdoors. Using optical filtering, telescope optics for
collection, and a PMT, they were able to detect the presence of an alpha emitting source
on the surface of any one of three, 55-gallon drums spaced 10 m apart at approximately
150 m distance. This was achieved in less than 1 min of data acquisition time for each
source. Although not specifically stated, it can be inferred from the text that these
experiments were carried out at night as there is reference to ‘heavy traffic’ and ‘other
surrounding outside illumination’ causing interference. However, even at night there is
significant UV radiation outdoors.

Leybourne et al.’s [44] filtering was able to attenuate background UV radiation
and provide a sufficiently high signal-to-noise ratio to differentiate the relatively weak
UV radioluminescence. They also noted an inverse squared relationship between the
intensity of the UV photon signal and distance, as would be anticipated in a spherical
(or hemispherical) isotropic photon emission zone around a point source.

The result of Leybourne et al.’s [44] work is very positive in terms of indicating
that it is possible to detect alpha emissions through air radioluminescence in the
presence of significant UV background. However, there are several drawbacks and
limitations to the work. A relatively crude approach was taken for identifying the alpha
source, in terms of a resolution of 10 m between sources (i.e. the distance between the

drums) and the variability of the counts which show little more than the presence of a
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single or double source rather than anything about the nature of the source. It is possible
that the experiments were carried out at night, to reduce the background UV that the
device was required to reject. There is little information on the equipment specification
or models used to carry out the experiment, meaning that it could not be replicated to
check the accuracy of the work. This includes the bandpass of the filtering system.
However, whilst limited, this work does show that there are approaches to this method
of alpha particle detection which may prove viable in the field.

Baschenko [1] used a monochromator and PMT in photon counting mode to
determine the spectrum, and low light sensitive film to image the source. They found
that the ratio of intensities between alpha, beta and gamma induced radioluminescence
were 1:1078:1071° respectively, allowing the much greater intensity of alpha
radioluminescence to be detected in the presence of other radiation sources. This has
two implications. The first being that this technique can be used to combat exposing
personnel to beta and gamma radiation, which may also be present within the range of
traditional alpha particle detectors. The second is that the different types of radiation do
not interfere with the alpha detection, making it suitable for mixed radiation
environments normally seen within the nuclear industry.

Whilst characterising the alpha induced radioluminescence, Baschenko [1] found
that 95 % of this was in the 310 nm to 400 nm wavelength range and was due to the 2*
Nitrogen transition system. They calculated that there were approximately 30 UV
photons emitted per alpha event, with 2.5 x 107° of alpha particle energy being
transformed to photon energy. They also assert that alpha particles may be emitted in a
cone shape with an angular distribution which is proportional to cos 8(6), where 0 is the

angle between normal to the surface and the flight of the alpha particle, although this
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conclusion is not supported by other literature which finds the emission of photons is
isotropic [34] and therefore is likely to be a misinterpretation or anomaly in the results.

Baschenko [1] used these results to calculate a possible detector set up. From
calculations of the effectiveness of this system, they were able to determine that this
would not be suitable for use out of doors as background UV would always exceed the
required level, even at night.

Other work of Sand et al. [17] focuses on two potential methods of detecting
radioluminescence; spectral and coincidence filtering. In 2010 Sand et al. [17] and
Hannuksela et al. [30] tested both these methods. They compared background lighting
to the radioluminescence signal using a beam splitter and interference filters in a device
they named Handheld Alpha UV Application (HAUVA).

Noting that cameras require relatively long integration times, Sand et al. [17]
and Hannuksela et al.’s [30] spectral filtering detection system uses two PMTSs, which
allows detection using an integration time of approximately 1 s for a 100 kBq source at
400 mm distance from the detector. This was achieved under artificial background
lighting conditions which did not produce UV. Using a 40 nm bandpass filter, the signal
was first filtered into the peak air radioluminescence wavelength range, 300-340 nm
(where 337 nm is the most intense peak of the spectrum). The signal was then split,
with the background portion being passed through a further 15 nm bandpass filter
giving a 299 to 303 nm wavelength range.

Using two PMTs and a time correlated single photon counting unit Sand et al.
[17] and Hannuksela at al. [30] verified that all photons from a single alpha decay were
emitted in one 5 ns time window, as found in earlier work. This time period was
sufficiently short to make a background count event at the same time as an alpha

induced photon improbable. Using coincidence filtering, they were able to detect
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radioluminescence against background light which was 500 times more intense than the
radioluminescence. At this stage in their work, they quote a value of 400 photons per 5
MeV alpha emission. However this is reduced in later work to 20 photons per MeV of
alpha energy, more in line with others’ findings.

Sand et al. [17] and Hannuksela et al.’s [30] optimised optics, designed with a
large collection angle to collect the greatest number of emitted photons, have a
collection efficiency of 0.12 % at 400 mm, and they noted how this dropped off rapidly
from 300 mm onwards, showing the importance of distance to source. They also found
a rapid drop in signal intensity when the source was moved 20 mm to the side, giving a
positive indication for source location possibilities.

By using a Nitrogen-only atmosphere and a 10 kBqg ?**Am source, Sand et al.
[17] and Hannuksela et al. [30] found that the detector CPS increased to 650 CPS, from
150 CPS in normal atmosphere. They attributed this increase to the removal of the
quenching effect of Oxygen.

Building on their earlier work, in 2016 Sand et al. [18] published the results of
alpha induced radioluminescence detection experiments carried out in bright lighting
conditions. Using the same set up with two different equipment options, they were able
to distinguish a 4 kBq source at 1 m in 10 s under UV free lighting, and 800 kBqg under
bright fluorescent lighting.

The general set up for Sand et al.’s [18] experiments comprised of a telescope,
utilising two lenses to focus photons onto the eyepiece. This light passes through a filter
stack before being focused onto the window of a PMT. The PMT is used in photon
counting mode to determine the intensity of this signal. Two different filter stacks and
PMTs are used. The firstisa PMT with an ultra-bialkali photocathode which is sensitive

in the near UV range. The associated filter stack is sensitive at a central wavelength of
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335 nm. This was tested under yellow lighting conditions. The other set up utilises a
solar blind PMT which has a caesium-telluride photocathode, with a filter stack centred
at 260 nm, which was tested under fluorescent lighting conditions.

Sand et al. [18] recognize the limitations of their systems, in that they are not
suited to imaging due to utilising telescope optics, and that scans are time consuming
due to the narrow field of view. Due to the differing field environments, each site would
have to be surveyed in advance to determine if these detector systems were suitable for
that particular site. They also note that solar blind camera detection methods can only
be used in open spaces, however, the reasoning behind this statement is not qualified.

Kume et al. [16] build on the work of Lamadie et al. [15] and Chichester and
Watson [28], whom they consider to have both developed ‘convenient’ systems for
stand-off alpha detection, by addressing the issue of noise generated by a high gamma
radiation background which create a low signal to noise ratio. They note that Ihantola
et al. [5] have gone some distance in noise rejection by using time-coincidence, but that
this has not completely removed the background noise generated by gamma-rays. Their
solution is an ‘alpha camera’ which utilises a lens and mirror to focus the UV photons
onto the UV detector, a PMT with a response in the range of 300-650 nm, peaking at
350 nm (35 % QE). Lead shielding around the PMT and mirror reduces the influence
of gamma-rays on the system. A CCD camera, also within the confines of the Lead
shield, provides a visual image over which the results of the PMT can be overlaid to
provide a visualisation of the alpha contamination’s location.

One limitation of Kume et al.’s [16] work is that this detector currently works
exclusively in dark conditions. Their proposed resolution to this issue for field
operations is to use a coating on the lens of their system to filter visual light. There is

no discussion on the difficulties that this may present due to the attenuation of the UV
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light that is likely to occur, or to the wavelength range of the light attenuated by the
filter, or what the nature of this coating will be. In practice this may be a more
significant issue than they suggest.

Inrig et al. [26] used a position sensitive PMT with UV filters and a series of six
lenses to detect a 1 uCi (37 kBq) source from 1.5 m distance with a 10 s integration
time. This was accomplished in a windowless room with dim lighting by using an
algorithm and the known frequency of oscillation of the electricity supply to the lighting
in their experimental environment to reject any unwanted light. They were able to
image the alpha sources, although the resolution of the images was poor. This method
may be suited to internal environments without windows where the frequency of
electronic supply oscillation is known. However, it is possibly not well suited for
general field operations.

In 2012 Ihantola et al. [14] used coincident spectrometry of gamma radiation
and alpha-induced radioluminescence to enhance alpha detection in areas of high
activity. Radioluminescence photons from an alpha emission trigger the operation of a
gamma detector. Hence only gamma photons which occur in the presence of alpha
induced photons are detected. This ensures that the detector is focused on the alpha
emitter and not other gamma emitting sources which may produce photons of a higher
energy than the alpha emitter and so mask the alpha source. This was undertaken not
only to locate the source, but also to characterise the source and determine the isotope,
which cannot as yet be achieved with alpha radioluminescence alone. The alpha
detector, comprised of a collection lens and PMT, was able to identity a 4.2 kBq source
from 157 mm away in both a Nitrogen or air atmosphere. In Nitrogen the intensity of
the signal was 150 times the background, in air 30 times. The 50 mm field of view

provided by their test equipment means that a very localised analysis can take place of
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the alpha emitter. It is also possible to detect sources in sealed containers if the material
of these is transparent to UV radiation, where UV photons will escape, but alpha
particles will be stopped by the container.

Their experiments were carried out in the dark, and lhantola et al. [14] suggest
the use of filters for daylight working. Although the system worked, they conclude that
the UV system was better for locating the source and the gamma detector for identifying
the isotope, and suggest the two could be separated for better efficiency. In 2013 this
work was continued using dim red LED lighting which allowed a level of illumination
sufficient for working and for imaging of the set up [5]. They note during this work that
the coincidence filtering method works better with a high gamma background and
integration times of minutes or hours. This method allows an avenue for the
identification of the isotope as the gamma emissions are more suited to this type of
analysis than alpha induced radioluminescence.

There are limitations to this work of lhantola et al. [14]. Detection of the alpha-
induced radioluminescence photon suffers from the same issues as with other detectors,
primarily the interference of environmental light sources. However, Ihantola et al. [14]
found that this coincidence spectrometry technique is ten times faster than a
conventional gamma spectrometer, and from this it seems that their assertion that it is
a step forward is not unsubstantiated.

All of the above research results confirm that it is possible to detect alpha
induced radioluminescence in a number of ways and situations, but as these require a
background of no, low or special light they are unsuitable to be used in the field at

present due to the difficulties in controlling the lighting conditions.
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2.6.6 Other Detector Types

Although in the main recent detectors have focused on the detection of Nitrogen
radioluminescence photons, this is not the only possible secondary effect of alpha
particle emissions which could prove suitable for the detection of alpha contamination.

Sprangle et al. [47] put forward an alternative method of stand-off radiation
detection through the use of an ionising laser and a probe beam. Although their work is
specifically for gamma detection, they state their intention at some future time to test
their concept using an alpha source to reduce the safety issues, though no evidence of
this is available to date. Hence this method may be suitable for alpha detection. lonising
radiation produces free electrons in air. These attach themselves to Oxygen molecules
and form O ions in greater concentration to free electrons. A high powered laser,
focused close to the radiation source is used to photo-detach the negative ions, which
initiates an avalanche ionisation process. A probe beam can then be used to detect the
changes in electron density caused by the avalanche ionisation, and the presence of
radioactivity determined using measurement of the frequency modulation. The main
advantage of this system is that it would be able to detect ionising gamma radiation
from distances greater than 100 m.

Sprangle et al.’s [47] paper highlights a potential design concept for a gamma
detector, which has two drawbacks when applied to alpha detection. This is a design
concept which has not as yet been proven for gamma detection for which it was
designed. In addition, an examination of the possible feasibility of using this design for
alpha detection is not presented in this paper. For example the much shorter MFP in air
of alpha radiation in comparison to gamma radiation is likely to produce a smaller
ionisation ‘bubble’ which may present challenges in focusing the laser sufficiently close

to the alpha source without prior knowledge of its whereabouts. It may also find the
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materials used for shielded windows challenging, for example in glove boxes or hot
cells. However, this does present a possible alternative method of alpha detection at
further distances, which may merit further consideration.

In order to address the propagation loss at a distance from the source to the
detector, Yao et al. [48] used a collimated beam emission from a Nitrogen laser at a
wavelength of 337 nm to further excite alpha ionised air molecules from the B3z to C3z
state. The absorption of the energy required was detected and from this the presence of
alpha radiation was identified. This detector was successful in detecting a 1.48 GBq
source at a maximum standoff distance of 10 m. They found that the detection signal
was not sensitive to the distance between the detector and source, as it is with the photon
detector methods. In their tests they were able to determine the relative intensities
between two sources of different activities. They also note that due to the longer carrier
lifetime in the B3z band compared to the C3z band, the population of carriers in the B3z
may be an indication of the intensity of the radiation causing the excitation.

Although the work of Yao et al. [48] was successful in identifying the presence
of an alpha source its main drawback is the required detector configuration. It requires
an emitter and detector diametrically opposite each other in line with the alpha source.
This means that both sides of the alpha source need to be accessible, which may not be
possible for surface contamination, or in other hard to access areas. It would make
scanning difficult to conduct, as the detector alignment would need to be parallel to any
source, rather than perpendicular (see Figure 2-10). As the distance from the source to
the laser or detector has no effect on the signal it would not be possible to determine
the position of the source between the two, and direction to the source would be difficult
to determine. Hence, it would be difficult and time consuming to find the source of the

alpha emissions.
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Figure 2-10: Deployment of photon v. excited state absorption detector systems.

Baschenko [1] suggests a similar alternative method, using a laser of specific
wavelength which would affect air molecules already excited to a certain energy state
due to alpha ionisation. This is the same as they approach of Yao et al. [48], but
Baschenko [1] aims to detect the change in the number of photons that are emitted due
to the increase in energy created by the addition of the laser energy to the already
excited Nitrogen molecules, rather than changes to the laser probe signal. Baschenko
[1] has not tested his approach and merely mentions that this may be theoretically
possible, whilst noting that there would be significant technical difficulties in using this
approach.

Allander et al. [49] developed a system for detecting the ion pairs produced by
alpha particle ionisation of the surrounding air, which they call the LRAD system
(Long-Range Alpha Detector). It utilises an air current or an electric field to transport
the ion pairs to a collection grid where they are detected as an electric current, the
current being proportional to the activity and therefore allowing a measurement of this.

However, these require either that the potentially contaminated object is placed inside
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a chamber where filtered air can flow over it to carry the ion pairs to the grid, or for the
detector system to be introduced into an existing pipe where an air flow can be used to
measure any contamination inside the pipe. Both of these have implications for the ease
of use in the field, and the initial setting up of the system, including moving and cutting
into potentially contaminated materials. A third method allows for the detector to be
placed over a potentially contaminated surface (for example, soil or a concrete floor)
and an electronic field be used to detect the ion pairs. The main drawback of this system
is that the detector could come into contact with contamination, thus becoming
contaminated itself, and still requires the operator to be in close proximity to the
contamination to set up the device. However, in processing samples, especially in large
quantities, and for internal pipe examination, these methods could prove superior to
traditional techniques. Certainly radioluminescence would be harder to detect within a

pipe without special deployment equipment.

2.7 Future Prospects for Alpha Induced Radioluminescence Detection

Initial work in the detection of alpha contamination through Nitrogen
radioluminescence has concentrated on the main peaks of the radioluminescence
spectrum, which occur in the 300 to 400 nm range. This leads to background UV
radiation from the sun or artificial lighting interfering with the detection of the alpha
induced radioluminescence by masking its much weaker signal. Filtering of the
wavelength of photons detected allowed for the imaging of alpha sources in dark or
special background lighting conditions, but not as yet in daylight. By moving away
from the UVA and UVB range into the UVC range, a possible route to overcoming this
limitation becomes apparent. Although the peaks of intensity in this band appear to be

lower, there is not the competition from sunlight and artificial light, improving the
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signal to noise ratio. This would potentially make detection possible on site in nuclear
installations to provide characterisation for decommissioning and other purposes.

A detailed analysis of the spectrum of UVC is required, including identification
of any significant peaks which may provide the best chance of detection. Other gases
may provide a better scintillation atmosphere, including in the UVC wavelength range
and should be investigated. Tests carried out in the 1960s provide some information
regarding the effect on wavelength of emitted light in various gas environments, for
example, see Morse et al. [50]. However, these require further investigation to apply
them to enhancing the scintillation for specific required wavelengths.

Other beneficial future work would include the further testing of UVC/solar
blind detectors to determine their efficacy in detecting alpha induced
radioluminescence. A review and testing of currently available UVC detection
technology would allow an assessment which could be utilsed to develop a new UVC
detector specifically for nuclear decontamination purposes.

Putting together a number of effective techniques to provide a multi-stage detector
may be the route forward. These other possible techniques include but are not limited
to: data processing algorithms, collection optics, superposition and amplification, and
the use of light reactive materials. A multi stage detector may provide a more efficient
and robust detector for use in the field. Coincident and background attenuation
techniques are the subject of continuing experimentation and could be expanded, as
could active detectors of the kind as put forward by Baschenko [1] and Yao et al. [48].

Transmission through translucent materials for different wavelengths requires more
investigation for a completely suitable field detector to be produced. The limited
research carried out to date does not contain sufficient detail or analysis of the

phenomenon to determine how much of an issue this will be for detection in the field,
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and how this can be addressed. Tests to show both the internal and external transmission
would be useful, for conditions where the surface reflection of the glass may or may not
be relevant. In lenses and filters the internal transmission is more relevant as an anti-
reflective coating can be used. This may not be possible for gloveboxes and hot cell
windows, hence the external transmission may be more suitable. It may also be
beneficial to test transmission of existing materials in the field where the age of the
materials may also prove influential as some of the nuclear sites for decommissioning
are of a substantial age. An understanding of the transmission of these materials may
also be beneficial in determining if contamination is on the interior of the translucent
material or at a distance which has not as yet been addressed, most likely due to
researchers already knowing the location of the contamination in test situations.

Although there is a great deal of existing research and information, the differences
in distances to source, detectors, sources and other conditions makes an assessment of
progress difficult. A systematic testing regime with single variable differences between
tests would provide a more easily accessible and comparable set of results, in terms of
effect of yield on different conditions (gases, translucent materials, reflection, etc.) and
the efficacy of different detector types.

Work to date has provided a sound basis for continuation, with a clear route along
the UVC wavelength path, possible benefits from the identification of an alternative
radioluminescence gas, and routes using optics and other methods to optimise the
collection, processing and detection of alpha-induced air-radioluminescence photons.
This work will lead to the development of an alpha detection system that can be used

on site for nuclear decommissioning purposes.
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Experimental approach and set up

Following a review of the existing research to date, application of the knowledge gained
to the aims of the work led to the resolution of various important decisions regarding
approach, equipment selection, and experimental methods. This included initial testing
to assess the potential of the approach and equipment before experimentation with an

active alpha source.

3.1 Approach

Although the majority of alpha-induced radioluminescence is emitted in the 300 — 400
nm wavelength range, detection is greatly affected by interference from natural and
artificial light. It was clear from the existing literature that despite efforts to filter or
subtract this light, in the UVA and UVB wavelength range, background was the major
stumbling block to detecting alpha-induced radioluminescence. All detectors
successfully tested to date utilising this wavelength range required darkness or special
lighting conditions to operate effectively.
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If the background could be discounted in some way without the need for filtering
or subtraction, then the task would be simplified to developing a configuration of
detector which is sensitive enough to detect the radioluminescence signal. Two attempts
to detect alpha-induced radioluminescence in the UVC wavelength range had promising
results opening up the possibility that detecting only the UVC part of the
radioluminescence may be a way forward for a stand-off alpha detector [43, 44].
Although neither pieces of research themselves offered a means to a field ready detector,
the imaging of UVC by a CCD camera and the use of a UVC sensitive MFP in dark
conditions indicated that if a suitable UVC sensor could be found, and based on this a
suitable UVC detector system could be developed, that this may lead to a resolution of
the issue of background interference. Although simplifying the problem, the resolution
would need to overcome the considerations in the UVC wavelength range (see Chapter
1 section 1.8: Underpinning science) in terms of small signal strength along with
transmittance through translucent materials, such as glass and plexiglass. And a truly
solar-blind sensor would be required to completely reject the significantly larger

background signal.

3.2 Equipment selection

3.2.1 UVTRON sensor

In searching for a potential solar-blind sensor suitable for a detector system capable of
being used in the field, the following considerations were identified as important:
wavelength range; size of sensor and associated electronics; availability; robustness;
sensitivity; reliability; dark count. These considerations were important to develop a
reliable detector with the following attributes: solar blind and therefore can be operated

in normal lighting and daylight conditions; easily portable and can access limited
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spaces; reliable and robust, able to withstand being moved between deployment
locations; good availability for future development; and sensitive enough to detect the
UVC radioluminescence from a distance with a good signal to noise ratio.

The most important factor was wavelength range, as the UVC part of the
spectrum had been selected following the review of existing literature. MFPs, as
generally used in light detection and as used in Leybourne et al’s work [44], even when
described as ‘solar-blind’ tend to be used with monochromators as they have a
decreased sensitivity in the solar wavelength range, but are not completely insensitive
to it. This makes the set up large and expensive, or subject to background light
interference. ECCD are also used in the UV wavelength range, but are sensitive to heat
and require cooling to reduce the dark count [43]. Both these devices are designed to
quantify and characterise light, over and above pure detection. An alternative device
was sought which would overcome the limitations of these devices, more suited to a
detection role than requiring precise quantification.

UVC emissions from flames and electrical discharge are routinely detected for
safety and maintenance purposes. Sensors designed to detect these are intended to be
used in daylight conditions and are therefore truly solar-blind. The UVTRON by
Hamamatsu (Japan) is one such family of these sensors. They are designed to be used
in fire detection systems for commercial warehouses etc. where their high-speed
response may be more suited than other fire detection methods, such as smoke or heat
detectors. They are small and robust, are a mature technology and available off the shelf,
meeting the identified considerations of a suitable sensor for these experiments.

Alternative UV flame sensors were considered. These include for example the
F4-UV produced by 3M. Although the sensor within this system is solar-blind, it comes

in a housing with a readymade user interface, making it larger than the UVTRON (101.6
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X 117 x157 mm) and less easily adaptable [51]. The Honeywell FLS 100 UV is another
solar blind UVC flame detector. It also comes in a housing, of dimensions 125 x 80 x
57 mm, with built in electronics. The cost of this is around £1000, making it much more
expensive than the UVTRON as well as significantly larger [52]. These two examples
typify the alternative UVC flame sensors on the market, which are supplied in housings
which also contain the sensor and electronics, and therefore are significantly larger,
more costly and less flexible than the UVTRON. The UVTRON offers an adaptable
sensor which can be repurposed for radioluminescence detection, has a proven track
record and was the clear choice for this work. Photodiodes were also considered, but
these have a very small active area and peak at the top end of the UVC wavelength
range (265 nm) making them less solar-blind than the UVTRON. Having considered
alternative flame sensors and UVC sensors, the UVTRON was determined as having

the best potential for this application.

3.2.1.1 How the UVTRON works

The UVTRON uses the photoelectric and gas multiplication effects to detect a photon
in the UVC wavelength range. The electrodes are housed in a fused silica glass cylinder
which contains an ionising gas. Fused silica is required as this attenuates UVC photons
less than normal glass, transmitting over 90 % of UVC photons for thicknesses of up to
10 mm compared to much less than 10 % of UVC photons transmitted through optical
glass [20] (see Chapter 1 section 1.8 Underpinning Science). The cathode is made of Ni
which is sensitive to photons only in the 185 — 260 nm wavelength range. (A Mo
cathode version is also available which is sensitive in the 185 — 300 nm wavelength

range, but this is therefore sensitive to daylight).
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When a photon of the correct wavelength hits the cathode, an electron is emitted.
A high voltage between the electrodes accelerates this electron through the ionising gas
to the anode. As it travels it ionises the gas, causing more electrons to be produced,
which are also accelerated towards the anode. This results in a cascade effect. The
moving electrons cause a current at the anode which is emitted as a pulse. This pulse is
of a very short duration, 10 pus FWHM (full width half maximum), with a maximum
which was observed at approximately 12 V. The UVTRON has a minimum quenching

time of between 1 to 3 ms, depending on the quenching circuit used.

3.2.2 UVTRON — model R9533

Figure 3-1: UVTRON R9533 — courtesy of Hamamatsu Photonics K.K.

The R9533 model (see Figure 3-1) was selected from the UVTRON range of sensors as
it is sensitive only in the 185-260 nm wavelength range (see Figure 3-2) and is the most
robust of the UVTRON range of flame sensors. The electrodes of the R9533 are capable
of resisting mechanical shocks 10 times greater than other UVTRON models (excluding
the R9454 which is similarly optimised). Other UVTRON models were tested during

the work for a comparison of sensitivity to the R9533.
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Figure 3-2: Comparison of UVTRON spectral response to sunlight, gas flame and Tungsten

light - courtesy of Hamamatsu Photonics K.K. [53]

The UVTRON R9533 is relatively small, measuring 13 mm in diameter and 20

mm in length (36 mm including connection pins) and weighs approximately 2.5 g. (see

Figure 3-3).
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Figure 3-3: UVTRON R9533 size specification - courtesy of Hamamatsu Photonics K.K. [54]

The R9533 also has a wide field of view (see Figure 3-4).
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Figure 3-4: UVTRON R9533 field of view - courtesy of Hamamatsu Photonics K.K. [54]

It is a readily available, COTS item, and a predesigned optimised driving circuit

(C10807, Hamamatsu) is similarly available to purchase.

3.2.3 Driving circuit

The C10807 driving circuit (see Figure 3-5) is optimised to work with the R9533. It
provides the high voltage required for the gas multiplication effect and conditions the
output pulse to a 5 V, 10 ms square wave, as compatible with general electronic
circuitry.

When UVC is incident on the UVTRON, it outputs a 10 us pulse from the
cathode, which is detected by the driving circuit. The frequency of these pulses from
the UVTRON varies according to the amount of UVC light incident on the sensor. This
is processed by the drive circuit electronics and a 10 ms pulse is output (see Figure 3-6).
This pulse duration can be extended to greater than 10 ms by the addition of a capacitor
to the drive circuit. Dependent on the application, the extension to the pulse time may

be beneficial, for example when the pulse operates a buzzer for fire alarm purposes.
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Figure 3-5: Photograph of UVTRON driving circuit (Hamamatsu, C10807) — with factory pre-
set background rejection jumper.
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Figure 3-6: Circuit configuration diagram (Hamamatsu C10807) - courtesy of Hamamatsu

Photonics K.K. [55]

Although the UVTRON is already low in background count, this can be further

reduced using the option to select the number of pulses received from the UVTRON
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before a pulse from the driving circuit is emitted, to either 1, 3, 5 or 9 pulses. This is to
allow flexibility in background rejection to prevent false alarms in fire detection
applications. In the J2 position, which is the factory pre-set (see Figure 3-5) the driving
circuit must receive three pulses within 2 seconds before an output pulse is generated.
The majority of experiments in this work required a greater sensitivity to UVC and
hence the jumper was moved to J1 to provide a pulse without background rejection from
the driving circuit. Unless otherwise stated from hereon, the jumper was in the J1
position.

The minimum time between pulses is 25 ms, giving the driving circuit with no
background rejection a maximum output of 40 pulses per second. In practice, the
maximum reached was 38 CPS. Figure 3-7 shows the timing of the pulses (with
background rejection set to 3 pulses), including the increase in pulses from the
UVTRON dependent on the amount of incident UVC, and the output of the driving
circuit.
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Figure 3-7: Operation time chart for Drive circuit and UVTRON - courtesy of Hamamatsu
Photonics K.K. [55]
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3.2.4 Counting device — the Arduino Uno

Figure 3-8: Photograph of Arduino Uno

The Arduino Uno (see Figure 3-8) was selected as the counting module. It is a reliable
microprocessor board based on the ATmega328P microcontroller. It was selected as it
fits well with the UVTRON system, matching it in terms of being small, robust, reliable
and simple to use. The Arduino board is 68.6 x 53.4 mm. The output pulse of the driving
circuit, 5V, 10 ms, square wave, can be input to one of the input pins on the Arduino
board and can be read directly without the need for any other processing. The board can
also provide the 5 V reference voltage required to stabilise the output pulse from the
UVTRON, removing the need for a separate voltage supply. The Arduino can be
powered from a computer using a USB cable which also carries the collected data
(number of pulses per second in this application) back to the computer, removing the
need for an additional power supply. The software required to program and operate the
board is open source, meaning that any computer with internet access can quickly be
set up to use the UVTRON system, without the need for specialist software.

Programming is easy with support from online tutorials and a user forum in case of
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issues. The Arduino Uno also has sufficient inputs and outputs to give the facility to
control other equipment, for example, motors for an automated scanning platform, if
required. It is easily available and low cost, providing the features required without the
need to purchase a system with extra, but unrequired functionality, such as a counting

module as may be used with a MFP.

3.3 Experimental set up

The R9533 UVTRON was connected to the C10807 driving circuit as per manufacturer
instructions (see Figure 3-9). The Arduino 5 V output was connected via a 1 kQ resistor

to the driving circuit output.
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-

=+ |
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Figure 3-9: Driving circuit power and output connections - courtesy of Hamamatsu Photonics
K.K. [55]

The 5V, 10 ms output pulse was directed to an input pin on the Arduino Uno
board. The Arduino counted the number of pulses in each second, relaying this value to
a laptop second-by-second on a real time basis. This data was manually transferred to a
spreadsheet for analysis, or to Matlab to produce plots. From this an average CPS could
be calculated, or counts in a set time period could be calculated, for example the number

of counts in an hour, through the addition of the counts in each second of the experiment.
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For experiments where the output pulse characteristics were required, the direct
output from the UVTRON and the conditioned output from the driving circuit were
connected to an oscilloscope so that the pulse shape could be seen and measured. Figure
3-10 shows the pulse shapes recorded in different gas atmospheres (see Chapter 5; Gas
flow to enhance the detection of alpha-induced air radioluminescence based on a
UVTRON flame sensor for gas atmosphere experiments).

Pulse shape comparison of different gas atmospheres
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Figure 3-10: Examples of typical pulse shapes from the UVTRON before processing — with an
enhanced view of the 200 — 210 ps time period
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Figure 3-11: Full equipment set up connections schematic — with oscilloscope
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Figure 3-11 includes the full schematic with both the Arduino and oscilloscope
connections shown.
The UVTRON was mounted on the exterior of a plastic project box using an

E678-8F socket (Hamamatsu), with the Arduino Uno and driving circuit housed inside

the project box (see Figure 3-12).

Figure 3-12: Photograph of project box housing electronics a) box closed b) box open to show
the driving circuit, pull-up resistor and Arduino Uno.

A UVC emitting light source was used at the commencement of all experiments
to ensure that the equipment was working correctly. This was required due to the
infrequency of background pulses to verify that a pulse was being received by the

laptop.
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3.4 Preliminary testing

As data supplied by the UVTRON manufacturer is intended for flame detection
purposes, and therefore likely includes a safety margin, it was first necessary to establish
if the sensor had potential in this alternative application. These initial experiments were
carried out without the presence of an active alpha source for safety reasons. A small
UVC light source (L9657-03, Hamamatsu) was used to represent the UVC

radioluminescence in these tests.

3.4.1 Distance test

The first test of the UVTRON was carried out using an oscilloscope to monitor the
output pulse and a manual record of pulse frequency was taken at different distances
between the UVTRON and the UVC light source. The UVTRON and associated
electronics were placed on a moving platform (see Figure 3-13) so that the distance
between the light source and the UVTRON could easily be increased. The background
rejection of the driving circuit was set to 3 pulses received from the UVTRON before a
pulse was emitted, which is the default factory setting. (Later this setting was reviewed
and changed to 1 pulse when the low background of the UVTRON had been

established.)

Figure 3-13: Equipment on trolley carrying out distance testing using a UVC light source
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The average frequency was recorded at increasing distances, with 1 m between
observations. This was plotted on a graph to show the drop-off in pulse frequency by
distance (see Figure 3-14). The furthest separation achieved was 27 m, where a signal
was still observable, though very weak by this point (The 27 m limit was imposed by

the maximum length of the space where testing took place).
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Figure 3-14: Graph showing signal frequency of UVTRONS v distance between UVTRON
and UVC light source

At each point, the UVC light source was covered to block the signal reaching
the UVTRON and a decrease in count was observed. The frequency of pulses reduced
to zero when the light from the UVC light source was blocked. This was the first
indication of the low dark count of the UVTRON and its lack of response to daylight

and indoor lighting conditions.

3.4.2 Pulse characteristics

The direct pulse from the UVTRON and conditioned pulse from the driving circuit were
compared, in terms of amplitude, duration, frequency and shape. The trigger point was

set so that one or both of the pulses would trigger the oscilloscope, and these two sets
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of results were compared. It was found that both pulses occurred together in all
instances, with the conditioned pulse (green square wave) emitted slightly after the

direct pulse (yellow peak) — see Figure 3-15.

Figure 3-15: Photograph showing conditioned pulse in green and direct pulse in yellow from
the UVTRON

The direct pulse had an amplitude of around 12 V, and a duration of
approximately 10 us (FWHM). The conditioned pulse occurred approximately 100 ps
after the leading edge of the direct pulse, and was 5 V in amplitude (as expected with
the 5 V reference voltage applied to the output). The direct pulse varied slightly in
amplitude and duration. From this, it was verified that the two pulses occurred at the
same time and with the same frequency. The Arduino is not capable of detecting a pulse
of the duration of the direct output, therefore the conditioned pulse was used for
counting purposes. The direct pulse was observed and recorded during experiments to

see if differences in the stimuli affected the pulse shape.
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3.4.3 Background test

The effect of natural and artificial light was observed, with a virtually zero count being
seen when the sensor was placed in artificial lighting, either in the centre of a room or
when placed in close proximity to and facing double glazed windows. This is in line
with the anticipated negligible or zero levels of UVC expected from natural and
artificial lighting. This preliminary observation was later quantified by further
background tests (see Chapter 8 and Chapters 4, 5, 6 and 7 for background
quantification).

Outdoor tests were carried out at a later date to see if the attenuation of UVC by
window glass caused the very low background count and if direct sunlight would affect
the UVTRON pulse count (see Appendix D). These tests were inconclusive, but
indicated that temperature and not ambient light may determine outdoor background

readings.

3.4.4 Source location testing

Once it had been established that the UVTRON may be sufficiently sensitive and had
excellent background rejection, tests were carried out to determine if the UVTRON was
capable of locating a source during an automated scan. In order to achieve the maximum
benefit from a stand-off detector, removing the operator from the locality and reducing
the time required to operate the detector can be achieved by automating the system to
scan an area without the intervention of the operator. The operator is then only required
to set-up the equipment and collect the data. Scans can be carried out over a long period
of time, hours or days, meaning larger areas can be scanned, or longer dwell times can
be used to increase accuracy. The latter is especially beneficial in applications where
there is a very small signal strength as long count durations can be required to achieve

a statistically significant result.
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A collimated scanning platform was designed and built, which would scan an

area and record the output pulse at equidistant points over that area (see Figure 3-16).

Figure 3-16: UVTRON scanning platform — showing collimator and driving circuit.
Using the equation;
— -1(x
0 = tan (S) (3.1)

where x is the distance between scanning points on the surface being scanned, S is the
perpendicular distance from the detector to the surface and 6 is the angle of the detector
in relation to S, it is possible to calculate the angles of motion for the detector which
will provide equidistant points on the surface being scanned. However, this does require
a knowledge of the value S which may not be known in a real-world setting. Hence it
was decided to use 10° increments in the horizontal and vertical direction for each of
the count points. Integration time was 10 s at each point. The UVTRON has a wide field
of view (see Figure 3-4) so a collimator was used to narrow the field of view for these
tests.

The results are shown below (Figure 3-17). The double hotspot occurred
because the UVTRON has a dip in sensitivity in the 0° position in one orientation
(Figure 3-4). The UVTRON was reoriented by 90° to remove this dip in sensitivity

(Figure 3-17 c).
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Figure 3-17: Plots of scan data showing location of UVC source.
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It can be seen from the scans that the UVTRON can indicate the location of a
source of UVC photons when used in conjunction with a scanning platform. As the
UVTRON will likely be included in a detector where automated scanning is used to

minimise operator time, it is important that this was part of the initial testing.

3.5 Conclusions of initial testing

These successful initial test campaigns indicated the potential of the UVTRON for the
detection of alpha-induced radioluminescence in the UVC wavelength range, and so a
series of experiments using an active alpha source were carried out at the National
Physical Laboratory (NPL) in Teddington, National Nuclear Laboratory (NNL) in
Cumbria, and Lancaster University’s Engineering Department, Physics Department and
Lancaster Environment Centre (LEC).

The aim of these tests was to first ascertain that detection of a UVC bulb and the
UVC from a flame would translate to the detection of UVC radioluminescence from an
alpha source by the UVTRON. If so, characterisation of the UVTRONS response to this
radioluminescence would be carried out. This would include the amount of UVC
detected in comparison to background readings, how sensitive the UVTRON was to
alpha-induced radioluminescence and could a maximum distance in relation to activity
be established. As it was known that the amount of radioluminescence in the UVC
wavelength range was small, enhancement of the signal was also investigated, with the
effect of a gas atmosphere on the number of radioluminescence photons in the UVC
wavelength range explored. In the field the detector may be exposed to mixed radiation,
and so the effect of gamma and beta radiation on the UVTRON also required
investigation, with the use of shielding possibly proving to be required in a prototype

detector system.

85



Chapter 3 : Experimental approach and set up

Five main groups of experiments were carried out in total, with additional tests
completed as required to complete the investigations. The first set, carried out at NPL,
were to establish that the UVTRON was capable of detecting alpha-induced
radioluminescence in the UVC wavelength range and to quantify this where possible,
with the output pulses investigated from both the UVTRON and the driving circuit
(Chapter 4: First results of using a UVTRON flame sensor to detect alpha-induced air
fluorescence in the UVC wavelength range). The second set, also carried out at NPL,
were to establish the effect of a gas flow over the source on the detectable UVC (Chapter
5: Gas flow to enhance the detection of alpha-induced air radioluminescence based on
a UVTRON flame sensor). The following two sets of experiments carried out at the NNL
and Lancaster University (Engineering department, Physics department and LEC)
investigated the effect of gamma and beta radiation on the UVTRON and associated
electronics (Chapter 6: The effect of gamma and beta radiation on a UVTRON flame
sensor: assessment of the impact in implementation in a mixed radiation field). The
final set of experiments, carried out at NPL, followed the results of the work on gamma
and beta radiation to test a collimated UVTRON when exposed to alpha, beta and
gamma sources, individually or in combination (Chapter 7: Performance
characteristics of a Tungsten collimator and UVTRON flame sensor for the detection
of alpha-induced radioluminescence; Impact of UVC reflecting mirror and the effect of

beta and gamma radiation sources.).
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Chapter 4

First Results of Using a UVTRON Flame
Sensor to Detect Alpha-Induced Air
Fluorescence in the UVC Wavelength Range

Anita J. Crompton, Kelum A. A. Gamage, Steven Bell, Andrew P. Wilson, Alex Jenkins
and Divyesh Trivedi

Reprinted from Sensors, 17(12), 2756; November 2017, with permission from Sensors.

4.1 Abstract

In this work, a robust stand-off alpha detection method using the secondary effects of
alpha radiation has been sought. Alpha particles ionise the surrounding atmosphere as
they travel. Fluorescence photons produced as a consequence of this can be used to
detect the source of the alpha emissions. This paper details experiments carried out to
detect this fluorescence, with the focus on photons in the ultraviolet C (UVC)
wavelength range (180-280 nm). A detector, UVTRON R9533 (Hamamatsu, 325-6,
Sunayama-cho, Naka-ku, Hamamatsu City, Shizuoka Pref., 430-8587, Japan), designed
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to detect the UVC emissions from flames for fire alarm purposes, was tested in various
gas atmospheres with a 21°Po alpha source to determine if this could provide an avenue
for stand-off alpha detection. The results of the experiments show that this detector is
capable of detecting alpha-induced air fluorescence in normal indoor lighting
conditions, as the interference from daylight and artificial lighting is less influential on
this detection system which operates below the UVA and UVB wavelength ranges
(280-315 nm and 315-380 nm respectively). Assuming a standard 1/r? drop off in
signal, the limit of detection in this configuration can be calculated to be approximately
240 mm, well beyond the range of alpha-particles in air, which indicates that this
approach could have potential for stand-off alpha detection. The gas atmospheres tested
produced an increase in the detector count, with Xenon having the greatest effect with
a measured 52% increase in the detector response in comparison to the detector
response in an air atmosphere. This type of alpha detection system could be operated at
a distance, where it would potentially provide a more cost effective, safer, and faster
solution in comparison with traditional alpha detection methods to detect and

characterise alpha contamination in nuclear decommissioning and security applications.

4.2 Introduction

The ability to detect alpha emissions from nuclear materials is important in nuclear
operations, nuclear decommissioning, and nuclear security applications. Due to their
positive charge, alpha particles travel only a short distance after emission from nuclear
materials, typically around 50 mm through air depending on their energy. This is due
to their interactions with atoms in the surrounding atmosphere. Therefore, detectors
which require direct contact with alpha particles need to be in close proximity to any

surface or object to determine if alpha contamination is present, at a distance of less
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than the MFP of the alpha particles. This causes a number of issues, as documented by
other researchers [1, 5, 39]. As objects to be monitored may be in a mixed radiation
environment, personnel carrying out detection activities may require PPE and have
limited time in which they can safely operate. Large structures or complex geometries
take significant time to monitor in such close proximity. A stand-off detector, where a
significant distance between the detector and surface can be achieved, can reduce the
time taken for monitoring whilst distancing the operator from the radioactive
environment.

As an alpha particle travels it ionises the air, transferring energy to the atoms and
molecules in its path, mostly due to its positive charge. These excited atoms may emit
an optical photon to return to a stable state and these photons have a MFP in the order
of kilometres [29,35]. So in theory they could be detected from a significant distance,
much further than direct alpha particle interaction detectors could achieve.

Although there have been experiments and several prototype detectors which have
utilised this effect for stand-off alpha detection [1, 13, 15, 17, 30, 56], there are
significant difficulties with this approach. The main issue is the interference of light
(natural or from lighting equipment), which is typically present at a much greater
intensity compared with the signal from alpha-induced fluorescence. Operating in dark
or special lighting conditions alleviates this problem somewhat, as can be seen by the
success of Sand et al.’s detector system under special lighting conditions [18], where
UV-free lighting sufficient to see was used to operate the equipment with a filtered
PMT. Although where special lighting can be used this detector has positive results, it
is not possible to always specify lighting conditions in the field. The variability of
lighting levels over short time periods, especially from natural light sources, means that

subtracting the background is a very difficult option and although a patent has been
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filed for such a detector [46], this requires the use of six separate cameras sensitive at
six different wavelengths, and details on the testing of such a device are absent in the
available literature. Although filtering can be used, it causes an unwanted attenuation
of the desired signal along with the undesired background light, especially in the
ultraviolet (UV) wavelength range, and special materials are required, for example
fused silica. Although Sand et al. use filtering of a specific bandpass which coincides
with a peak of 334 nm, the main peak from Nitrogen fluorescence, they still require
special lighting conditions to determine the signal from the background. lvanov et al.
had some success in using a solar-blind CCD (charge coupled device) camera [43]
which could image UV fluorescence in daylight without the need for specific filtering.
However, this is limited by the time taken to carry out imaging, process it, and then
analyse the results, meaning that a solar-blind CCD camera would have limited
applications in the field or for scanning purposes. Although there are ‘solar-blind’
detectors available, for example the Hamamatsu R7154P high sensitivity solar-blind
photocathode (160-320 nm), upon testing this proved not to be completely solar blind,
although it was much less sensitive above 320 nm. Hence, these are still affected by
background light and not sensitive enough to determine the alpha-induced fluorescence
from background in normal lighting conditions.

Therefore, this research has focused on a detector which is less affected by natural
and artificial light than other stand-off detectors available to date: the UVTRON by
Hamamatsu. This detector is designed to detect UVC emissions from flames for use in
fire detection systems and to have a negligible background count in normal indoor
lighting. Experiments were carried out to determine if the UVTRON was able to detect
the UVC fluorescence photons generated by an alpha source, and the effect of different

gas atmospheres on this detection.
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4.3 Materials and Methods

Experiments were carried out at the National Physical Laboratory in Teddington,

Middlesex. The set up for the experiments was as follows (see Figure 4-1).
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Figure 4-1: Schematic of equipment set-up.

A 21po source of 6.95 MBq (see Section 4.3.2, Source) was placed in close
proximity to the UVTRON detector (Hamamatsu, R9533, see Section 4.3.1, Detector),
with an approximate separation of 20 mm between the source and detector, unless stated
in the results. Experiments were run with the source inside a gas flow box with a fused
silica window (see Section 4.3.3, Gas Flow Box and Gas Flow Set-up), unless stated in

the results (Figure 4-2).
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210p,, UVTron Gas flow pipe

Figure 4-2: Photographs (a, b) showing the 2°Po source inside the gas flow box (silver disk with
mesh surface and yellow edge) and the UVTRON (small glass bulb), attached to the grey box
housing the detector electronics. In photograph (b) the tube through which the gas was flowed

over the source can be seen above and to the left of the source.

The output from the UVTRON was recorded directly using an oscilloscope
(Infiniium 54845A, 8 GSa/s, 1.5 GHz (Keysight Technologies, Santa Rosa, CA, USA)
which recorded the shape of the direct pulse. The output of the UVTRON driver
(C10807, Hamamatsu, Hamamatsu City, Japan) was connected to an Arduino Uno
which counted the number of output pulses per second. A second channel on the
oscilloscope was also connected to the output of the driver circuit which recorded the
time and shape of the driver output pulse. Hence the direct pulse from the UVTRON
and the processed pulse from the UVTRON driver circuit could be compared.

Where the effect of gas atmosphere was tested, the gas flowed across the surface
of the source from a pipe placed above the source (see Figure 4-2 b). The gas flow rates
are stated for each gas tested in Section 4.3.5.

The lab in which the experiments were carried out had no windows and
conventional strip lighting. This lighting remained on for the duration of all

experiments.
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4.3.1 Detector

UVTRON detectors utilise the photoelectric effect and gas multiplication to generate
an output pulse when a photon is incident on the photocathode. The UVTRON used in
this research (the R9533) has a Ni cathode which is insensitive to photons with a
wavelength of greater than 260 nm. This makes it effectively solar blind (see Figure
4-3).
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Figure 4-3: Spectral response of UVTRON in comparison to sunlight, Tungsten light, and gas
flame [53].

Photons within the 180-260 nm range when incident on the photocathode of the
UVTRON cause an electron to be emitted through the photoelectric effect. An electric
field generated by a voltage differential between the cathode and the anode causes this
free electron to be accelerated through the gas contained within the UVTRON. As the
negatively charged electron passes through the gas it interacts with the gas molecules
and transfers energy, causing ionisation and creating ion pairs. The gas atmosphere
within the UVTRON bulb enhances this ionisation process. The positive ions created
are attracted to the cathode, whilst the negative free electrons are attracted to the anode.
As each free electron is generating further free electrons there is an avalanche reaction

which causes an exponential increase in the number of free electrons incident on the
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anode. This generates a signal which is interpreted by the driver circuit and a pulse is
output by the driver circuit when this avalanche phenomenon occurs.

The detector used for these experiments, R9533, is one example of one model
in the UVTRON range. It was selected due to its robust nature and the availability of

an optimised off-the-shelf driver circuit.

4.3.2 Source

A sealed 2'°Po source was selected for these experiments as 2°Po decays through alpha
emission only, with a very low X/y emission intensity (see [57] for a ?°Po nuclide
table). This was to eliminate the possibility of other radiations from the source
generating a response from the UVTRON, either through direct interaction or secondary
effects. This source had an activity level of 6.95 MBq at time of use (29 August 2017).

The source can be seen in the photographs of Figure 4-2.

4.3.3 Gas Flow Box and Gas Flow Set-Up

In order to provide a support for the source and to allow the testing of different gas
flows, a box of dimensions 260 x 234 x 230 mm was constructed of 5-mm-thickness
black Perspex. The box size was determined by the dimensions of an optional
hemispherical reflector, which was not used in these experiments as the signal was
sufficient for the detector to record an output.

The box has a 75 x 75 mm window of 2-mm-thick synthetic fused silica
(Spectrosil®) (see Figure 4-2). Fused silica is preferable to ordinary glass as it allows
UVC to pass with minimal attenuation (see Figure 4-4). This material is specifically

designed for deep UV (UVC) optical applications.
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Figure 4-4: Transmission spectrum of fused silica window material [58].

The lid was placed on the box during gas experiments, but does not provide a
gas tight seal. The gas flowed over the source in an air atmosphere using a small flexible

pipe of 1 mm bore diameter (see Figure 4-2Db).

4.3.4 Measurement

The pulses emitted by the UVTRON device driver (Hamamatsu C10807) each second
were counted (CPS). The driver which both powers the UVTRON and processes the
output signal. The UVTRON driver outputs a 5-V square wave on each detected
avalanche event from the UVTRON, and the number of these per second was counted
by the Arduino. The Arduino is unable to count the pulses directly from the UVTRON
as they are of 10-us duration, too short for the Arduino to detect. Therefore, an
oscilloscope was used to verify that each pulse directly from the UVTRON was
accompanied by a square wave pulse from the driver circuit. It was then manually
verified by observation that each of these pulses correlated to a count from the Arduino.
Hence, the CPS of the Arduino was verified. The time delay between the two pulses
was recorded for comparison to outputs using other UVC sources (e.g., UVC bulb,

flame).
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The direct pulses from the UVTRON were recorded via the oscilloscope in order
that pulse characteristics, i.e., shape, height, duration, could be determined and any
difference between those resulting from an alpha source as compared to a UVC bulb or
other UVC source could be identified. The 5-V square pulse from the UVTRON driver
circuit was also recorded using a second channel on the oscilloscope. The oscilloscope
was set to a sample rate of 20 MHz, and 1800 acquisition points, with a trigger level of
6 V to ensure that the direct UVTRON pulse which was approximately 12 V triggered
each recorded event, rather than the UVTRON driver which outputs a pulse of 5 V.
However, both pulses were displayed and recorded as the trigger determines the time at
which the output is measured for all channels in use (one for the direct UVTRON

output, the other for the driver output).

4.3.5 Gases

In order to determine the effect of different gases on the fluorescence count, five
different gases were flowed over the source. The gases are as listed in Table 4-1 below

Table 4-1: Table of gases.

Gas Symbol Purity Approximate Flow Rate mL/min
Nitrogen N2 N5.0 65
Xenon Xe N5.0 50
P10 10% CH4/90% Ar +5% 60
Krypton Kr N5.0 55
Neon Ne CP grade 40

In the field it may not be possible to flood the area under scrutiny with a specific
gas, and in those environments which could provide a gas tight atmosphere, the amount
of gas could be reduced by targeting the gas at the surfaces. Hurst et al. [58] in their
experiments using protons to excite gases, found that it was preferable for the gas to

flow through the gas cell they used rather than having a static gas atmosphere, as the

96



Chapter 4 : First Results of Using a UVTRON Flame Sensor to Detect Alpha-Induced Air Fluorescence
in the UVC Wavelength Range

former increased the amount of light intensity. The effects of various gases on alpha-
induced fluorescence have been investigated [18, 59 - 63]. However, to address the
suitability for field operations and in light of Hurst et al.’s findings, a flow of gas over
the source was tested. As the alpha particles travel in the order of 50 mm, the immediate
surrounding area may prove to be more important in generating fluorescence photons
than flooding the entire surroundings.

Following each experiment, the lid was removed, and the gas vented via the
fume hood extractor system. The supply pipe was flushed with the new gas. The lid was

then replaced, and the flow allowed to stabilise before the count was initiated.

4.3.6 Verification of Signal Source

In order to verify that the signal being received by the detector was indeed air
fluorescence and not due to other emissions from the source, a number of checks were
carried out. The set-up was as detailed above in Figure 4-1, with the source inside the
gas flow box and the detector in close proximity to the fused silica window. An optical
black-out cloth was placed between the source and detector. The observed CPS
immediately reduced to zero, returning to its former value when the cloth was removed.
A piece of ordinary white paper was then placed between the source and detector, which
also reduced the count to zero. Again, this returned to the former value once the paper
was removed.

A sheet of fused silica glass of the same specification as the gas flow box window
was placed between the source and the detector. This resulted in a small drop in CPS of
approximately 0.6%. This is broadly in line with the manufacturer’s specification, but

not statistically significant due to counting uncertainties of ~2%.
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As the signal was transmitted through the fused silica windows, but not through the
paper or black-out cloth, a verification was made that the detector was detecting UVC

photons from the alpha source and not X/y/p radiation.

4.4 Results

4.4.1 Background Count

The UVTRON detector and associated equipment was set up as per Figure 4-1. The
lighting in the lab remained on for the duration of the experiment. Lighting in the lab
consisted solely of strip (fluorescent) lighting as generally found in commercial
buildings.

The background count was taken for a duration of approximately 75 min. Over this
period a total of 10 pulses were recorded by the Arduino from the UVTRON driver.
This gives an average pulse rate of 2.224 x 103+ 0.7034 x 10~ CPS. The pulses were
randomly spread out over the time period and did not show any pattern.

The UVTRON is subject to an extremely low background count and this had
negligible effect on measurements taken using the alpha source, accounting for less than
1% of the detected signal for all gas environments investigated.

Several background counts have been made in different indoor locations and gave
arange of results from 1.5 x 102+ 0.3 x 103t0 3.6 x 102+ 0.72 x 102 CPS. All counts
were carried out indoors. When in close proximity to a double-glazed window, the
exterior lighting affected the count. As standard glazing attenuates UVC, it is likely that
background counts outdoors will be higher.

For normal operation as a flame detector this value is negligible. For the detection
of UVC from an alpha source, where the signal is far less intense than from a flame,

this will be a limiting factor to the minimum sensitivity of the detector.
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4.4.2 Air Atmosphere Results

Using the detector and associated equipment set-up as in Figure 4-1, the 2°Po source
was placed inside the gas flow box in close proximity to the fused silica window. The
UVTRON detector was placed outside the box close to the fused silica window (see
Figure 4-2). There was an approximate distance between the source and detector of 20
mm. With the lab lighting remaining on for the duration of the experiment, the output
pulses of the UVTRON driver circuit were counted by the Arduino.

Over the 16 hours of the experiment, 18,890 pulses were counted, giving an
average of 0.3280 CPS. This average varied over the duration of the experiment, with
average hourly CPS measured between 0.3097 and 0.3503. Figure 4-5 shows the hourly
average CPS, compared with the overall average. This variation may have been due to
changes in the environment over the 16-hour period, for example pressure in the lab
(which varied between 1015 and 1010 mbar), humidity, temperature, etc., which may
have affected UVC absorption or detector response. The variability of the CPS will also

be a limiting factor in the minimum sensitivity of the UVTRON.
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Figure 4-5: Average counts per second (CPS) per hour - #°Po source in air.
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4.4.3 Gas Flow Results
Five different gases were flowed over the source and the fluorescence measured was
compared to an air atmosphere. These were selected following research into gases
which were both likely to ionise at suitable energies and to emit photons of the required
wavelength [59 - 66]. Although several of the studies used focus on ionisation of gases
[64 - 66], this leads to secondary electrons which are believed to generate the
fluorescence photons [59]. Saito et al. [63] identified Krypton, Xenon, and Argon as
fluorescing in the UVC wavelength range. Using the evidence from Saito and the other
literature, Nitrogen, Argon, Xenon, Krypton, and Neon were selected for testing. Argon
was not available at the time of the experiment, however, there was an available supply
of P-10 which was included in the testing due to its ionising properties.

The gas was flowed over the source from a distance of approximately 30 mm. The
gases and flow rates are detailed in Section 4.3.5, Table 4-1. Each experiment was
carried out for a duration of no less than one hour to provide a counting uncertainty

below 3%. The results are shown in Figure 4-6 and in Table 4-2.
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Figure 4-6: Comparison of average CPS in different gas atmospheres.
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Table 4-2: Variation in average counts per second (CPS) by gas in comparison to air.

Air Nitrogen  Xenon P10 CH4 10%; Ar90%  Neon Krypton

Duration of experiment (s) 57,600 3888 4203 5073 3721 3550
Total counts 18,890 1322 2103 2201 1537 1436
Average CPS 0.3280  0.3400 0.5004 0.4339 04131 0.4045
Counting Uncertainty 0.7% 2.8% 2.2% 2.1% 2.6% 2.6%
Average CPS difference to air - 0.012 0.1724 0.1057 0.0851 0.0765
Percentage increase from air - 3.6% 52% 32% 26% 23%

As can be seen from Table 4-2, there was an increase in the average CPS for all
gases compared to the air atmosphere. Xenon provided the greatest effect, with a 52%
increase in the average CPS compared to air. This finding is most significant as an
increase in the signal will make detection easier, and the ability to replicate this in the
field could greatly enhance detection possibilities.

P10 (10% Methane, 90% Argon) is used in gas-filled ionising radiation
detectors due to its ionising properties, and was tested to determine if these properties
would be beneficial in this application. It increased the CPS by 32% compared to the
air atmosphere. Neon and Krypton also showed a significant increase in the CPS
recorded, 26% and 23% respectively.

Nitrogen showed only a small increase, which could be accounted for within the
uncertainty and therefore may not be an actual observed increase. As this is the primary
constituent of air and it is known to enhance fluorescence in the 300-400 nm
wavelength range [1, 5, 13, 15, 30, 35] this result was unexpected. Sand et al. [18] found
an increase in fluorescence in the deep UV (around 260 nm) using a Nitrogen purge.
As Brett et al. [60] found there was a lack of fluorescence in the 230-290 nm
wavelength range in air as compared to a pure Nitrogen atmosphere, which they
attributed to Oxygen quenching. In this instance, using a flow of gas as opposed to a
fully purged gas atmosphere would appear to have a great effect on fluorescence. For

field operations the possible effect of Oxygen quenching on the gases which showed a
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marked increase in fluorescence in these tests may merit further investigation, and that
a repeat of the experiments to determine replication possibilities in the field be carried

out.

4.4.4 Pulse Shape

The oscilloscope was used to record the pulse shape from each of the experiments in
order that any differences could be observed and the pulse could be compared to pulse
shapes from other UVC emitting sources, such as a UVC-emitting bulb, flame, or from
a different gas atmosphere. Although the design of the detector rather than the source
is most likely to determine the output pulse, differences would provide a valuable
avenue for determining the source of the UVC photons and therefore increase the
potential of a detector in the field. A minimum of 50 pulses were recorded for each
experiment for comparison.

For each of the experiments carried out with the ?*°Po source, the pulse shape
showed no distinguishable difference between different gas atmospheres. Figure 4-7
shows a comparison of the shapes of a single pulse recorded during each of the gas
experiments. From this it can be seen that it is not possible to differentiate one gas from
the other in terms of the pulse shape. Therefore, it can be concluded that different gas
atmospheres do not affect the characteristics of the pulse outputted by the UVTRON.

Pulse shape comparison of different gas atmospheres
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Figure 4-7: Pulse shape comparison of different gas atmospheres.
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4.5 Conclusions

These experiments show that it is possible to detect alpha-induced air fluorescence
using the UVTRON flame detector in normal lighting conditions.

Assuming a standard 1/r? relationship for the drop off in signal with distance (r)
between the source and detector, the limit of detectability, based on the signal being
above the level of background, is approximately 240 mm, as shown in Figure 4-8. This
data is for the 6.95 MBq source with the R9533 UVTRON sensor. This may be the
potential limit of this particular configuration, however it is much greater than the
distance of alpha particle travel and indicates that this method has potential for stand-
off detection through further work.

It is also possible to estimate the minimum detectable activity for this sensor.
Assuming a source of equal properties to the 2!°Po source of 6.95 MBq, excepting a
reduced activity level, the minimum activity level which would provide a count of
greater than the background count is 47.1 kBg = 14.9 kBq. The margin for error is
calculated from the error for the background count as this is much greater than that for
the CPS with the source in air. As the activity levels of alpha contamination which
would be encountered in the field would be of a wide range of values, from Bq to GBq,
this sensor shows the potential for stand-off detection in a number, but possibly not all,
potential situations. However, other sensors in the UVTRON range are available, and
these experiments were carried out with the off-the-shelf set up without optimisation or

alteration for the specific use.
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Limits of Detectability
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Figure 4-8: Limits of detectability showing the drop off in signal due to increased distance

between sensor and source. The recorded background count + the calculated error is shown.

As the UVTRON is similarly unresponsive to ambient light when in a room
illuminated by either or both commercial lighting and natural light, the UVTRON has
little issue from interference from other lighting sources when used indoors. Although
the background count is negligible in such conditions, it will provide a limiting factor
in the sensitivity of the UVTRON for alpha detection applications when counts
approach background levels due to a decrease in signal either from a less active source
or increased distance between source and detector. This may be relevant in applications
with a low source activity, but will be less so in decommissioning where activity levels
may be significantly high.

In combination, the background count in different lighting conditions, the effect of
distance, the activity level of the source, and the variation of count frequency over time
will determine the minimum sensitivity of the detector in any given field condition.

It has also been shown that a flow of gas over an alpha source, which may be more
easily deployed in the field, can increase the fluorescence detected. Xenon resulted in

an increase of 52%, with P-10 (32%), Neon (26%), and Krypton (23%), also enhancing
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fluorescence. Nitrogen did not provide a significant increase. Further gas flow tests,

including the verification of results by repetition of the experiments carried out to date

are planned.
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Chapter 5

Gas Flow to Enhance the Detection of Alpha-
Induced Air Radioluminescence Based on a
UVTRON Flame Sensor

Anita J. Crompton , Kelum A. A. Gamage, Steven Bell, Andrew P. Wilson, Alex W.
Jenkins and Divyesh Trivedi

Reprinted from Sensors, 18(6), 1842; June 2018, with permission from Sensors.

5.1 Abstract

In many field applications where alpha-induced radioluminescence (or so-called UV
fluorescence) could potentially be used for stand-off detection of alpha-emitting
materials, it may not be possible to create a fully purged gas atmosphere. Hence, an
alternative gas delivery method to utilise the radioluminescence enhancing properties
of gases has been investigated, with the novel results from this presented herewithin. A
solar blind ultraviolet C (UVC) sensor (UVTRON R9533, Hamamatsu, Japan) has been

used to detect changes in the signal in the UVC wavelength range (180-280 nm), where
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gases of Ar, Xe, Ne, Nz, Kr, and P-10 were flowed over a 6.95 MBq ?'°Po source using
a narrow diameter pipe close to the source. In comparison with an air atmosphere, there
was an increase in signal in all instances, the greatest being the flow of Xe, which in
one instance greater than doubled the average CPS. This increase in signal could prove
beneficial in the design of a stand-off alpha detector to detect the very small UVC
radioluminescence signals from alpha-emitting materials found in nuclear

decommissioning environments.

5.2 Introduction

Due to the short range of alpha particles in air (approximately 5 cm depending on
energy), detectors which require direct interaction to detect alpha radiation are required
to be operated in very close proximity to any surface under examination. This means
that detection of alpha-emitting contamination is time-consuming and places personnel
in close proximity to potentially hazardous materials, including the possibility of
exposure to a mixed radiation field as is found in many real world nuclear environments.

As alpha particles travel, they transfer energy to and ionise the air. The
relaxation from this excited state causes the emission of optical photons. These photons
have a much greater MFP than the original alpha particle and hence provide a possible
opportunity for stand-off alpha detection. This radioluminescence is mainly in the 300—
400 nm wavelength range [1, 29]. However, in this range, there is much interference
from background light, either from the sun or from indoor lighting, making the
detection of this radioluminescence problematic. Stand-off detectors trialled to date
have usually operated in darkness or special lighting conditions [1, 12, 13, 16, 17, 18,

26, 30, 44].
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Other work has looked at the emissions in the UVC (ultra violet C) wavelength
range (180-280 nm), which although lesser in intensity has much lower background
levels with which to contend. UVC from the sun is mainly stopped in the atmosphere,
meaning little reaches the surface of the earth, and UVC is generally not emitted by
indoor lighting as it can be hazardous to eyes and has no practical benefit as it is well
outside of the visible light spectrum [37]. This has meant that stand-off alpha detection
in the UVC wavelength range has been investigated with some positive results for
detection in daylight conditions [43,33].

In light of the low signal intensity of UV, and especially UVC photon emissions
even from a relatively active alpha source, a means to enhance the signal could reduce
the burden on any detector system in terms of how sensitive it would be required to be
to detect alpha-induced radioluminescence in field operation. This would provide a
better chance of detecting a low activity source or in bright daylight conditions, and to
this end, research has been carried out into the effect of a gas atmosphere on the level
of radioluminescence, including in the UVC wavelength range. Section 5.3 looks at
previous research to date, with the remainder of sections detailing the results of recent

experiments using a flow of gas.

5.3 Gas Atmosphere Influence on Radioluminescence

Spectrum and Yield

Nitrogen makes up approximately 78% of the composition of air and is the main cause
of radioluminescence in a dry air atmosphere. The other main constituent of air, Oxygen
at approximately 21%, has been shown to quench radioluminescence [60, 67]. The
remainder comprises small proportions of other gases (approximately 1% Argon, 0.04%

Carbon Dioxide, and fractional quantities of Neon, Helium, Methane, and other gases).
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To determine if changes in the atmosphere surrounding an alpha source have an effect
on the radioluminescence yield, experiments using a purged gas atmosphere have been
carried out.

Some researchers have compared the alpha-induced radioluminescence readings of
two PMTs in an N2 atmosphere, one sensitive in the 160-650 nm wavelength range, the
other 300-650 nm, and found little difference between the two [67]. From this they
concluded that N radioluminescence occurs mainly in wavelengths of above 300 nm.
This held true for N, dry air, O, Carbon Dioxide (CO2) and Methane (CHa)
atmospheres. Oz, CO2, and CH4 produced significantly less radioluminescence then N>
and dry air and quench radioluminescence when mixed with N2 due to the excited states
of these gases not decaying through the emittance of photons. The amount of quenching
depends on the composition of the secondary gas and the percentage of that gas, as can
be seen by decreases in the radioluminescence yield in an N2/O, atmosphere when the
percentage of O is increased. In an N2 atmosphere, there is however less Oxygen
quenching on the NO lines, which are in the UVC wavelength range [60].

Although this increase in radioluminescence due to N takes place mainly in the
ultra violet A and ultra violet B (UVA and UVB) regions (300—400 nm), other gases
have the potential to fluoresce in the UVC wavelength range, and these may prove
beneficial in detecting alpha particles through UVC photon emissions. There are
difficulties in examining luminescence of rare gases due to them fluorescing in the
Vacuum Ultraviolet (VUV, 10-200 nm) wavelength region [63]. However, several of
these gases also fluoresce in the UVC wavelength region, albeit not as strongly.

Argon has been shown to luminesce in the VUV and UVC wavelength region, in

three distinct wavelength bands, with maxima at 130, 180, and 220 nm [62]. The 220
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nm peak can be seen in Figure 5-1, which also shows the peaks in the UVA and UVB

wavelength ranges.
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Figure 5-1: Radioluminescence spectrum of 100% Argon. Figure reproduced from [62].

The highest intensity of these maxima was found to be 220 nm, with 180 nm
the lowest, although the 180 nm band was less easily quenched, and the intensity of
radioluminescence was less dependent on pressure. The 220 nm Ar peak value of 45
(in arbitrary units) is greater than the 236 nm peak produced by N2, which reached only
32 (in arbitrary units). Increasing the pressure of an Ar atmosphere (between 0.07 and
2.63 atm) leads to an increase in radioluminescence in the 170-280 nm wavelength
range, with this being more rapid between 200 and 280 nm.

However, others found an Ar atmosphere fluoresced with a distinct peak at 127
nm, with no other peaks in the 115-300 nm range, but a small, gradual rise between
200 and 270 nm [63], although this has been seen to peak at approximately 250 nm
before starting to decline [60]. They identified the VUV peak as due to the
recombination of ions with electrons, which in their later work they determined
produced one VUV photon per recombination [68]. They suggest that in the 200-270

nm region radioluminescence is due to the third continuum, and that the mechanism of
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this has as yet no satisfactory explanation. They also found peaks of 150 nm for Kr and
175 nm for Xe, just outside the UVC range, with a Gaussian distribution of width 13
nm and 15 nm (FWHM) respectively. The Ar 127 nm peak also had a Gaussian
distribution with a width of 11 nm (FWHM). They also examined the travel of an alpha
particle in different gases and calculated the range of alpha particles is approximately
48 mm in Ar, 34 mm in Kr and 25.2 mm in Xe [63]. They also discovered that increased
pressure led to an increase in recombination radioluminescence, and that this was
greater in Xe than in Ar or Kr.

In alpha-induced ionisation within gases, the average energy per ion pair was
found to be due to the stopping power of the gas and independent of alpha particle
energy for Hydrogen, Helium, N2, Ar, and Nitrous Oxide [69, 70]. Others found that
the average energy value per ion pair in Ar for alpha particles of different energies was
consistent for particles over 5 MeV [65]. This would suggest that the gas medium rather
than alpha energy is more important in determining radioluminescence wavelength and
therefore is relevant in potentially increasing radioluminescence intensity in the UVC
wavelength range.

Kerst et al. [32] investigated the effect of N2 on radioluminescence in the UVC
wavelength range. They tested a ?°Po source in an N2 purged atmosphere and found
increased radioluminescence in the sub 300 nm wavelength range due to an increase in
nitric oxide (NO) luminescence. Alpha emitters in air produce electronically excited
nitric oxide molecules, and the presence of N. enhances this radioluminescence to
detectable levels [32].

Although Ar is readily available at nuclear facilities and certainly fluoresces in
the UVC wavelength region, it may be more beneficial to consider an alternative which

produces a significant peak in a wavelength more suited to existing UVC detectors—
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for example the UVTRON which has a wavelength detection range of 185-260 nm. Xe
peaks at a higher wavelength than Ar and may be more suited to UVC detection

enhancement.

5.4 Materials and Methods

Based on the prior research laid out in Section 5.3, an experiment was devised which
would test the effect of different gases on alpha-induced radioluminescence in a method
which could potentially be used in the field. As a flow over the source does not depend
on a purged gas atmosphere, it may be more suited to a wider application in the field,
where the contamination could be in a large space or spaces containing personnel. A
flow of gas within a purged atmosphere when researching the use of protons to excite
gases has been found to be preferable to a static atmosphere as it increases the intensity
of the radioluminescence [61]; hence, the use of a flow is not unprecedented for research
in this area.

Five noble gases were selected for the tests; N2, Xe, Ne, Kr, and Ar. These were
selected as the most likely to fluoresce in the UVC wavelength range. The results can
also be compared to previous research which was carried out with several of the gases.
P-10 (90% Ar, 10% Methane) was also tested as this gas mixture is utilised for its
ionising properties.

Experiments were carried out at the National Physical Laboratory in Teddington,

Middlesex. The set up for the experiments was as follows (see Figure 5-2).
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Figure 5-2: Schematic of equipment set up.
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A sealed 2°Po source with activity of 6.95 MBq (at time of experiment, 29
August 2017) was placed inside a black Perspex box of dimensions 260 x 234 x 230
mm (see Figure 5-3). 2%Po was selected for the experiments as it decays through alpha
emission only and therefore produces negligible other emissions to affect the sensor
reading. The box has a 75 x 75 mm window of 2 mm thick synthetic fused silica
(Spectrosil©). Fused silica is preferable to ordinary glass as it allows UVC to pass with
minimal attenuation (less than 10%) [58]. This window also prevented alpha particles
being directly incident on the sensor. A lid was placed on top of the box at the
commencement of and throughout each experiment to prevent the fume hood extractor
system from removing the gas before it reached the source. The chamber was not gas

tight, and some loss/exchange of gas would have occurred.
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Gas flow pipe
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Figure 5-3: Photograph showing the 21°Po source inside the gas flow box (silver disk with mesh
surface and yellow edge), with the gas flow pipe above and to the left. The UVTRON (small
glass bulb) is external to the box and is attached to the grey box in the foreground which houses

the detector electronics

The UVTRON sensor was placed outside of the box approximately 20 mm from
the source (see Figure 5-3). The UVTRON (R9533, Hamamatsu Photonics,
Hamamatsu, Japan) is sensitive in the 185-260 nm range. It is designed to detect flames
or corona discharge but has been verified in its use as a sensor to detect alpha-induced
air radioluminescence and has a very low background count in laboratory lighting
conditions [33]. The UVTRON was used with the off-the-shelf driver circuit (C10807,
Hamamatsu Photonics, Hamamatsu, Japan) which both powers the UVTRON and
conditions the output signal. An Arduino Uno was used to count the pulse outputs from
the driver and relay this to the laptop. The driver outputs one pulse per incident photon,
up to a maximum of 40 CPS. This is sufficiently fast for alpha radioluminescence
counting for this source activity and separation distance, where less than 10 photons per
second are incident on the detector within the wavelength range [33]. The sensor has a
peak sensitivity at approximately 210 nm, with an equal increase and decrease in
sensitivity on either side of this wavelength between 185 and 260 nm, which are the
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limits of the wavelength range of the UVTRON and therefore at which the sensitivity
is 0.

The UVTRON was used in these experiments for several reasons. It is solar blind
and has a very low background count and so can be used in normal laboratory lighting
without the need for filtering or other light-attenuating technology. It is a relatively low-
cost, robust, off-the-shelf sensor suited to inclusion in a field operable detector and
fitting with the experimental main aim of testing a system which may be more suited
for field operations.

Gas was flowed over the source from close proximity in an air atmosphere using a
small flexible pipe of 1 mm bore diameter (see Figure 5-3). At the end of the
experiment, the lid was removed from the gas flow box and the fume hood extractor
system was switched on to extract the gas. Following this, the pipes were purged with
the new gas, and the flow was regulated, with a steady flow reading established before

the next experiment was undertaken. The gases and flows are listed in Table 5-1 below.

Table 5-1: Table of gases showing flow rates and experiment groups.

Approximate Flow Rate mL/min

Gas Symbol Purity
Group 1 [13] Group 2 Group 3

Nitrogen N, N5.0 65 65 65
Xenon Xe N5.0 50 65 65
P10 10% CH4/90% Ar +5% 60 - 65
Krypton Kr N5.0 55 65 65
Neon Ne CP grade 40 - 65
Argon Ar N5.0 - - 65

Group 1 experiments consist of those carried out and already reported on by Crompton et al.
[33].
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5.5 Results

5.5.1 Background

In order to allow for any effect from background lighting, for each of the experimental
sessions, a background count was taken. The experiment was set up as detailed in the
above section but without the presence of the source. The background had been shown
to be very low, with average CPS of 2.2 x103+ 0.7 x 103 for group 1 [33]. For groups
2 and 3, the background was 1.48 x 103+ 0.53 x 103, The experiments were carried
out in the same laboratory with standard commercial strip (fluorescent) lighting which
remained on for the duration of all experiments. The experiments were conducted a
number of weeks apart, and therefore differences such as location of the equipment,
temperature, humidity etc. in the laboratory between the two dates is most likely the
cause of the difference in the background recorded for groups 2 and 3 compared to those

for group 1 [33].

5.5.2 Air Atmosphere Results

The experiment was first carried out with the source in place in an air atmosphere to
provide a baseline to compare the results of different gas flows. The gas flow
experiments were carried out in three groups, and at the commencement of each, the
count in air was taken for comparison. This was done to ensure that any changes in the
position or orientation of the equipment could be allowed for in the comparison between
the air and gas results. The counts in air were average CPS of 0.3282 + 0.0032 for group

1[33], 0.4106 + 0.0107 for group 2, and 0.4503 + 0.0028 for group 3.
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5.5.3 Gas Flow Results

The results of the gas flow experiments carried out on this occasion in comparison with
those already reported [33] are shown in Figure 5-4 and Figure 5-5, and Table 5-2.
Figure 5-4 shows the average CPS for each of the gases for each of the three groups of
experiments (note, not all gases were tested in all groups due to practical issues).Figure
5-5 shows the increases for the different gases as compared to the air atmosphere, which
are shown as a percentage increase from the average air CPS. Table 5-2 lists the data

for further clarity.

Comparison of alpha-induced fluorescence in gas flows to
alpha-induced fluorescence in air

o Air

M Nitrogen

M Xenon

i Neon

M Krypton

e
n

WP10

Average cps (2 DP)

M Argon

1st 2nd 3rd
Experiment

Figure 5-4: Showing the CPS for each of the gas flows in each of the three experiment groups
(note: not all gases were tested in the second group due to time constraints) comparing the

results of those in the first group reported by Crompton et al. [33] with two following groups.
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Percentage increase in detected alpha-induced
fluorescence in gas flows in comparison to air
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Figure 5-5: Showing the increase in CPS for the different gas flows as a percentage of the air

atmosphere results.

Table 5-2: Table of gas flow results.

Group 1 Group2  Group3 Average %

Gas CPS [33] CPS CPS Increase
(% incr) (% incr) (% incr)
0.34 0.4716 0.4898
(9.09)

(3.61) (14.86)  (8.79)
0.5004 08431  0.8541

Xe (82.5)
(52.47)  (105.32)  (89.71)
0.4131 0.6812
Ne - (38.69)
(25.87) (51.51)
0.4045 0.6003  0.6247
Kr (36.08)
(23.26) (46.21)  (38.77)
0.4339 0.5983
P10 - (32.55)
(32.21) (32.9)
0.5865
Ar - - (30.27)
(30.27)
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As can be seen from Table 5-2, the greatest increase was seen with a flow of Xe,
which increased the radioluminescence between 52% and 105%, with an average over
the three experiments of an 82.5% increase. Ne provided the next greatest increase, with
an average of 39% over the two experiments, which was close to the average increase
of Kr of 36%. P-10 gave the next greatest increase, averaging 33% over the two
experiments, with Ar slightly lower than this at an average of 30%. P-10 gave the more
stable result over the two experiments, with a difference of less than 0.7% between the
two readings, giving it the second highest average in the group 1 readings.

Group 1 has the lowest increase across all gases in comparison to groups 2 and 3.
This is most likely due to slight differences in the set-up—for example, the position of
the gas flow pipe in relation to the source which may have affected the make-up of the
atmosphere within the MFP of the alpha particles emitted from the source, for example

by increasing quenching by Oxygen.

5.6 Discussion and Conclusions

From these results it can be seen that all the gases increased the radioluminescence
detected to some degree. This is most likely due to the replacement of Oz, which
guenches radioluminescence, in the scintillation zone of the alpha particles.

The increase in the CPS produced by a Xe atmosphere, especially as the
detection rate may be as much as doubled, does indicate that the use of a flow of this
gas could be useful in the development of an alpha detection system. As the alpha signal
is low in the UVC wavelength range, but in light of this range having the least
background interference, the enhancement of the signal could reduce the level of
sensitivity required in a detection system. This may make more likely the development

a stand-off alpha detector using UVC radioluminescence to indicate the presence of
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alpha contamination. It would require the engineering of a solution, which could be
stand alone or utilise gas environments already found in some field conditions and could
be part of a package of detection solutions, including such elements as lenses and
bespoke, optimised electronics, which would make up the final detection system.

The increase in signal using a flow of Xe, which in all three groups of
experiments increased the signal intensity by more than 50%, shows a much greater
change than in any of the other gases. Saito et al. [63] found a peak at a wavelength of
175 nm which is just under the 185 nm sensitivity range of the UVTRON, but as the
peak has a full width half maximum (FWHM) of 15 nm there may be sufficient overlap
into the UVTRON detectable range. The shorter travel of alpha particles in Xe (25.2
mm at atmospheric pressure) [63] suggests that alpha deposits its energy closer to the
alpha source. The main fluorescing area has been found to be within 10 mm of the alpha
source [13]. Hence, this shorter MFP may be instrumental in increasing the signal
intensity close to the source and therefore aid location of the source by the UVTRON.

Over the duration of the experiments, which were carried out for no less than
and approximately for one hour, there was little variation in the measured CPS despite
a likely accumulation of the flowed gas inside the box. This indicates that the flow
method may potentially be as useful for increasing radioluminescence as a purged
atmosphere. As the area around the source which produces the most radioluminescence
is within 10 mm of the source itself [13], hence it is the atmosphere in this area which
most affects radioluminescence, which could conceivably be greatly modified by a flow
of gas in the vicinity of the source, as these results would suggest.

Slight alteration in the set up due to removal and replacement of the equipment
between experiment groups will account for some of the differences seen between the

measurements for each of the gases, and hence an average percentage increase is
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included in Table 5-2. This variation is likely due to minor differences in distance
between or the angle of the sensor relative to the source, indicating that this set up is
sensitive to small variations which would need to be addressed in any field operative
detector system.

The relatively small increase seen in an N2 gas flow may seem in conflict with
N2 purged atmosphere results where there is seen an increase in radioluminescence.
This likely due to the UV C wavelength range and a possible lack of NO which has been
shown to cause radioluminescence in the UVC wavelength range in an N2 purged
atmosphere [32]. The lack of NO produced by a flow as in comparison to a purge may
be due to the lack of excited NO molecules being generated by the alpha particles in
this circumstance.

Using Hurtgen et al.’s [71] method of calculation, the limit of detection ( Lq)
was determined. This method was used as it is specifically designed for detectors with
a low or zero background count, which the UVTRON has in normal lab lighting
conditions. The limit of detection is independent of the signal count, depending only on
the background level, and is determined with a confidence level of 95.45% (as advised

by I1SO, 1993) through the equation;

q at La, Snet = 2.86 + 4.78 (b + 1.36) (5.1)

where Lq = the limit of detection, sretis the net signal (gross signal minus background),
and b is the background count. For laboratory conditions, the limit of detection for these
experiments was 17.4 net counts for the first set of experiment, and 15.3 net counts for
the second and third sets of experiments for a count time of one hour (3600 s). The

difference is due to small changes in background conditions, where the background
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counts averaged 7.9 and 5.4 counts, respectively, in 3600 s. As can be seen, the very
low background count of the UVTRON leads to a very low limit of detection in
laboratory conditions. In comparison, the net counts with a source present ranged from
1223 counts in Nitrogen to 3045 counts in Xenon in one hour (3600 s). Based on the
low detection limit, the system could easily be configured to alert for the presence of
an alpha emitter based on a count rate above a set threshold, which is likely to be very
low. As an example of the sensitivity of this sensor and off-the-shelf electronics,
Hurtgen et al.’s [71] method was used to calculate the lowest activity which could have
been detected here. In air, the minimum activity at this distance is between 89 and 149
kBg, which is similar to Nitrogen at between 82 and 144 kBq. Xenon as expected has
the lowest limit of detection at an activity of 47 kBq in the second and third set of
experiments. Although certain applications would find this limit alone beneficial, with
the aforementioned use of optics, optimised electronics, collimation, and other elements
of a detector system based on this sensor, this limit could be extended significantly.
Therefore, the experiments carried out to date would suggest that gas flows could be
useful in field conditions to increase the signal and make detection easier.

Through further experimentation, it may be possible to determine the
mechanism for luminescence in the UVC region, the third continuum, which may throw
light on which gases are more likely to provide a suitable radioluminescence yield in
this region and possibly lead to a predictive model of which gases are likely to fluoresce

in this region for further testing.
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The Effect of Gamma and Beta Radiation on a
UVTRON Flame Sensor: Assessment of the
Impact on Implementation in a Mixed
Radiation Field

Anita J. Crompton , Kelum A. A. Gamage , Divyesh Trivedi and Alex Jenkins

Reprinted from Sensors, 18(12), 4394; December 2018, with permission from Sensors.

6.1 Abstract

Due to the short path length of alpha particles in air, a detector that can be used at a
distance from any potential radiological contamination reduces the time and hazard that
traditional alpha detection methods incur. This would reduce costs and protect
personnel in nuclear power generation and decommissioning activities, where alpha
detection is crucial to full characterisation and contamination detection. Stand-off alpha

detection could potentially be achieved by the detection of alpha-induced
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radioluminescence, especially in the ultraviolet C (UVC) wavelength range (180-280
nm) where natural and artificial background lighting is less likely to interfere with
detection. However, such a detector would also have to be effective in the field,
potentially in the presence of other radiation sources that could mask the UVC signal.
This work exposed a UVC sensor, the UVTRON (Hamamatsu, Japan) and associated
electronics (driver circuit, microprocessor) to sources of beta and gamma radiation in
order to assess its response to both of these types of radiation, as may be found in the
field where a mixed radiation environment is likely. It has been found that the UVTRON
is affected by both gamma and beta radiation of a magnitude that would mask any UVC
signal being detected. *>2Eu generated 0.01 pulses per second per Bq through beta and
gamma interactions, compared to 2°Po, which generates 4.72 x 108 CPS per Bq from
UVC radioluminescence, at 20 mm separation. This work showed that UVTRON itself
is more susceptible to this radiation than the associated electronics. The results of this
work have implications for the use of the UVTRON as a sensor in a stand-off detection
system, highlighting the necessity for shielding from both potential gamma and beta

radiation in any detector design.

6.2 Introduction

The short travel of alpha particles in air creates difficulties in the detection of alpha-
emitting materials due to the requirement for any directly interacting detector to be
around 10 mm from the surface being scanned [5]. In the case of a large surface area or
complex geometry, this is time consuming. Where there is a mixed radiation field, this
can also pose a potential hazard to detector operators, and may require PPE and limited
exposure times. Hence, a stand-off detector is preferable to reduce costs, reduce time

and limit any hazard to personnel. As they travel from the emitting source, alpha
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particles ionise the air, which generates radioluminescence photons, mainly in the
ultraviolet wavelength range. These photons travel in the order of kilometres, much
further than the alpha particles themselves, which are limited to approximately 50 mm,
depending on their energy. This radioluminescence therefore presents an opportunity
for stand-off alpha detection for nuclear operation, decommissioning and security
applications. Several previous studies have been made of the radioluminescence
phenomenon, and possible detector configurations have been put forward [72]. These
have mainly focused on the UVA and UVB wavelength ranges, 300-400 nm, where
most of the radioluminescence is generated. However, there is great deal of background
interference within this wavelength range, due to sunlight and emissions from artificial
lighting.

The UVTRON flame sensor made by Hamamatsu is designed to detect UVC
emissions from flames as part of fire warning systems [73]. It uses this wavelength
range as sunlight in this range is stopped by the atmosphere, making the UVTRON what
is termed ‘solar-blind’. Artificial lighting also does not emit UVC, as it is harmful to
human eyes, and is a waste of energy to generate as it does not aid vision [37].
Therefore, there is little or no background light in this wavelength range to interfere
with detection of the flame emissions, especially indoors. When UVC photons are
detected by the UVTRON, it outputs a pulse which can be detected directly, or more
usually can be processed by a specially designed driver circuit (C10807, Hamamatsu,
Japan), also available COTS from Hamamatsu, and a 5 V square wave is emitted, which
is transmitted to some configuration of warning device to alert people to the presence
of a flame.

In previous work, the ability of the UVTRON to detect the UVC wavelength

portion of the UV emission from an alpha emitter, 2!°Po, was established [33]. This
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introduced the potential of the UVTRON as the sensing element in a stand-off alpha
detector. However, as Po is a pure alpha emitter, this work did not establish the effect
of other types of radiation, as may be found in the field, on the UVTRON. Further work
has been undertaken to assess the reaction of this sensor to the presence of different
gases [74] with a view to determining its potential for use in a stand-off alpha detection
system. The work detailed in this paper was carried out to determine the effect of beta
and gamma radiation on the UVTRON and its associated electronics in order that the
design of a detector system using the UVTRON could take into account and minimise

or eradicate the effect of this on the determination of the UVC emissions.

6.3 Materials and Methods

Initial experiments were carried out at the National Nuclear Laboratory (NNL),
Cumbria, UK, and subsequent experiments were carried out at Lancaster University,
Lancashire, UK. The initial experiments were used to inform the planning of the second
set; however, some have been included here where relevant.

The UVTRON is a solar-blind flame sensor available COTS from Hamamatsu.
It has a very low background count, which was measured at 2.2 x 103 CPS in laboratory
lighting conditions at the National Physical Laboratory (NPL) in Teddington, UK [33].
The UVTRON responds to the incidence of photons within the 185-260 nm wavelength
range on its Ni cathode. See Figure 6-1.

Using the photoelectric effect, the sensor’s Ni cathode, a material which is only
sensitive to light in the 185-260 nm wavelength range [54], emits an electron when
such a photon is incident upon it. This electron is accelerated through a high-potential
field towards the anode. During its transit, through the gas multiplication effect, gas
within the UVTRON glass enclosure is ionised by the electron, causing the emission of

further electrons, creating a cascade effect at the anode. This generates a current pulse
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which is emitted by the UVTRON. This can be detected directly using an oscilloscope
or it can be processed by a COTS available optimised driving circuit (C10807,
Hamamatsu, Japan), which both provides the high voltage required by the UVTRON
and processes the output from the UVTRON into a 5 V square pulse. Figure 6-2 shows

the direct and processed 5 V square pulse shapes from the UVTRON during normal

operation.
Spectral response of UVTRON in comparison to spectrum of various lighting
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Figure 6-1: Spectral response of the R9533 UVTRON. Derived from data from Hamamatsu
[54] and OSRAM [75].
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Comparison of direct and processed UVTron output pulses
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Figure 6-2: Comparison of the pulse recorded directly from the UVTRON and the processed
pulse generated by the driver circuit (C10807, Hamamatsu) during normal UVC detection

operation. The two pulses generated for three separate photon events (1, 2, 3) are shown.

In these experiments, the driver circuit was connected to an Arduino Uno, which
counted the output pulses in each second and transmitted this to a laptop. Figure 6-3

shows a block diagram schematic of the set up.

|, DRIVER , ARDUINO |
UVTRON CIRCUIT " UNO

SvPULLUP | | LAPTOP

ELECTRONICS

Figure 6-3: Block diagram of the set up used in these experiments.

This configuration of UVTRON and the driver circuit can produce a pulse

approximately every 25 ms due to the quenching time of the optimised driver circuit
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supplied by Hamamatsu (C10807) [76]. It can therefore generate a theoretical maximum
pulse rate of 40 pulses per second. In practice, the UVTRON saturates at between 35
and 37 CPS. Hamamatsu also supply a schematic of their suggested driver circuit as an
alternative to their optimised, ready-made driver circuits. Used with this, the UVTRON
has a minimum quenching time of 1 ms, depending on the values of the resistor and
capacitor used, following the formula

tq~ 0.5 x C1-R1 (6.1)
where Cq is the value of the capacitor, R1 is the value of the resistor. Over the duration
of these experiments, the UVTRON was working well below saturation levels.

The sources used at NNL were especially prepared samples of varying activity
241.Am (100, 200, 500, 750 kBg, and 1 MBq) and a 1 MBq mixed Pu isotope replicating
what may be found in the field. A sample of ®*Sr with an activity of approximately 11.5
kBg was also available. The sources used at Lancaster University were all sealed
sources of various beta-, gamma- and alpha-emitting radionuclides with differing
activities, in order that a range of emission effects could be investigated. Five different
radionuclides were used in the experiments, see Table 6-1. Due to the low activity of
the primary beta emitter, five point sources were used together to give a better level of
statistical uncertainty.

Table 6-1: List and properties of radionuclides used.

Isotope  Activity Bq Type of Source Emission Type
219Pp 645 Point Gamma, beta (alpha < 1%)
241 Am 44,110 Point Alpha, gamma
%Cl 50 Point Beta
18Cs 16,252 Point Beta, gamma
12y 49,830 Point Gamma, beta

5x3%Cl 5x50=250 5 xpoint: area 52 mm?approx.  Beta
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For the duration of the experiments carried out at NNL, each sample was placed
within a fume cupboard, and was a set distance of 170 mm from the UVTRON sensor.
The UVTRON sensor and associated electronics were placed outside of the fume
cupboard, but the door remained open for the duration of the experiments, see Figure
6-4.

The background count was taken, and comparisons were made between the
different lighting options available, including the main lighting and the fume cupboard
lighting. As there was no difference between any of the lighting conditions, the lights
in the laboratory remained on for the duration of all experiments. Foil was inserted
between the sensor and source for some of the experiments to assess the impact on the

sensor count.

SAMPLE

UVTRON
ELECTRONICS
HOUSING

UVTRON

=y

Figure 6-4: Showing the set up at the National Nuclear Laboratory (a) view from the side
showing the vertical alignment of the UVTRON and source, and (b) showing the horizontal
alignment of the UVTRON to the source.

130



Chapter 6 : The Effect of Gamma and Beta Radiation on a UVTRON Flame Sensor: Assessment of the
Impact on Implementation in a Mixed Radiation Field

For the experiments carried out at Lancaster University, the source was placed at a
measured distance (between 20 and 100 mm) from the cathode of the UVTRON. To
gain insight into the cause of any effect on the UVTRON, several materials were
inserted between the source and sensor for some of the experiments, including paper,
Aluminium foil, Aluminium sheet of thickness 6.92 mm and Lead blocks of thickness
25 mm. These were placed in close proximity to the UVTRON, see Figure 6-5. The
number of output pulses from the UVTRON driver circuit for each second of each
experiment were counted using the Arduino Uno and recorded on a laptop. These were
then used to provide a gross average CPS. The background response of the UVTRON
in situ without the presence of any source was recorded, and this was subtracted from
the count to provide a net average CPS for each radionuclide, distance or inserted
material. The background with the presence of the inserted materials was also recorded
to determine if their presence affected the background reading; however, these were not

significantly different.

131



Chapter 6 : The Effect of Gamma and Beta Radiation on a UVTRON Flame Sensor: Assessment of the
Impact on Implementation in a Mixed Radiation Field

UVTRON

LEAD
UVTRON ARDUINO
UVTRON
DRIVER
LEAD

(c)

Figure 6-5: The set up at Lancaster University. (@) UVTRON connected to the (closed)
electronics housing containing the driver circuit and Arduino microprocessor, and the clamp
used to support the source. (b) The UVTRON is exposed to the source with Lead shielding of
the electronic driver circuit and Arduino microprocessor, which can just be seen in the lid of
the electronics housing. (c) Top view of the shielded electronics and exposed UVTRON,
showing the driver circuit (green), which can be seen in the base of the electronics housing.
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6.4 Results

Where possible, the results reported here are above the critical limit as devised by
Hurtgen et al. [71] for detectors with low background counts. The majority of the results
are also above the limit of detection, including all **Am results, with a 95.45%
confidence level. Where the results differ from this, it is stated in the text. Due to the
low count values, experiment durations were necessarily long, between one and three
hours depending on the sample and distance, and in some instances it was necessary to
rely on exceeding the critical limit to show a signal was present, though the exact
magnitude of the signal could not be statistically verified.

The background was used to provide a net signal and also to identify the
difference between backgrounds of different locations. The background already
established at the National Physical Laboratory in previous UVTRON experiments [33]
was compared with backgrounds taken at NNL and Lancaster University, see Table 6-2.
The Lancaster University background reading is in line with the readings taken at NPL.
The NNL readings were taken with the sensor facing into the fume cupboard and facing
away. The background is much higher when facing the fume cupboard, which suggests
that the samples housed in the fume cupboard were causing the UVTRON to respond.
That this value dropped so significantly when the sensor unit was turned away would
suggest that it was UVC, beta or low-energy gamma rays that could not reach or
penetrate the electronics housing that was causing a reaction from the UVTRON. The
background readings in both sets of experiments were taken into account in calculating

a net response.
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Table 6-2: Background reading comparisons.

Location Value Uncertainty
Av. CPS CPS
NPL—first visit [33] 22x10°3 0.7x10°3
NNL—sensor turned towards fume cupboard 23.2x10°° 2.0x10°3
NNL—sensor turned away from fume cupboard 3.2x10° 0.7x10°3
Lancaster University 23x10°3 0.09 x 1073

Results from the NNL experiments indicated that the UVTRON was susceptible
to both gamma and beta radiation, though this could not be quantified at that time due
to the high background readings. Hence, further experiments were planned and carried
out at Lancaster University to verify the NNL findings. Figure 6-6 shows the average

CPS of each of the experiments. Table 6-3 shows the results in tabulated form;
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Figure 6-6: Results of the experiments carried out at Lancaster University. The error bars
shown are the confidence interval as included in Table 3. Where no error bar is shown, this is
due to the count being below the threshold to calculate the confidence interval, i.e., less than

the limit of detection as laid out by Hurtgen et al [71]
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Table 6-3: Results of experiments carried out at Lancaster University.

Istotope Activity Distance Shielding Counts per Confidence
Bqg mm Second interval *
(Snet)

210pp 645 100 0.0030 <Lg, >L¢
50 0.0110 +0.0039

40 0.0073 +0.0033

40 0.0093 + 0.0036

80 Foil 0.0011 <Lg, <L

80 0.0029 <Lg, >Lc

241Am 44,110 80 0.0175 +0.0048
40 0.0530 +0.0079

40 Foil 0.0507 +0.0076

20 0.2083 +0.0152

20 Paper 0.1114 +0.0112

40 0.0634 +0.0085

40 Paper 0.0560 +0.0080

5 x %Cl 5x50 =250 40 0.0019 <Lg, >Lc
20 0.0034 +0.0018

20 Foil 0.0037 <Lg, >Lc

20 Paper 0.0027 <Lg, >L.

B81Cs 16,252 80 Lead - UVTRON 0.0007 <Lg, <L
80 0.0028 <Lg, >Lc

40 0.0124 +0.0037

40 Foil 0.0172 +0.0042

20 0.0660 +0.0091

20 Aluminium 0.0481 +0.0074

20 0.0531 + 0.0069

152Eu 49,830 40 0.1610 +0.0128
20 0.5200 +0.0217

80 0.0483 +0.0062

40 Foil 0.1786 +0.0136

80 Lead — electronics 0.0412 +0.0061

80 Lead -UVTRON 0.0020 <Lg, >L¢

* Lq= limit of detection, L. = critical limit, Spee—calculated using Hurtgen et al. [71].
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Of the five radioisotopes tested at Lancaster University, when adjusted for the
different activity levels, 3Cl showed the greatest count rate, with 2°Pb second highest,
12Ey third, 2!Am fourth, and *'Cs gave the lowest count. Assuming an isotropic
distribution with a 1/r? drop off, all isotopes had a count rate of less than 2% of the
anticipated number of impacts onto the sensor cathode. The anticipated number of
impacts was calculated using the activity of the source, the distance to the detector and
the cathode size by

S1= SoAd/4nr?, (6.2)
where Sy is the anticipated number of impacts on the sensor cathode per second, So is
the activity of the source in Bqg, Aqis the area of the sensor cathode in mm?, and r is the
distance between the sensor and the source in mm.

The percentage of actual count relative to anticipated impacts (S1) was found to
decline by isotope in approximately the same order as the count rate per Bq declines.
210pp and %Cl showed both the most counts relative to activity and the greatest
percentage of expected counts due to likely impacts. *’Cs exhibiting the lowest count
per Bg and the lowest percentage actual count relative to anticipated impacts.

When a double thickness sheet of domestic Aluminium foil (thickness approx.
0.016 mm per sheet) was placed between the sensor and source, the net count for 3¢Cl,
241 Am and 2*°Pb dropped slightly. A drop was also recorded at NNL for the 2**Am and
Pu samples. The net count for **2Eu and *’Cs increased slightly. Using Hurtgen et al’s
[71] method for determining uncertainty, there is still some overlap in the reporting
ranges within which the true value of the count lies. This overlap is small, and may be
due to the limited duration of each of the experiments which determines the spread of

the confidence interval.
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When a sheet of ordinary printer paper was placed between the sensor and
source the count rate for %Cl and 2**Am decreased, with no overlap in the confidence
intervals for either isotope. These were the only two isotopes where paper was used to
test if UVC from alpha or beta emissions were being detected. For %6CI the count with
paper between the source and detector was less than the count with foil between the
detector and source. The drop in signal from the 2*:Am may have been due to some
UVC detection, as the alpha emissions would cause radioluminescence and therefore
UVC photo emission.

When a 6.92 mm thickness Aluminium sheet was placed between the sensor and
source the count rate for *?Eu and **'Cs dropped. The Aluminium sheet was used to
block beta while the higher activity gamma would be able to penetrate. These two
isotopes had the highest gamma energy of those tested. There was no overlap in the
confidence intervals for *>2Eu, and a very small overlap for **'Cs.

Lead blocks were used to attenuate the gamma and beta incident on the sensor
and electronics (see Figure 6-5). The UVTRON was removed from its housing and
placed behind a shield, and the driver circuit and Arduino were exposed to the source.
This was repeated with the electronics behind the Lead shield and the UVTRON
exposed to the source. The Lead blocks were then used to shield the entire sensor and
electronics set up. When all of the sensor and electronics were shielded the signal
dropped to approximately 9% of the CPS without the shielding. When the UVTRON
only was shielded, the signal dropped to 4% of the CPS without shielding. When the
electronics were shielded and the UVTRON exposed to the source, the signal was
approximately 85% of the CPS without shielding. Due to the large decrease seen in
signal, the limit of detection was not reached for the shielded electronics, but the critical

limit was. The time to reach the limit of detection for this due to the low signal was
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impractical. However, the large difference in signal, although not fully quantifiable,

clearly demonstrates the difference made by the location of the shielding.

6.5 Conclusions and Discussion

The results of these experiments show two disadvantages to the UVTRON as an alpha-
induced radioluminescence sensor, firstly the low and variable count and secondly the
susceptibility to radiation. However, now identified, the second can be overcome with
correct implementation and the first taken into account in the deployment of any system
using a UVTRON for alpha detection.

Due to the low count rate for relatively long durations, resulting in fractions of
average CPS, coupled with the sensitivity of the UVTRON to small changes in set up,
for example, in orientation and distance, there can be significant variations on average
CPS. In addition to relatively long durations to exceed the limit of detection, and
overlapping confidence intervals, it is not possible to determine absolute figures for the
response of the UVTRON to radiological stimuli. However, the suggested
implementation of this sensor is in an alpha detection system, where a positive or
negative response to the presence of alpha radiation is required. It has been shown that
this can be achieved, and nothing in these results would preclude the ability of the
UVTRON to detect and locate a source if implemented correctly. As the UVTRON is
designed to give an on/off response to flames, and is a sensor rather than a meter, this
is also sufficient for the purpose of alpha-induced radioluminescence detection.

The UVTRON has proven to be sensitive to gamma at least in the range 47 to
344 keV and beta from 63 to 710 keV, the ranges of the main emission types and
energies of the radioisotopes used in this work [77]. **Cl gave the highest count per Bq,

showing that the UVTRON is strongly affected by beta, which verified findings from a
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brief exposure to °Sr at NNL. The results of using Aluminium shielding indicates that
gamma also affects the UVTRON as this would block beta radiation. This can also be
verified by the results from the ?*!Am, which gave a significant reading with paper
between the source and sensor, which would prevent any alpha and UVC photons from
reaching the UVTRON, but not gamma.

So it can be seen that both gamma and beta, when incident on the UVTRON,
cause an output pulse. As the Ni electrodes are not likely to be affected by the gamma
or beta radiation, it may be the direct ionisation of the gas within the sensor that leads
to the output pulse. Both beta and gamma would be expected to pass through the outer
UV glass casing of the sensor and into the ionising gas inside, and as both are types of
ionising radiation, this may initiate the cascade of electrons necessary for an output
pulse from the UVTRON.

The use of Lead shielding has shown that it is the UVTRON itself, rather than
the associated electronics, that are primarily affected by gamma and beta radiation. This
is important in any detector design using the UVTRON as the sensor element as it will
need to be shielded from gamma and beta radiation, as will the electronics though not
to the same degree. This lack of radiation tolerance is an issue, but one that has been
seen and overcome in other electronic systems when designed for use in a nuclear
environment. The use of shielding will be required if the UVTRON is to be used in an
alpha detection system suitable for use in the field.

This work and the preceding work, [33, 74], show that the UVTRON could be
used to identify that a source is present and locate it using alpha-induced
radioluminescence, but only if adequate shielding was provided to prevent both gamma
and beta radiation impacting on the UVTRON. Some idea of the magnitude of the

source activity could be inferred from the count rate, but the type of radionuclide could
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not be identified from the UVTRON readings alone. As with its use as a flame detector,
the UVTRON primarily has the potential to be used as an on/off stand-off alpha
detector, with the low background and the ability to use the UVTRON in daylight
conditions giving it an advantage over other radioluminescence detectors of this type.
In applications like the long-term storage of radioactive waste, the low-cost continual
monitoring of storage facilities to ensure no leakage of radioactive materials would be
one example of the benefits of a detector system based on the UVTRON, as may the
continual monitoring of nuclear facilities where radioactive material contamination

could be a potential occurrence.
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7.1 Abstract

It has been established that the UVTRON flame sensor (Hamamatsu) can detect alpha-
induced radioluminescence, but that the presence of gamma and beta radiation both
interfere with this detection. A UVTRON was placed inside a Tungsten collimator and
exposed to a range of radioisotopes, 2'°Po, 2**Am, *¥’Cs, *°Sr and %°Co, to investigate
the effect of shielding the UVTRON. The collimator is a cylinder with a hole in the
curved wall to allow light and particles to access the interior, without providing a direct
shine path to the UVTRON sensor. Ultraviolet C (wavelength 180-280 nm)

radioluminescence is reflected onto the UVTRON sensor using a UVC reflecting
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mirror. It was found that the collimator does not affect the low background count of the
UVTRON, but that it does greatly reduce the UVC signal reaching the UVTRON from
an alpha source. Beta particles entering the collimator, although not directly impacting
on the UVTRON, do increase the count, likely due to bremsstrahlung radiation. The
collimator attenuates gamma radiation dependent on the gamma energy, but as
expected, does not block it. When using more than one source, the count is cumulative
and therefore it may be possible to determine the presence of UVC radioluminescence
through subtraction of the gamma and beta element of the signal. The results and

findings of the experiments carried out are presented herewithin.

7.2 Background

The detection of alpha radiation is difficult and time consuming due to the short travel
of alpha particles, around 50 mm in air depending on their energy. This means that
detectors which require the direct impact of the alpha particle on a probe or sensor
window must be within approximately 10 mm of the surface to ensure direct interaction
[5]. This is time consuming for large areas or complex geometries, for example where
pipes or equipment are present. It may also present a hazard to operators, both from
accidental alpha contamination and from other radiation sources which may be present.
Hence a stand-off alpha detector has long been sought.

As alpha particles travel they ionise the air, causing the production of ultraviolet
(UV) photons, known as radioluminescence. These photons travel in the order of
kilometres and so provide a potential means to detect alpha radiation from a distance.
The majority of the UV is produced in the UVA and UVB wavelength ranges (280 —
400 nm). However, there is a significant background of natural and artificial light in

this wavelength range, making identification of the radioluminescence difficult. The
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emissions in the UVC wavelength range (180-280 nm) are much fewer in number, but
there is no competition from other lighting sources. The UVC in sunlight is absorbed
by the ozone layer, and bulbs used for general artificial lighting do not routinely emit
UVC. Although special UVC emitting bulbs are available they are not used for indoor
lighting as the human eye cannot see in the UVC wavelength range and it can be
damaging to the eye.

A solar-blind flame detector, the UVTRON (Hamamatsu, Japan) has proven
capable of detecting the UVC emission from a 2*°Po source [33]. It is designed to detect
the UVC from flames in fire detection systems and has excellent background light
rejection capabilities. However, it is susceptible to interference from beta and gamma
sources [78]. Hence a collimator has been designed to attenuate gamma and to block
any shine path to the UVTRON. A UVC mirror is used to reflect the UVC onto the
UVTRON within the body of the collimator.

A set of experiments were carried out at the National Physical Laboratory (NPL)
in Teddington, UK, to assess the efficacy of the collimated system prior to field trials.
The results of these experiments, conclusions and recommendations are laid out in this

document.

7.3 Experimental set up

7.3.1 UVTRON

The UVTRON (Hamamatsu, Japan) is a UVC detector designed to detect UVC from
flames for commercial applications. The R9533 model selected for this application is
sensitive to light in the 180 — 260 nm wavelength range. It uses the photoelectric effect
and gas multiplier effect to generate an output pulse when a UVC photon is incident on

its Ni cathode. This pulse can be channeled into a bespoke driving circuit (C10805,
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Hamamatsu, Japan) which processes the signal and outputs a 5 V square wave. In the
configuration used within the collimator, this signal is outputted to an Arduino Uno
which counts the pulses for each second and outputs this value to a computer. Due to
the 25 ms quenching time of the driver circuit the UVTRON’s maximum output is a

theoretical 40 CPS. However, in practice the value reaches no greater than 38 CPS.

7.3.2 Collimator

The collimator is a bespoke design for this application. It is made of a Tungsten alloy
(Wolfmet HA190) which has good radiation shielding properties due to the density of
the material. It is 90% Tungsten with a nickel and copper binder [79]. It provides a 15
mm shield wall around the UVTRON and associated electronics. Its geometry is
cylindrical, enclosed at both ends, with a 15 mm diameter hole in the side wall through
which the UVC enters the collimator (see Figure 7-1). The UVTRON is mounted
vertically inside the cylinder. A UVC reflecting mirror is located at 45° to the hole and
to the UVTRON, positioned to reflect any UV C entering the collimator onto the cathode
of the UVTRON (see Figure 7-1 a & b). Modelling of the effect of the mirror angle
showed that this is the optimum angle (see Figure 7-2) as well as being convenient for
limiting the space required inside the collimator. The UVTRON is positioned to prevent
a shine path from the hole to the sensor, ensuring that no particle entering the hole can

impact directly on the UVTRON.
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A

R Ali

Figure 7-1: Tungsten collimator: a) & b) internal electronics showing placement of UVC

reflecting mirror, ¢) external geometry (front view), d) external geometry (top view)
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Figure 7-2: Modelling of different mirror angles (45°, 60° and 70°) using FRED32
raytracing software [80]; a), b) and c) show the rays passing through the collimator hole
and reflecting from the mirror onto the UVTRON cathode; d), e) and f), show the rays
incident on the UVTRON cathode. Using a limited number of rays, it is possible to see the
decrease in incident rays with increase in angle, from 55 at 45°, to 48 at 60°, to 32 at 70°.

At 70° not all rays impact on the mirror.

The collimator system was tested as a ‘black-box’ with the output to stimuli
recorded without reference to any internal processes. The performance of the system
as a whole is presented in this document, with some discussion of the cause of certain

results and suggestion for further work.

7.3.3 Sources

Five sources were used for the experiments. A table is provided of the sources and

their relevant characteristics. These are included in Table 7-1.
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Table 7-1: Sources

Source | Activity Main emissions, energies | Notes
MBq and percentage [77]

210pg 180 Alpha 5304 keV (100%) Disc source with thin window allowing

alpha emission

21Am 73 Gamma 60 (36%), 18 (18%) | Sealed source with no alpha emission
& 14 (13%) keV

B¥1Cs 4.5 Beta 512 keV (95%) Sealed source with beta and gamma
Gamma 662 keV (85%) emissions

0gr 32 Beta 546 (199%) & 2284 | Sealed source with beta emissions
(100%) keV

%Co 8.1 Beta 318 keV (100%) Sealed source with beta and gamma

Gamma 1173 (100%) & | emissions
1333 (100%) keV

The sources were used in isolation or in combination as required, as stated in the results

section.

7.3.4 Setup

The collimated UVTRON was placed at a horizontal separation from the source, as
can be seen in Figure 7-3. The uncollimated UVTRON was placed directly above the

source.

Y
N
Uncollimated
UVTRON —
. Collimator -
separation containing UVTRON
Source
separation .

N~

Figure 7-3: set up of the collimator, uncollimated UVTRON and source - showing the

separation distances
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7.4 Results

7.4.1 Background

A background count was taken in the laboratory under normal lighting conditions
without the presence of a source. CPS were recorded over a period of approximately 17
hours. The collimated UVTRON recorded 92 counts in 62,591 seconds, giving an
average CPS of 1.47 x 10 + 0.153 x 10°3. The uncollimated UVTRON recorded 88
counts in 62,542 seconds, giving an average CPS of 1.41 x 10 + 0.150 x 1073, These
are in line with earlier background counts taken in the same laboratory at NPL [33, 74].
The overlap in confidence intervals for the collimated and uncollimated results indicate
that the background count is unaffected by the collimator. This supports the assertion
that the background count is not related to ambient light, but is a function of the
UVTRON system itself.

Comparisons to background in this document utilise the recorded background
count relevant to the UVTRON system used for that particular set of results (collimated

or uncollimated).

7.4.2 UVC / alpha response

When the 180 MBq ?'°Po source was placed before the sensor, the count increased to
56 times background at a separation of 25 mm, 88 times at a separation of 60 mm, and
84 times at a separation of 120 mm, see Table 7-2. When a black-out cloth was placed
over the collimator to attenuate radioluminescence, the signal reduced from 56 to 1.5
times the background signal. In line with earlier research [33, 74] this confirms the
collimated UVTRON was detecting UVC from the 2°Po source. It has already been

shown through earlier experimentation that the UVTRON can detect UVC from ?°Po
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[33, 74]. However, this is the first time that collimated UVC, reflected onto the
UVTRON using a UVC mirror has been detected. It confirms that the collimator design
will admit and reflect UVC onto the UVTRON sensor.

By taking measurements with an uncollimated UVTRON at the same distances,
the effect of the collimator was investigated. The collimator reduced the signal by 94 %
at 60 mm, and 78 % at 120 mm, see Table 7-2. The signals were still far greater than
background, 88 and 84 times background respectively. The untypical signal drop off,
discussed in the following paragraph, may account for the large difference in collimator

effect between the 60 mm and 120 mm results.

Table 7-2: Comparison between the signal between the collimated and uncollimated
UVTRON when exposed to 2°Po, and the recorded background

60 mm 120 mm
separation separation
Collimated - CPS 0.125 0.118
Collimated - Times background 88 84
Uncollimated - CPS 2.013 0.543
Uncollimated — times background 1340 369
Collimated  collimated 0.06 0.22

Using a UVC bulb to represent the source, the effect of the collimator was further
investigated. The body of the collimator was removed to provide the uncollimated result
for comparison (see Figures 7-1 a & b). At 15 cm separation, the uncollimated
UVTRON saturated (38 CPS) at all angles (up to 90° was tested) and so the UVTRON
itself was shielded, with the mirror reflecting UVC onto the UVTRON sensor. It was
found that at 15 cm separation and a 0° angle, the UVTRON saturated both with and
without the collimator cylinder in place (see Figure 7-1). However, the drop off in signal

was much greater when the collimator was turned at an angle to the source with the
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body in place (collimated) than without (uncollimated) (see Figure 7-4). At 15 cm
separation the collimated signal reduced by half over each 5 ° s turned between 5° and
20°. The uncollimated signal remained saturated until 30° was reached, and then
reduced by just under a half over the next 10°. With the light source at 2 m the collimator
had a greater effect on the drop in signal caused by angle, with a drop to 72 % in the
first 5°, but a drop to less than 3% of the 0° count at 10°. Without the collimator, the
signal dropped by only 10% in the first 20°. It can therefore be seen that the reduction
in signal produced by the collimator during the experiments with the radioactive sources
is due to the reduced field of view caused by the entrance hole diameter. There is also
a reduction caused by the reflection of the signal in the UVC mirror, which reflects 85%
of UVC, as was demonstrated by the saturation at all angles when the UVTRON was
directly exposed to the UVC bulb at 15 cm. The length of travel inside the collimator is
also likely to cause a reduction in signal due to the widening of the collimated light over
distance (see Figure 7-2). Modification to the geometry of the collimator and the

addition of optics could increase the UVC reaching the UVTRON.

UVTRON response to bulb - with and without signal collimation

- 35 Collimated 2 m
=
S 30 —— Uncollimated 2 m
9]
g 25 Collimated 15 cm
a.
JE 20 B—m— —&— Uncollimated 15 cm
3
o 15
(]
&
5 10
z
5
0

0 20 40 60 80 100

Entry angle relative to detector plane (degrees)

Figure 7-4: Response of UVTRON within collimator and with collimator body removed, at a
separation between the bulb and collimator of 2 m and 15 cm.
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The increase in signal from 25 mm to 60 mm separation, when a reduction would
be expected, is likely due to two factors; the collimator being within range of the alpha
particles and the geometry of the collimator. An estimate of the average distance of
travel of the alpha particles emitted by the ?'°Po can be calculated using the empirical

equation;
Rgir = (0.005E + 0.285)ES (7.1)

where R,;, is the travel of the alpha particle in cm, and E is the energy of the alpha
particle in MeV. The alpha particles emitted by the 21°Po, which are of energy 5.304
MeV, would travel approximately 38 mm. Therefore, some of the particles would
impact on the collimator at 25 mm, reducing the path length along which the
radioluminescence photons are produced. As the Bragg peak shows, the main energy
loss of alpha particles is close to the end of their travel path and so impact on the
collimator wall would reduce the total radioluminescence caused by alpha ionisation of
the air. The collimator was tested as a ‘black-box’, but the internal geometry extends
the travel path of the radioluminescence photons and the mirror attenuates the signal,
meaning that the 1/r2 drop off in signal which would be expected may be affected by
the collimator design.

The uncollimated UVTRON showed a more expected response to distance, with
the signal varying less than 10% from the expected signal at 60 mm and 120 mm
separation distances. To determine the expected CPS at each distance, equation 7.2 was

used to calculate the 1/72 relationship in the drop off in signal;

5, =5 (%) (7.2)

R}
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where S; is the expected signal, Sy is the recorded signal, R> is the separation at which
Sz is expected, and R is the separation at which S; was recorded. This was applied to
the data and the results for both the collimated and uncollimated UVTRONS are shown
in Table 7-3. The table shows the actual CPS at each separation, and the expected CPS
at different separations. Assuming the actual CPS is the true value and the 1/r2
relationship will be observed, the expected CPS is the counts that would be measured
at a different separation. For example, at 25 mm the reading was 0.0784 CPS. The
expected CPS at 60 mm would therefore be 0.0136 (using equation 7.2). As the actual

count at 60 mm was 0.1245 this is 9.14 x the expected count.

Table 7-3: Showing the expected and actual results of exposure to ?°Po

If CPS at this separation is true these are the expected CPS at the other separation
(difference to expected in brackets)
Collimated Actual CPS Expected at 25| Expected at 60 | Expected
mm mm at 120 mm
25 mm 0.0784 0.0136 (9.14 x) 0.0034
(34.7 x)
60 mm 0.1245 0.7170 (0.11 x) 0.0311
(3.80 %)
120 mm 0.1182 2.7227 (0.03 x) 0.4727 (0.26 x)
Uncollimated Actual CPS Expected at 95| Expected at 60 | Expected
mm mm at 120 mm
60 mm 2.0132 0.8041 (0.71 x) 0.5040
(1.08 x)
95 mm 0.5721 1.4843 (1.41 x) 1.2634
(0.42 x)
120 mm 0.5425 0.8656 (0.66 x) 2.1699 (0.93 x)

It can be seen from the table that the actual signal was 93 % of the expected
signal at 60 mm and 108 % at 120 mm for the uncollimated UVTRON, meaning the
actual and expected values are a close match, whereas for the collimated UVTRON, it

was 26 % at 60 mm and 380 % at 120 mm, which shows a marked variation from what
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would be the expected count. This is likely due to the collimator internal design which
will affect the distance of travel of the UVC photons.

When the result at 25 mm is considered as Si, the count at 60 mm was 914 % of
expected and 3472 % at 120 mm. This is likely due to the close proximity of the source
to the collimator, within the alpha travel for the Ry value. As noted earlier, this is likely
due to the alpha particles impacting on the collimator before reaching their maximum
energy transfer point, and the source being a sphere of radioluminescence with radius

equal to the travel of the alpha particles and not a point source.

7.4.3 Beta response

It has already been shown that the UVTRON is susceptible to interference from beta
radiation and gamma radiation [78], which the collimator seeks to reduce or remove.
The collimated UVTRON was exposed to the Sr source with the following results (see
Table 7-4);

Table 7-4: Results of exposure of collimated and uncollimated UVTRONS to *°Sr source

Separation |Av CPS |[Comparison to Uncollimated 210pq

mm background (times) |(150/300/450mm) |(25/120mm)
35 1.803 1281.23 0.0784
140 0.105 74.8 2.131 0.1182
240 0.047 33.64 0.8003
600 0.007 4.88

It can be seen from the results shown in Table 7-4 that up to at least 600 mm
separation the signal generated by the beta emissions can be distinguished from
background by the collimated UVTRON system. Comparisons of recorded CPS with
the anticipated CPS at different distances shows that the drop off in signal follows an

approximate 1/72 reduction.
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In comparison with uncollimated results at similar distances, the collimator
greatly attenuates the beta signal, by up to 94 %. However, at a similar distance the
collimated beta signal and alpha signal recorded are of a similar magnitude, 0.105 and
0.1182 CPS respectively, though the alpha source has a much greater activity level. The
pulse shape is the same for any stimulus which causes the UVTRON to emit a pulse, as
verified using an oscilloscope connected directly to the UVTRON. Therefore, it is not
possible to distinguish with this collimated system between an unknown beta and an
unknown alpha source. The results of exposing the collimated UVTRON to mixed
sources are presented in section 7.4.5 Mixed radiation response.

When a sheet of fused silica, thickness 2 mm, was placed over the entrance to
the collimator, the signal reduced from 0.1053 to 0.008 CPS, a reduction of 93% of the
signal without the fused silica. As it requires 5 mm of glass to fully attenuate beta
particles emitted by °Sr, some ingress of beta particles to the collimator is to be
expected, and the CPS with the fused silica was found to be five times background
which would support this. When the collimator entrance was turned to 90° relative to
the source, the signal dropped from 1.8028 to 0.005 CPS, a more than 99 % reduction,
indicating that it is the ingress of beta particles to the collimator which is generating the
signal.

Although the geometry of the collimator prevents beta particles impacting
directly on the UVTRON, it is possible that bremsstrahlung radiation is being created
within the collimator, affecting the UVTRON and causing the response. The collimator
was tested as a ‘black-box’ in these experiments and any internal processes were not
investigated at this stage. However, as the fused silica glass used in these experiments

has a transmittance of over 90 % at up to 10 mm thickness, it is likely that the inclusion
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of a fused silica window in excess of 5 mm thickness would have negated the collimated
UVTRON response to beta radiation from the °Sr source.

The distance travelled by beta particles from ®°Sr is approximately 10 m in air.
However, assuming a 1/r2 reduction the signal would be equal to background in
approximately 1.3 m for this source. In the field where the activity of any source is
likely to be unknown, although the isotope in question and therefore energy of beta
particles may be known, it is unlikely that the distance calculation can be made. Hence
the travel of the beta particles will determine the minimum separation required to ensure
the prevention of beta particles entering the collimator. This further supports the
necessity for a fused silica window if beta particle interference is to be eliminated from
any alpha detection count.

The collimated UVTRON was also exposed to a ®°Co source, with and without
the fused silica window being present. The thickness of the fused silica window (2 mm)
is sufficient to block the low energy beta particles from the ®°Co, which are stopped by
as little as 0.4 mm of glass. The gamma radiation emitted from ®°Co requires 46 mm of
Lead to reduce the signal by 1/10 and is unlikely to be attenuated by the fused silica to
any discernible amount in this instance. By a comparison with and without the fused
silica it was determined that approximately 5% of the signal could be attributed to beta
radiation at 35 mm distance. This was supported by the results when the collimator was
turned through 180° where a 4% difference was found between comparisons with and

without the fused silica window (see Table 7-5).

7.4.4 Gamma response

The collimated UVTRON was also exposed to sources of gamma radiation, 2**Am,

®9Co and ¥’Cs. The 2*!Am was a sealed source which prevented the emission of alpha
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particles. ®°Co and *’Cs also emit beta radiation, though of a low energy which is

easily shielded. The results are presented in Table 7-5.

Table 7-5: Results of exposure of collimated UVTRON to gamma sources

Source Separation Shielding / angle Average Times
mm CPS background
%Co 35 1.601 1138
35 Fused silica 1.528 1086
35 180° 1.423 1011
60 180° & 50 mm Lead | 0.059 41.8
2lAm 60 0.027 19.5
80 0.025 17.8
140 0.012 8.7
187Cs 35 0.105 74.4
35 Fused silica 0.076 53.9
140 0.029 20.8
600 0.005 3.5

The beta element of the °°Co signal is approximately 5% (see section 7.4.3 Beta
response). When the collimator was orientated at 180° to the source (i.e. the collimator
entrance was turned away from the source), the signal reduced to 89% of the
unshielded signal and 93% of the signal measured whilst the fused silica was in place.
This suggested that the gamma radiation is attenuated, but not blocked by the
collimator. To verify that the signal was caused by gamma entering the collimator
interior through the walls, the distance between the source and collimator was
increased to 60 mm to allow a 50 mm thickness of Lead block be inserted between the
two. The collimator entrance remained at 180° to the source. In this configuration the
signal dropped significantly, to only 4% of the signal without the Lead. This is still 42
times background as some of the gamma may still pass through the Lead and the

collimator wall. The drop upon turning the collimator indicates that only a small

156



Chapter 7 : Performance characteristics of a Tungsten collimator and UVTRON flame sensor for the
detection of alpha-induced radioluminescence; Impact of UVC reflecting mirror and the effect of beta
and gamma radiation sources.

percentage of the signal, up to 7%, is due to gamma entering through the hole. The
largest part must be entering through the collimator wall.

The gamma radiation from 2**Am is attenuated to 1/10 of the signal by less than
1 mm of Lead, compared to 46 mm for %°Co. The collimated average CPS both at 60
mm and 120 mm were approximately 200 times smaller than the uncollimated results
at those distances, showing that the collimator was able to greatly attenuate the gamma
from the 2*1Am source. The average CPS from the ?!°Po source were 4.5 and 9.7 times
that from the 2**Am, indicating that it may be possible to distinguish between the two,

see section 7.4.5 Mixed radiation response.

7.4.5 Mixed radiation response

The collimator was exposed to combinations of alpha, beta and gamma radiation using
210pg, 24L.Am and *3'Cs sources. The results are presented in Table 7 - 6. The individual
CPS for each of the sources at 60 mm and 120 mm separation were recorded. Due to
the geometry of the sources, the ?*!Am and **’Cs were at an approximately 20 mm
greater separation than the 2:°Po when the sources were tested in combination.

Table 7-6: Results of mixed radiation field

Separation 60 mm 120 mm
Recorded average CPS

210pg 0.1245 0.1182

241 Am 0.0250 0.0122

187Cs 0.0292

(*po & 2IAm) 0.2202 0.1293

(*pg & #1Am & P¥Cs) 0.1501

Addition of CPS (percentage of recorded average CPS)
210pg + 24 Am 0.1495 (68%) | 0.1304 (100.8%)
(*%Po & #'Am) + B¥'Cs 0.1585 (105.6%)
210pg + 24 Am + B¥7Cs 0.1596 (106.3%)
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It can be seen from the percentage of recorded average CPS that at 120 mm the
combination of sources resulted in a very similar result to the addition of the individual
measurements, being only around 6 % greater. At 60 mm the addition of individual

results was much less than the combined sources.

7.5 Conclusions and discussion

It can be seen from the results of the experiments, that the collimator provides
protection for the UVTRON from beta and gamma radiation to some extent, whilst
still allowing for the detection of alpha radiation through UVC radioluminescence. The
internal configuration shields the UVTRON from the direct path of beta particles and
gamma rays, with the UVC mirror successfully reflecting the UVC onto the UVTRON
cathode. However, the collimator also greatly reduces the UVC signal, by
approximately 80%, compared to the uncollimated UVTRON, although this is
dependent on the distance from and the angle to the source as shown by the UVC bulb
experiments. Further work on the configuration of a collimator, possibly with the
inclusion of optics, may increase the field of view of the UVTRON without
compromising the shielding. As the portion of alpha-induced radioluminescence is
small in the UVC wavelength range, an increase in the field of view would be
beneficial to increase the sensitivity of the system. It would also improve the signal to
noise ratio by increasing the signal strength. It may also be beneficial in further work
to investigate the drop off in signal with distance, as the effect of the collimator may
change with distance and this should be characterised.

The collimator highly attenuates the low energy gamma emissions from 24:Am,

but is insufficient to block higher energy gamma radiation, for example from %Co.
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Although the half thickness of the Tungsten used is 7.5 mm, a 15 mm thickness was
unable to sufficiently attenuate the ®Co in this instance. Dependent on the specific
radionuclides which the collimated UVTRON will encounter in field conditions,
further shielding may be required to remove the interference from gamma radiation
when attempting to detect alpha radiation. It may be useful to determine if there is
direct impact on the UVTRON or a secondary phenomenon, such as Compton
scattering or x-ray production, is causing the signal. This would determine the type of
shielding required.

As the addition of the signals caused by different radioisotopes is in line with
exposure to a combination of the sources, it may be possible to subtract the gamma
part of the signal from the overall signal by shielding against UVC and beta ingress to
the collimator. This would require further investigation, but the results of this work
suggest that this may be a possible route to using the collimator in a mixed radiation
field. Some modification to the collimator would be required to implement a UVC and
beta shield in the field.

Although not directly incident on the UVTRON, beta particles which enter the
collimator do cause a signal, likely through bremsstrahlung radiation. The collimator
provides sufficient shielding against beta, which is only able to enter through the hole.
A sheet of fused silica of sufficient thickness across the entrance hole should prevent
any interference from beta radiation.

The effectiveness of this collimated UVTRON system in the field will depend
on the radioisotopes to which it is exposed. Activity levels and energy levels of any
source will impact on the response of the system. In an environment high in alpha

particles with low energy gamma emissions it may be possible in its current
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configuration to detect alpha-induced radioluminescence. Field trials and further
experimentation are warranted based on the results of this work.

Additional to the testing of the collimator, the research has also determined that
the background count is a function of the system and not reliant on ambient lighting
conditions. Measurement of the output pulse directly from the UVTRON using an
oscilloscope has shown that the pulse characteristics do not vary depending on the
stimulus. The pulse shape, amplitude and duration remained the same for all pulses
observed from the UVTRON. It is therefore not possible to determine the source from

the output pulse.
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Discussion and conclusion

8.1 Summary

Along with a better understanding of how stand-off alpha detection may be achieved,
in this thesis a novel alpha-induced radioluminescence detector has been designed and
developed. This is from the initial research which led to the concept, through sensor
characterisation, to the construction of a prototype for field trials. This novel detector is
not only capable of detecting alpha radiation from further than the MFP of alpha
particles, but it can do this in normal lighting conditions, setting it apart from previous
alpha-induced radioluminescence detecting prototypes.

Through the repurposing of an existing flame sensor for use in a novel application,
the detector not only addresses the issue of stand-off alpha detection and overcomes the
issue of daylight interference, but also provides it in a cost-effective manner using tried
and tested technology. In the nuclear sector, the development of new technology
represents a risk when deployed in a hostile radioactive environment. Failure of
equipment can result in expensive remediation activities or be hazardous to personnel

and the environment. Hence the nuclear industry has been necessarily cautious in terms
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of the adoption of new technology. By repurposing technology in this application, it is
possible to remove some of the uncertainty by using components which are tried and
tested with decades of use in commercial applications.

The initial step in producing this prototype detector was to undertake research
into alpha-induced radioluminescence and to review existing prototypes in this field
(see Chapter 2: Alpha particle detection using alpha-induced air radioluminescence: A
review and future prospects for preliminary radiological characterisation for nuclear
facilities decommissioning) [72]. It became clear that there was one major stumbling
block to detectors using this phenomenon; background light. Although some prototypes
could detect alpha radiation from a distance, those which did this in the peak
radioluminescence wavelength range, 300 — 400 nm, all required to be operated in
darkness or special lighting conditions [1, 13, 15, 17, 18]. Without the capability to
work in normal lighting conditions, this meant they were severely limited in their
application in the field. However, there was some promising work using the UVC
wavelength range [43] where there is no background from normal lighting conditions
and daylight, and this was adopted as the method to be investigated in this work. By
removing the problem of background light, the focus could be turned to detecting the
radioluminescence.

A UVC sensor suitable for use in a detector system which could be used in the
field was first identified (see Chapter 3: Experimental approach and set up). Equipment
designed to measure the amount of UVC present, for example MFPs and CCD cameras,
had issues with high background counts and the need for cooling to reduce this [15]. As
the amount of UVC is small in comparison to UVA and UVB, even a reduced
background could mask the signal, and the requirement for cooling reduced their ease

of use in the field. Hence, an alternative UVC sensor was sought from other
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applications. The UVTRON from Hamamatsu is used in fire alarm systems. It detects
the UVC in flames and emits an output pulse. It has a very low background count and
is solar blind, making it a reliable system in normal commercial lighting conditions. It
is small, robust and readily available [76].

Initial experiments were carried out to test the potential of the UVTRON using a
UVC bulb in place of an alpha source. It was shown that the UVTRON could detect a
small UVC light source from a significant distance away, over 27 m. It was also capable
of being used in a scanning platform to locate a source (see Chapter 3: Experimental
approach and set up). Following these successful initial tests, experiments were carried
out with live sources to determine if the UVTRON could detect alpha-induced
radioluminescence in the UVC wavelength range. It was discovered that the UVTRON
could detect alpha radiation from a distance further than the travel of the alpha particles
themselves, and in normal lighting conditions (see Chapter 4. First results of using a
UVTRON flame sensor to detect alpha-induced air fluorescence in the UVC wavelength
range) [33].

As the UVC element of the radioluminescence is very small, a method to enhance
the signal was sought. Previous experiments in the UVA and UVB range had shown
that a N2 atmosphere increased the radioluminescence in this wavelength range, and
that a dynamic atmosphere increased this further [32, 59]. Combining these two
findings, and results from research into gases likely to radioluminesce in the UVC
wavelength range, it was found that a flow of gas over the source, especially Xe,
increased the UVC signal (see Chapter 5: Gas flow to enhance the detection of alpha-
induced air radioluminescence based on a UVTRON flame sensor) [74]. The use of a

flow would make implementation in the field easier than a purged atmosphere.
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As any alpha detector system will likely be used in a mixed radiation field, the
effects of gamma and beta radiation on the UVTRON were tested. It was found that it
is sensitive to both (see Chapter 6: The effect of gamma and beta radiation on a
UVTRON flame sensor: assessment of the impact on implementation in a mixed
radiation field) [78]. Therefore, a collimator was designed to shield the UVTRON from
these radiation types, which was tested in the laboratory (see Chapter 7: Performance
characteristics of a Tungsten collimator and UVTRON flame sensor for the detection
of alpha-induced radioluminescence; Impact of UVC reflecting mirror and the effect of
beta and gamma radiation sources). The collimator geometry was designed to protect
the UVC from any shine path from the collimator entrance, with a UVC mirror
reflecting the radioluminescence onto the UVTRON cathode. It was found that beta
particles upon entering the collimator caused a signal, although they were not directly
incident on the UVTRON. This is likely due to bremsstrahlung radiation inside the
collimator. Fused silica was shown to attenuate the number of beta particles entering
the collimator whilst allowing UVC to enter. Some gamma radiation from high energy
sources was able to penetrate the 15 mm Tungsten alloy shielding and impact on the
UVTRON despite the lack of a shine path. It was found, however, that the count from
a combination of alpha, beta and gamma sources was very close to the count from the
same sources when recorded individually. It may be possible to take a count in the field
from a mixed radiation environment, followed by a count where the UVC is blocked
from entering the collimator, and the one subtracted from the other to show the presence

of UVC, indicating the presence of alpha-induced radioluminescence.
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8.2 Outlook

Current alpha detectors require direct interaction with alpha particles to operate. Stand-
off alpha detectors which use the radioluminescence phenomenon in the 300-400 nm
wavelength range required darkness or special lighting conditions to operate. The
detector developed in this work presents a potential avenue for detecting alpha-induced
radioluminescence in the field, without the need for special lighting conditions.
Depending on the isotopes to be detected and the environmental conditions, the
UVTRON system could be configured for use in a number of different applications as
required.

Due to the low cost, small size and proven reliability, it could be used in real-time
monitoring systems over the whole of an active plant area, much as the UVTRON is
currently used in large-area, fast-response fire alarm systems, but with the modifications
identified in this work for the radioactive environments. It could carry out this task
without interfering with site operations.

It may also be deployed in areas with limited access, making it ideal for
decommissioning projects or waste monitoring. The UVTRON itself is only 36 mm
long and 15 mm in diameter (see Figure 3-3). This is especially useful on nuclear sites
where there is often limited access to areas for shielding purposes. The prevention of
radiation emission is paramount and access ports are limited in size for this reason. Or
there may be complex geometries, for example pipe work or ducting as is required on a
working commercial site, which limit access.

UVTRONSs could be combined into an array to give a greater field of view,
reducing detection time for larger areas. They may be used in concert with scanning
platforms for automated scans of large areas or over long timescales for greater

sensitivity, as has been shown during the preliminary work (see Chapter 3:
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Experimental approach and set up). The longer the detector is pointed at an area, the
greater the certainty that a signal has been detected, using established principles of
uncertainty based on a low background detector system [71]. The automation of the
scanning process would allow operators to be located elsewhere whilst the scan was
being performed, removing them from potentially harmful environments, or freeing
them up for less laborious tasks.

It is possible to imagine with further development, that UVTRON based systems
could potentially be deployed on remote access vehicles, such as UAV, drones and
robots, to provide even greater access to potentially contaminated areas, if the
requirements of mixed radiation field operation can be satisfied in a way which retains
the small and light nature of the sensor system.

It may also prove of national importance through being beneficial in nuclear
security applications, detecting illicit alpha emitting materials, where its small size
could also provide discreet monitoring equipment. The use of Po in the assassination of
Alexander Litvinenko in 2006 and the work required to detect the trail of the Po across
London [81], has led the security forces to look to stand-off alpha detection for security
purposes. As Po does not emit radiation other than alpha, existing gamma and beta
monitoring devices are unable to detect its presence. This UVTRON based detector
could be used as a tool for national security with further development, potentially
providing discrete, real time monitoring for SNM (special nuclear materials) at ports

and airports as required.

8.3 Future work

This thesis has proven this stand-off alpha detection technology has good potential for

commercial use, but for the above applications to be realised further development work
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is required. The field-test ready prototype has shown promising results, however, there
are a number of improvements which could be made, both in the design and in the
understanding of the radioluminescence phenomenon, which would benefit future

iterations of the prototype.

8.3.1 Changes to the instrument design

Having completed laboratory trials, the UVTRON system has been shown to respond
to radiation sources other than alpha particles in a mixed radiation field. In order to
focus specifically on alpha-induced radioluminescence detection, enhancing the
radiation shielding of the prototype would be beneficial.

The inclusion of a 10 mm fused silica window over the entrance to the collimator
in any future iteration would prevent the ingress of beta particles, making the detector
insensitive to beta radiation. Using available data on the thickness of glass able to block
beta particles and the transmission of UVC through fused silica, a 10 mm thickness of
window would provide suitable beta protection with a minimal UVC attenuation [58,
77]. This would depend on the beta isotope present and could be modified in terms of
thickness if required using the same data as used to recommend the 10 mm thickness.

Improved shielding of gamma radiation will require a solution which increases
the attenuation without increasing weight. The current collimator is 16 kg, a relatively
substantial weight for an item of equipment for mobile deployment and the maximum
recommended safe lifting weight for women. It is however, the first iteration of the
design and tests have shown it has successful elements, including the use of Tungsten,
the lack of shine path, and the UVC mirror. A modification to the shape of the collimator
could be implemented based on the results of the experiments carried out to date, with

a change in geometry and layout which provides targeted areas of increased shielding.
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The strategic placing of shielding, the use of further UVC mirrors, and removing the
electronics from the collimator to reduce the overall size will all contribute to increasing
shielding whilst limiting the weight and size to make a manageable mobile detector.

It may also be possible through the addition of a UV C-blocking cover which can
be deployed over the collimator window, to separate the UVC and gamma parts of the
count. Having shown that the count is approximately cumulative (see Chapter 7.4.5
Mixed radiation response), a gamma only count could be subtracted from a gamma plus
UVC count to give a UVC only result and a gamma only result. This would allow for
the detection of alpha-induced radioluminescence in a gamma field using the UVTRON
without the need for alternative shielding, as long as saturation was not reached by the
gamma-only signal. The combination of more targeted gamma attenuation and the count
separation technique could be used in tandem to provide a lighter, smaller and more

effective further iteration of the collimator design.

8.3.2 UVC sensor technology

The UVTRON used for these experiments was selected as it met the criteria for the
sensor required for this application and has other benefits as well. It is truly solar blind
and has a very low background count. It is easily implemented, relatively cheap and
generally available. It is robust and is a tried and tested technology that has proven itself
reliable in commercial applications for decades. It is also small for easy deployment.
Should the absence of a response by the sensor to beta or gamma radiation be
required, it may be desirable to find an alternative UVC sensor. However, this would
still require the properties of the UVTRON in terms of being truly solar blind, with a
low background count, robust, easily available and easy to implement. Sensing area

would need to be maintained, either in a single unit or by use of an array. Although no
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preferable alternative was identified during the initial stages of this work, it may be
possible to find something with less features, but with better radiation tolerance that
could provide a suitable trade-off.

It may also be possible to modify the existing UVTRON design to include
radiation tolerance into the sensor in a new configuration. The benefits of a tried and
tested, easily available sensor may be retained by the new configuration, depending on
the changes desired. But even should significant changes be required, and a new
bespoke sensor be the result, the benefits may well outweigh any loss of COTS

availability.

8.3.3 Beta detection

In some instances, for example storage monitoring, detecting the presence of beta
radiation as well as alpha radiation may be desirable. Where a background of gamma
radiation is expected due to its penetrating nature, the presence of alpha or beta may
indicate that there has been a leak or that there is contamination from some other source.
In this case, removing any beta radiation shielding, for example the 10 mm fused silica
window as suggested be implemented in 8.3.1 Changes to the instrument design, may
assist in detecting contamination by turning the detector into an alpha/beta detector. The
collimator design is not optimised for this purpose and changes in geometry could be
investigated to enhance the scope of the detector to include an alpha/beta detector

option.

8.3.4 Electronics

The driving circuit used in this work is supplied by Hamamatsu and is optimised for use

with the UVTRON. However, it is possible to take the pulse directly from the UVTRON
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and it may be possible to design an alternative circuit design which would use this direct
pulse. As the direct pulse shape has been measured for all sources and the UVC bulb
with no difference seen, it is unlikely that the pulse can be used to discriminate as to the
nature of the source of the UVC. The saturation level of 40 pulses per second may be
increased through alternative electronics. Further investigation of this may provide

avenues for the improvement of output pulse processing.

8.3.5 Research

It was not possible within the scope of this work to determine the number of UVC
photons per alpha particle, or the specific wavelength. There have been attempts to
quantify this and efforts are continuing, but as yet there is no published value for the
UVC part of the radioluminescence spectrum. The quantification of the UVC will
require a truly solar blind system that can count the UVC in the presence of background
light, or it will require sufficient blacking out of any background light to allow a
partially solar blind detector to work. Cooling or other background reduction measures
will be required to detect the small quantity of UVC photons generated by
radioluminescence against any background to maintain a good signal to noise ratio. A
quantification of the UVC radioluminescence would be beneficial in calculating
minimum detection levels for the sensor, which as yet have been deduced empirically.

An understanding of the exact mechanism through which the UVC photons are
generated would also be beneficial. This is beyond the scope of this work being more
relevant to a study of physics than engineering, but it would be advantageous to
understand the UVC radioluminescence physics in order to progress such work as the

enhancements using gas flows as found in this work.
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8.3.6 Optics

The inclusion of lenses or reflectors may be beneficial to increase the sensitivity of the
detector system. The use of a UVC reflective mirror and fused silica window during
these experiments has shown that these materials can be used successfully in a UVC
detector system. Ordinary glass will attenuate UVC, hence the need to use specialist
UVC transmitting materials. There are many COTS optical parts for UVC applications
already available, and many optics manufacturers can produce bespoke optical
components as required. The optimum mirror angle was established in this work. It may
be beneficial to also find a more effective mirror geometry that may enhance the
sensitivity of the detector in a future iteration.

Lenses could also be used to increase the field of view of the detector system.
Modelling of potential lenses has shown that a two lens system would be beneficial in
collecting and collimating radioluminescence photons, increasing the field of view (see
Figure 8-1). Lenses would need to be made of a UVC transmitting material, such as

fused silica.

Equi convex lens — reducing radius of curvature Convex lenses — increasing separation

Figure 8-1: COMSOL lens simulations - showing the effect of a single or dual lens system on

the focus and collimation of light from a point source
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8.3.7 Arrays and scanning platforms

In this work a collimated scanning platform was used in the initial experiments to
determine the potential of the UVTRON for a scanning-based detection system. It was
modelled using CAD and produced using an additive manufacture process. The
scanning platform was used with the UVC bulb during the initial testing phase. It was
not possible to run scans with active sources in the timescales where the resources were
available due to the lengthy count times required for the confidence intervals desired.
In order to scan at 10° intervals over an area of -50° to 50° in both the vertical and
horizontal directions would have required at least 121 hours, or 5 days, per scan. Limits
to resources in this instance made this unattainable. However, it would be interesting to
see the results of this in future work. The ability to run an automated scan where count
times is not essential is one of the benefits of the stand-off detector where in the field
the overall scan time is not as limited as in the laboratory.

The system was found to be sensitive to small changes in set-up, for example
orientation to or distance from the source, and a deployment platform would be
beneficial in ensuring a consistent application of the detector. This could be a stand-
alone system or integrated into the scanning platform.

A single UVTRON sensor was used for each of the experiments in order to
simplify the analysis of the results. Moving from the sensor characterisation phase
further into the deployment phase, the combination of signals from more than one
UVTRON in the form of an array would increase the detection area. As the UVTRON
gives out UVC whilst in operation, shielding between each UVTRON would be
required for them not to sense each other. An increase in detection area would increase
the sensitivity of the detector. The low cost and ease of availability make the UVTRON

ideal for implementation in an array.
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Abstract: As part of the decommissioning decommissioning, Plutonium-contaminated
process, Plutonium-Contaminated Material material

(PCM) has to be identified, so it can be disposed

of appropriately. Most conventional alpha 1. Introduction

detectors are only effective at relatively short

range. This puts personnel in close proximity to Due to the limited range of alpha particles in air
the radiation exposure from this and other types and the well documented difficulties this
of radiation. Alpha particles cause ionisation in presents in the detection of alpha contamination
air resulting in the emission of ultraviolet (UV) in the field [A1-A3], a stand-off detection system
photons. These have a considerably longer mean using a secondary effect of alpha emission will
free path than alpha particles, providing an provide benefits in terms of safety and cost
avenue to detect alpha contamination from a savings to the nuclear industry. Alpha-induced
distance. However, the intensity of this UV light air-fluorescence is such a secondary effect and is
is exceedingly small in comparison to natural due to the ionisation of the air by the alpha
daylight, making detection difficult in the field. particles. Research is underway to develop a
Although the majority of emitted photons are in detector system which will detect the
the 300 to 400 nm wavelength range, it may be fluorescence photons at a distance from the
possible to detect those in the UVC range (180 — source.

280 nm) as natural UVC is blocked by Earth’s
atmosphere. UVC detection is already used in the
detection of fires and corona discharge. A group
of such detectors have undergone a series of
tests to determine their suitability for detecting
UVC emissions from alpha particle induced air
fluorescence. Results to date have shown that
long range UVC detection and location is possible

Alpha particles ionise the air along their
trajectory following emission during the
radiation process. As they are positively charged
they interact with the air molecules, transferring
kinetic energy. This elevates the air atoms into an
excited state. These then emit UV photons to
return to their ground state. The exact
mechanism for this has been described by other
with these detectors. researchers [A4, AS5].

The main alpha-induced fluorescence intensity
peaks in air are in the 300 to 400 nm wavelength
range due to the excitation of Nitrogen, the main

Keywords: UVC detection, Alpha-induced air
fluorescence, UVTRON detector, Nuclear
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constituent of atmospheric air. Therefore much
of the work on detection has been centred in this
range [Al, A6-A8]. This has led to several
successful stand-off alpha detectors [Al, A9,
A10]. However, due to the interference of
natural and man-made light in normal daytime
conditions, these detectors require to be
operated in darkness or under special lighting
conditions. By using a solar blind CCD camera
designed for the detection of corona discharge
and arcing from high voltage power lines [A11]
Ivanov et al [A12] were able to image alpha-
induced air-fluorescence in daylight conditions.
This use of the UVC wavelength range means
detectors do not require darkness or special
lighting conditions as sunlight in the UVC range is
blocked by the atmosphere. Although the
intensity of fluorescence in the UVC wavelength
range is significantly smaller than in the 300 —
400 nm range, the lack of interference from
daylight means that this could provide an avenue
for detection in the field.

By specifically concentrating on detection in the
UVC wavelength range, 180 — 280 nm, it is
necessary to select equipment which result in a
system which is sensitive only in this range, so
called ‘solar blind’. Due to the reduced intensity
of fluorescence at this wavelength (95% is in the
300 — 400 nm wavelength range), the equipment
must also be sufficiently sensitive to detect low
intensity signals, and have low noise and a high
signal noise ratio. It is also important that any
optical elements have a high transmittance at
the required wavelength to reduce attenuation
of the signal.

The UVTRON from Hamamatsu is such a solar
blind detector and this paper presents initial
tests with this detector, using UVC source lamp,
to determine if it could be used for alpha-
fluorescence detection.

2.  UVTRON Detector

2.1. Uses of UVTRON

The detection of UVC light is one method used in
the detection of flames in fire alarm systems or
to detect corona discharge from high voltage
power lines as UVC is emitted by both these
phenomena. Commercial off-the-shelf (COTS)
equipment for this purpose is available from
several suppliers, for example Hamamatsu,
UVIRCO and Ofil. These detect the presence of
electromagnetic radiation in the UVC range (180
to 280 nm wavelength). They can therefore be
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used in daylight conditions as the atmosphere
blocks natural UVC light from the sun. They are
also designed to be used at a distance of several
metres from the source of the UV light,
depending on the application. As this proven
technology is used to detect UVC for these
phenomena, it may provide a route for detecting
alpha induced fluorescence in daylight
conditions.

The UVTRON range of detectors has been
selected for these experiments for several
reasons. They are easily available and provide a
number of options in terms of their sensitivity,
wavelength range and other properties. They are
available with pre-assembled drive circuits if
required which have been optimised for these
detectors. They can be used with a simple driving
circuit allowing a bespoke circuit to be designed
to test the response to variations in the circuit
specification. The R9533 is vibration and
shockproof making it more robust for possible
future detectors. Due to the relatively low cost,
these detectors could be used in an array to give
a wider angle of view. This will reduce the
scanning time of the detector system, whilst
improving the ability to identify the location of
the source. A UVC source lamp for checking the
operation of these detectors is available,
allowing set up to be carried out without the
need to use an active alpha source, reducing
potential experiment hazard. The aim of the
experiments are to determine if the UVTRON
may be viable as a stand-off alpha detector by
research into its response to a UVC emitting bulb
under different condition.

2.2. Principle of Operation

The UVTRON detectors utilise the photoelectric
effect and gas multiplication to generate an
output pulse when a photon is incident on the
photocathode. The UVTRONs used in this
research have a Ni cathode which is insensitive to
photons with a wavelength of greater than 260
nm. This makes them effectively solar blind (see
Figure A 1: Spectral Response of UVTRON in
comparison to sunlight, Tungsten light and gas
flame). Photons within the 180 — 260 nm range,
when incident on the photocathode of the
UVTRON cause an electron to be emitted
thought the photoelectric effect. An electric field
generated by a voltage differential between the
cathode and the anode causes this free electron
to be accelerated through the gas contained
within the UVTRON. As the negatively charged
electron passes
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Figure A 1: Spectral Response of UVTRON in comparison to sunlight, Tungsten light and gas flame [A13].

through the gas it interacts with the gas
molecules and transfers energy, causing
ionisation and creating ion pairs. Noble gasses do
not readily absorb free electrons, unlike Oxygen
which does and therefore quenches the process,
and it is likely a noble gas, possibly Argon or
similar, is used in the UVTRON to enhance the
ionisation process. The created positive ions are
attracted to the cathode, whilst the negative free
electrons are attracted to the anode. As each
free electron generates further free electrons
there is an avalanche reaction which causes an
exponential increase in the number of free
electrons incident on the anode. This generates
a signal which is interpreted by the driver circuit
and a pulse is outputted by the driver circuit
when this avalanche phenomenon occurs.

3. Experimental Method

The experimental system comprises of; one or
two UVTRON detectors with their associated
driver circuits, UVC light source, an optional
oscilloscope to confirm output, a microprocessor
to detect and count the pulses (in this instance
an Arduino Uno), and a PC to collect the count
from the Arduino and to process the results.
Schematic of the experimental set up is show in
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Figure A 2. The UVTRONs may be collimated. A
second detector may be used to detect any
variation in background lighting, electronic noise
etc. which can be eliminated from the results. For
example one of the UVTRONS is collimated and
mounted on a pan and tilt device for scanning,
the other is not collimated and remains static to
act as a control. The driver circuit provides the
high voltage power supply and converts the
output signal from the detector to a pulse. The
UV light intensity input signal and output from
UVTRON and driver circuit are approximately
proportional, with an increase in light intensity
generating an increase in pulse frequency.

These experiments use a checker lamp for the
UVTRON (Hamamatsu L9657-03) in place of an
alpha source in order to test the response of the
UVTRON detector and to provide a robust
experimental method which can be applied to
experiments using active alpha sources. It has a
spectral distribution of 185 to 400 nm. There are
two advantages to using the lamp at this stage.
The first is that it does not cause radiation which
could affect the detector system electronics. The
second is that it will emit a far greater number of
photons than an alpha source suitable for use in
a laboratory experiment. Once the experimental
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set up has been verified and the UVTRON
characterised, the checker lamp will be replaced
by an alpha source in the laboratory and if
successful here, thence in the field.

4. Results

uvc
photons

Experiments were carried out indoors in close
proximity to a double glazed external window.
Internal lighting was provided by modern strip
lights. No attempt was made to attenuate the
room or natural lighting, and experiments were
carried out during the day. The background
count level was measured in these conditions
over a 20 minute period. The location of the
detectors was varied, including pointing at the
window in close proximity and pointing directly
atinternal
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Figure A 2: Schematic of the experimental set up.
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Figure A 3: Frequency variations with respect to distance to source from the detector.
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lighting. Whilst the UV checker bulb was not
within the field of view of the detector, the
driver circuit did not emit any pulses. There was
therefore, no background count.

The first experiment carried out was to
determine the furthest distance over which the
UVTRON could detect the checker lamp. The
driver circuit output was connected to an
oscilloscope, which was manually read at each
distance. An approximate average of the
output over 15 seconds was recorded. The aim
of this experiment was not to provide a
detailed count at each distance, but to simply
determine the furthest distance over which the
UVTRON would detect the UV photons from
the UVC lamp. The results are shown in figure
A3. As can be seen there is an overall drop in
frequency of pulses as the distance between
detector and lamp is increased.

During the experiment a cover was placed at
random intervals between one of the detectors
and the source. This led to a cessation of the
output signal pulse from that detector driver
circuit, verifying that the pulses were due to
the detection of UV photons. At 27 m, which is
the maximum space available for the
experiment, pulses from the driver circuits
were still clearly visible on the oscilloscope
screen, showing that the UVTRON detectors
were still detecting the photons at this
distance. Although these pulses were sporadic
and infrequent, it indicates that the detector
will work over significant distances.

In decommissioning it will be important that
alpha contamination be not only detected, but
that the location be determined. To test the
suitability of the UVTRON for this purpose a
pan and tilt device was devised which included
the collimation of the detector it housed. A pair
of stepper motors were used to

provide the motion, with the Arduino
controlling the motors and carrying out the
count of the pulses. The detector was placed
directly in front of the source, at (0,0) degrees
position, and scans were carried out with a step
of 10 degrees, from -90 to 90 degrees azimuth
and -30 to 30 degrees altitude. At each location
data collected for 10 second and results for two
cases are shown in Figures A 4. The counts per
second (CPS) at each of the point of the scan
has been allocated a colour, where dark red
show the area of greatest signal intensity as a
hotspot. A double hotspot is observed due to
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Figure A 4: Localisation of the UVC light source for
detector source separation of 1 m (top) and 2 m
(bottom).

seen that the maximum intensity area of the
hotspot become smaller the further the
detector is from the checker lamp. A clear
hotspot (or the centre of gravity of the double
hotspot) is indicating that the UVTRON could
be viable for detecting the location of UVC
emissions source.

5. Summary

It can be seen from the above results that the
UVTRON does appear to have the potential to
detect alpha-induced fluorescence in the field,
though there is a great deal of work to do in
order to develop this into a robust detection
system. The output of the UV checker bulb in
the UVTRON sensitivity wavelength range
requires quantifying in order that the
sensitivity of the UVTRON can be characterised.
This should include a spectral analysis so that
the different wavelengths within the range can
be considered. As alpha-fluorescence photons
have different wavelength intensity peaks,
being able to map the sensitivity of the
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UVTRON against different wavelengths would
be useful in designing a detector system.

As distance increased, there appears to be a
greater fluctuation in the CPS over time and
this should be investigated further to
determine if this is a general phenomenon and
if so, how this effect is generated in order to
characterise the performance of the UVTRON
detector. Further scans will be carried out to
test and improve the ability of the UVTRON to
locate the source of UVC photons. This will
include collimation and orientation to take into
account the angular sensitivity of the UVTRON
to give the best sensitivity and remove the
double hotspot effect. This will eventually
provide more accurate positioning of the
detector and a better resolution.

Results from the two detectors, indicate that
there is variation between UVTRON detectors
and this requires further investigation. Upon
completion of the characterisation of the
UVTRON, it will be possible to determine if it is
theoretically possible to use the UVTRON to
detect alpha-induced air fluorescence.
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Atmosphere.

Anita J. Crompton, Kelum A. A. Gamage, Alex Jenkins and Divyesh Trivedi

Abstract — Alpha-induced radioluminescence
provides a potential avenue for the detection of
alpha-emitting materials from a distance far greater
than the travel of alpha-particles themselves. This
work details experiments carried out into the
detection of this radioluminescence in the ultraviolet
C wavelength range (180-280 nm) using an off-the-
shelf flame sensor, the UVTRON (Hamamatsu,
Japan). There is less interference from natural and
artificial background lighting in the ultraviolet C
wavelength range than at other ultraviolet
wavelengths. A UVTRON flame sensor (R9533,
Hamamatsu, Japan), which is sensitive only in the
ultraviolet C wavelength range, was used to detect
the presence of a 6.95 MBq #°Po source at a distance
of approximately 20 mm. The signal (0.3280 counts
per second) was over 147 times that of the
background, which was very low (2.224 x 10 counts
per second) under the general
laboratory/commercial lighting conditions. The limit
of detection, where the signal can be distinguished
from background, can be calculated to be
approximately 240 mm under these conditions,
assuming a standard 1/r?, which is much greater than
the alpha particle travel. Gas was flowed over the
alpha sample to determine if this would enhance the
radioluminescence and hence the detection by the
UVTRON. Gases of Ar, Xe, Ne, N2, Kr and P10 were
tested, all of which increased the signal detected by
the UVTRON sensor. The greatest increase was
found to be in a flow of Xe, which greater than
doubled the counts per second of the detector in one
instance. The ability of the UVTRON to detect the
radioluminescence from alpha-emitting materials
and the enhancement which may be possible using a
flow of gas, indicate the potential of the UVTRON
sensor for inclusion in an alpha-emitting materials
detection system which could be operated at a
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distance in the field, for example for nuclear
decommissioning characterisation purposes or
nuclear security applications.

l. INTRODUCTION

HE detection of alpha-emitting materials,

deposited  either  through  contamination,
anticipated nuclear operations, or potential
security  threats, is essential in nuclear

decommissioning, nuclear power generation and
nuclear security operations. Many of the
radionuclides resulting from nuclear operations,
e.g. Uranium, Plutonium, Americium, are
primarily alpha emitters and therefore the
detection of emitted alpha particles is essential in
detection and characterisation of equipment and
plant. However, the short travel of alpha particles
in air makes their detection time consuming and
hazardous. The difficulties in alpha detection has
also resulted in slow progress to develop new
technologies to overcome these issues, with
gamma, beta and neutron detection having more
advanced and mature technologies.

The short travel of alpha particles, around 50 mm
depending on energy, means detectors and
therefore their operators require close proximity to
contaminated surfaces to allow the direct
interaction of the alpha particles with the detector
probe. In areas with complex geometry or where a
large surface area requires scanning, it can be time
consuming to maintain a 1 cm distance between
the detector probe and the surface as is required
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with traditional alpha detectors. To speed up the
detection process by allowing automated scanning
of large areas, and to remove personnel from
contaminated areas, which may include a
hazardous mixed radiation environment, a stand-
off alpha detector has long been sought. Although
desirable, there are significant difficulties in
achieving such technology. However, the use of
radioluminescence in the ultraviolet C (UVC)
wavelength range may provide a solution.

u. background

To design a stand-off alpha detector, is it
essential to understand what mechanism could be
used. As alpha particles travel they transfer energy
to the surrounding atmosphere, ionising gases and
causing the emission of radioluminescence
photons. These travel in the order of km, much
greater than the travel of the alpha particles
themselves. Hence, these have been investigated
for their potential in a stand-off alpha detection
system. The main radioluminescence comes from
the Nitrogen, which comprises just over 78% of
air. This radioluminescence is mainly in the 300 —
400 nm wavelength range, ultraviolet A (UVA)
and ultraviolet B (UVB). When trying to detect
this radioluminescence, however, there is a great
deal of interference from natural and artificial
lighting. Fig. 1 shows the overlap between the
radioluminescence spectrum of alpha particles in
air and the spectrum of daylight.

Radioluminescence spectrum of air excited by Am-241
alpha particles

ensity (cps)
2 53

Intensity of light at Earth's surface

100 280 315 400 700
Wavelength (nanometres; log scale)

Figure B 1: Showing the overlap between the
radioluminescence from 214Am alpha particles [B1]
and the wavelength of light at the earth’s surface [B2]

It can be seen from Fig. B 1. that there is overlap
between the alpha-induced radioluminescence and

light from the sun in the UVA and UVB
wavelength ranges. This has led to the
development of stand-off detectors which use
filtering or background subtraction methods, and
which also require operation in darkness or special
lighting conditions [B3 - B5].

However, there is a small amount of
radioluminescence in the UVC wavelength range,
180 -280 nm. As UVC light from the sun is
blocked by the earth’s atmosphere there is not the
background interference from natural light, as can
be seen from Fig. 1. Artificial lights also do not
emit UVC, due to it being a waste of energy and
potentially harmful to the human eye. Although
there has been previous work on the viability of the
UVC approach due to the small signal size [B6],
there are many implementation scenarios for a
stand-off alpha detector and therefore it is worth
further exploration from a practical standpoint
with empirical research to supplement the purely
theoretical.

ni. materials and methods

Experiments to determine the ability of a flame
sensor to detect radioluminescence photons from
an alpha source and the effect of a gas flow on this
detection were carried out at the National Nuclear
Laboratory, Teddington, Middlesex, UK.

The UVTRON R9533 (Hamamatsu) is a flame
sensor which is sensitive to photons in the 185-260
nm wavelength range, as given off by flames and
corona discharge. Using the photoelectric effect,
when a photon in this wavelength range is incident
on the Ni cathode an electron is emitted. Using the
gas multiplication effect, this electron is
accelerated through a high voltage field,
generating more electrons and causing a current at
the anode, which is outputted as a pulse. This is
detected by the driver circuit (C10807,
Hamamatsu) and a 5 V square wave is emitted. In
these experiments an Arduino Uno was used to
count the pulses from the driver circuit. This was
relayed to a laptop where the number of counts for
each second was recorded. The total number of
counts for each experiment was divided by the
duration (in seconds) of each experiment, and an
average count per second (CPS) was determined.

A 6.95 MBq 2*Po sealed source was placed
inside a black Perspex box of dimensions 260 x
234 x 230 mm. The UVTRON was placed at
approximately 20 mm from the source. A fused
silica window allowed the UV C photons generated
by the source’s alpha emissions to reach the
UVTRON cathode. The fused silica window had a
transmittance of greater than 90% in this
wavelength range [B7]. It also prevented the alpha
particles impacting directly on the UVTRON.
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A small gas pipe of 1 mm diameter was
positioned inside the Perspex box order that a flow
of gas could be directed over the surface of the
source. The set up can be seen in Fig. B 2.

Gas flow

Figure B 2: Showing the UVTRON protruding from the
grey box which houses the electronics, and the 219Po
source (the yellow and silver disk) inside the Perspex
box, behind the fused silica window. The gas flow pipe
can be seen angling down from the top right of the
fused silica window.

v. results

A background count was taken prior to
placement of the source, with the ordinary
laboratory lighting turned on. This was strip
(fluorescent) lighting. The count was taken over 75
min and gave an average CPS of 2.224 x 102 +
0.7034 x 10°. This equates to 10 pulses in the 75
min count, which is very low in comparison to
other  light  detecting  equipment, e.g.
photomultiplier tubes.

The 2°%Po source was place inside the Perspex
box at approximately 20 mm from the UVTRON
sensor. Under the same laboratory lighting
conditions, the count increased to 0.3280 CPS,
which is significantly above the background count.
A second layer of fused silica was inserted
between the source and detector to ensure that
UVC photons were the cause of the count. The
count dropped by approximately the same margin
as the attenuation of the silica glass as specified by
the manufacturer. A sheet of paper between the
source and sensor blocked the signal completely.

Gas was then flowed across the surface of the
210po to determine the effect of this on the count.
Table 1 lists the gases, their flow rates and the
average increase in signal in comparison to air over
up to three repetitions of the experiment.

TABLE B 1: GAS FLOW INFORMATION AND RESULTS

GAS PURITY FLOW RATES | SIGNAL
(157/2%°/3%° | INCREASE
RUN) %
NITROGEN N5.0 65/65/65 9.09
XENON N5.0 50/65/65 82.50
NEON CPGRADE | 60/-/65 38.69
KRYPTON N5.0 55/65 /55 36.08
P10 +5% 40/-/65 32.55
ARGON N5.0 -/-165 30.27

Each of the gases caused an increase in the
count, with Xenon causing the highest increase
(see Fig. B 3.). Each of the counts was compared
to a baseline count taken in air at the
commencement at each set of gas flow
measurements. This allowed a determination of the
increase in signal achieved in relation to air for
each experiment.

Percentage increase in detected alpha-induced
fluorescence in gas flows in comparison to air

Figure B 3: Showing the percentage increase in the
alpha-induced radioluminescence signal when different
gases were flowed over the source.

This increase in the signal is likely due to the
replacement of O, from the area surrounding the
source, which is known to quench
radioluminescence in the UV range. The different
gases also affect the distance travelled by an alpha
particle. Xenon for example reduces the travel to
25.2 mm [B8], meaning that the alpha energy is
deposited in a smaller area and this may enhance
the radioluminescence in the area closest to the
source. It has been shown that the area of most
radioluminescence is with 10 mm of the source
[B3]. This may also be the reason why a flow of
gas, as can also be found with a purged
atmosphere, can increase the signal, and why over
the duration of the experiment where the Perspex
box would have been filling with the gas, the count
did not increase over time.

v. conclusions

The results show that under normal indoor
lighting conditions it is possible to detect UVC
radioluminescence using the UVTRON.
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The background is low under normal lighting
conditions. Using Hurtgen et al’s equation [B9],
with a confidence level of 95.45% (as advised by
ISO, 1993), the limit of detection was determined
using the equation;

at Ly Sper = 2.86 + 4.78,/(b + 1.36)

where Lg is the limit of detection, Spe is the net
signal (gross signal minus background), b is the
background. This gives a limit of detection of 17.4
counts per hour, which is low in comparison to the
counts measured in air and in the different gas
flows.

Assuming a 1/r2 drop off in signal value as would

be expected with an isotropic emission of alpha
particles and photons, the limit of detection would
be approximately 240 mm between the 2%Po
source and UVTRON detector, before the signal
would reach background levels. Alternatively, at
the same distance, approx. 20 mm separation, the
minimum detectable activity level would be
approximately 47 kBq (£15 kBq). The sensitivity
of any detection system using the UVTRON would
depend on the distance separation and the activity
level. However, 240 mm is well beyond the travel
of alpha particles, and the activity level found in
some areas where such a detector could be used in
the field are in the GBq range. This therefore is a
positive indication that this sensor could be part of
a field operational detector system for certain
deployment scenarios.

The results of the gas flow experiments show that
if this can be introduced, the small UVC signal
from alpha emissions could be enhanced. It is not
unusual in the nuclear industry for alternative
atmospheres to be wused for some routine
operations, and there is already some infrastructure
for the supply of gas to areas of interest.

(B1)
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Fluorescence spectra of alpha emitting isotopes for stand-off

detector development - Summary Project Report

Anita J. Crompton, Lancaster University and Kelum A.A. Gamage, University of Glasgow.

Summary and outcomes: This project carried out experiments to detect alpha-induced
fluorescence using flame detectors, part of a larger body of work which aims to develop a
means to detect alpha emitting materials from a distance. It looked at the detection of alpha-
induced fluorescence photons in the UVC portion of the light spectrum (180-280 nm). As there
is very little background light in this part of the spectrum due to the absorption of UVC by the
earth’s atmosphere, the potential to use UVC sensors which are insensitive to light above 260
nm could provide an avenue for stand-off alpha detection in normal lighting conditions,
eventually leading to a detector suitable for use in the field. As the UVC portion of the emitted
photons is small, experiments were carried out to determine if these UVC flame sensors were

sensitive enough to detect the UVC emitted by alpha particles.

Three UVTRON flame sensors, R9533, R1753-01 and R259 (Hamamatsu), designed to detect
the UVC emissions from flames for fire alarm purposes, were tested in various gas
atmospheres with a ?°Po alpha source to determine if this could provide an avenue for stand-
off alpha detection. The results of these experiments showed that the UVTRONS are capable
of detecting UVC photons produced by the alpha emitting material. A very low background
count was detected in normal laboratory lighting, indicating that the R1753 could be capable
of distinguishing the 6.95 MBq #°Po source from up to 0.5 m distance in those conditions.
The R9533 was slightly less sensitive (< 0.4 m), with the R259 proving far less sensitive than

the other models in this application.

Differing the gas atmosphere produced an increase in the detector count, with Xenon having
the greatest effect with a measured 52% increase in the sensor response, with P-10 (32%),
Neon (26%) and Krypton (23%) also enhancing fluorescence. Nitrogen did not provide a
significant increase, an important result as air consists mainly of Nitrogen and has been proven
to increase fluorescence in other wavelength ranges, indicating that a different mechanism may

be responsible for the production of UVC fluorescence photons.
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This project has given the first indications that detection of the UVC portion of the wavelength
spectrum of alpha induced fluorescence may provide an avenue for a stand-off alpha detection
system, and that these flame detectors may be a basis for this technology. Further work can
now be undertaken with confidence and underpinning date to develop this technology into an
alpha detection system which could be operated at a distance, where it would potentially
provide a more cost effective, safer and faster solution to detect and characterise alpha

contamination in security and nuclear decommissioning applications.

Executive non-technical summary: Alpha radiation, emitted from such substances as Po, U,
Pu, Am, etc. interacts with atoms and molecules in the air/gas in which it travels, both slowing
the alpha particle, meaning it travels only approximately 50 mm, and transferring energy. In
order to return to their normal energy state the exited gas atoms may emit a photon, called
fluorescence or radioluminescence. This emitted light travels much further than the original
alpha particle and therefore may provide an avenue for detecting alpha emissions from a

distance.

At present traditional detectors need to be in close proximity to any potentially contaminated
surface to directly detect alpha particles. This makes alpha detection time consuming, and
where other radiation sources may be present, dangerous to personnel. Hence a stand-off
detector would reduce scanning time and risk to personnel, whilst also being able to detect

alpha emitting materials from a distance, even if the material was obscured behind an object.

The spectrum of fluorescence from alpha particles in air has been researched, and the majority
of the photons emitted are primarily 300 — 400 nm which is known as UVA and UVB. A small
number are in the UVC wavelength range, 180 — 280 nm. Although outside of our own visual
spectrum, there is a significant amount of UV light in normal lighting conditions, making the
fluorescence difficult to detect except in darkness or special lighting conditions. As the
atmosphere blocks out the vast majority of UVC light from the sun there is less background
light to interfere with detecting the fluorescence in this range, but there is a much smaller
signal. This project has focused on investigating the possibility of detecting the UVC
fluorescence in normal indoor lighting conditions to determine if it would be possible to design

a detector suitable for use in field conditions.

Flames also emit UVC as do corona discharge from power lines, and UVC detectors are used
to detect both these phenomenon. Flame sensors, UVTRON by Hamamatsu, were tested to
determine if it is possible to detect the UVC from alpha fluorescence using these sensors. A
Po source was placed in front of the detector at a distance of 20 mm. A fused silica window
was used to prevent alpha directly hitting the detector. It was established by using a black out
cloth that the response of the sensor was due to light and not any other emissions from the

source. Once the set-up had been established and verified, a background count was taken over
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a 15 hour period to establish a baseline to compare results against. This gave an average counts
per second of 0.0015 (less than one count per hour). With the Po source in place, this count
increased to 0.4502 CPS, showing that the UVTRON was capable of detecting UVC photons
produced from alpha radiation.

Ways to enhance the fluorescence were investigated in terms of determining if a different gas
atmosphere would increase the count. Five different gases were tested by flowing the gas over
the source. It was found that Xenon increased the average counts per second by 52%, as did
P-10 by 32%, Neon by 26% and Krypton by 23%. So it can be seen that gases can be used to
enhance the fluorescence. Part of this phenomenon will be due to the removal of Oxygen from
around the source, as Oxygen is known to quench fluorescence. However, this will not account

for all of the increase and further work will look into identifying why this was the case.

In summary, it has been shown that in normal indoor lighting conditions, a 6.95 MBq alpha
only emitting source can be detected from 20 mm away using a UVTRON. As the number of
photons hitting the detector will decrease over distance with a proportion of double the
distance, four times the reduction in photons, the sensor would be detecting a value
indistinguishable from background from up to 0.5 m away, giving the maximum distance for
this detector with this activity of source. Flowing Xenon over the source would increase this
to 0.6 m. Whilst these sensors may not in their off the shelf form meet the needs of a stand-off
detector system, these results do show that there is potential to use this technology in a detector

for use in the field.

Background:

The ability to detect alpha emissions from nuclear materials is important in nuclear operations,
nuclear decommissioning and nuclear security applications. Due to their relatively large
particle size and positive charge, alpha particles travel only a short distance after emission
from nuclear materials, typically around 50 mm through air depending on their energy.
Therefore detectors which require direct contact with alpha particles need to be in close
proximity to any surface or object to determine if alpha contamination is present, at a distance
of less than the MFP of the alpha particles. This causes a number of issues as documented by
other researchers [C1 — C3]. As objects to be monitored may be in a mixed radiation
environment, personnel carrying out detection activities may require PPE and may have
limited time in which they can operate safely. Large structures or complex geometries take
significant time to monitor in such close proximity. A stand-off detector, where a significant
distance between the detector and surface can be achieved, can reduce the time taken for

monitoring whilst distancing the operator from the radioactive environment.
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As an alpha particle travels it ionises the air, transferring energy to the atoms and molecules
in its path, mostly due to its positive charge. These excited atoms may emit a photon to return
to a stable state and these photons have a MFP in the order of kilometres [C4, C5]. So in theory
they could be detected from a significant distance, much further than direct alpha particle
interaction detectors could achieve.

Although there have been experiments and several prototype detectors which have utilised this
effect for stand-off alpha detection [C1, C6 - C10], there are significant problems with this
approach. The main issue is the interference of light, natural or from lighting equipment, which
is typically present in much greater intensity compared with the signal from alpha-induced
fluorescence. . Although operating in dark or special lighting conditions alleviates this problem
somewhat, it is not possible in the field where a variety of environments provide a variety of
lighting conditions with which any viable detector must be able to cope. The variability of
lighting levels over short time periods, especially from natural light sources, means that
subtracting the background is not yet a viable option, and filtering causes an unwanted
attenuation of the signal as well as removing background light. Ivanov et al had some success

in using a solar blind CCD camera [C11] which could image UV fluorescence in daylight.

Therefore, this research has focused on a detector which is less affected by natural and artificial
light, the UVTRON by Hamamatsu. This detector is designed to detect UVC emissions from
flames for use in fire detection systems and to have a negligible background count in normal
indoor lighting. Experiments were carried out to determine if the UVTRON was able to detect
the UVC fluorescence photons generated by an alpha source, and the effect of different gas
atmospheres on this detection.

Materials and Methods:

Experiments were carried out at the National Physical Laboratory in Teddington, Middlesex.

The set up for the experiments was as follows (see Figure C 1);
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Figure C 1: Schematic of equipment set up
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A 2% source of 6.95 MBq was placed in close proximity to the UVTRON detector
(Hamamatsu, R9533, R1753-01 and R259), with an approximate separation of 20 mm between
the source and detector. °Po decays through alpha emission only, with a very low X/y
emission intensity (see reference 13 for 22°Po nuclide table), eliminating the possibility of other
radiations generating a response from the UVTRON, either through direct interaction or
secondary effects.

Experiments were run with the source inside a gas flow box (see Figure C 2) with a window
of 2 mm thick synthetic fused silica (Spectrosil©) which is specifically designed for deep UV
(UVC) applications as it allows UVC to pass with little attenuation (<10%). During testing,
the gases were flowed over the source using a small flexible pipe of 1 mm bore diameter. As
the effect of different gases atmospheres on alpha induced fluorescence have been tested in
the past and there is much prior literature, this work tested out a possible field-operable gas
delivery method which could be used where a complete gas atmosphere is not possible. Due
to the flowed delivery system the gas composition at the source was therefore a mix of air and
sample gas, assumed to be dominated by the sample gas in the vicinity of the source. However
the exact composition was not directly measured and the chamber was not completely filled
so it is not possible to provide accurate composition. Quenching by Oxygen is presumed to be
reduced as Oxygen in the vicinity of the source would have been displaced by the sample gas.
Again, this was not quantifiably measured.

210p 4 UVTron Gas flow plpe

' o
> S
b 11

P2

Figure C 2: Photographs a) and b) showing the 2'°Po source inside the gas flow box (silver disk
with mesh surface and yellow edge) and the UVTRON (small glass bulb), attached to the grey
box housing the detector electronics. In photograph b) to the left and above the source can be
seen the tube through which the gas was flowed over the source.

The lab in which the experiments were carried out had no windows and conventional strip
lighting. This lighting remained on for the duration of all experiments. The background count
rate was found to be 2.224 x 10 + 7.034 x 10 counts per second. This was less than 1% of

the count rate of all other experiments.
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UVTRON detectors utilise the photoelectric effect and gas multiplication to generate an output
pulse when a photon is incident on the photocathode. The UVTRONS used in this research
have a Ni cathode which is insensitive to photons with a wavelength of greater than 260 nm.
This makes them effectively solar blind (see Figure C 3).
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Figure C 3: Spectral response of UVTRON in comparison to sunlight, Tungsten light and gas
flame [C12]

In order to verify that the signal being received by the detector was indeed air fluorescence
and not due to other emissions from the source, an optical black out cloth, a piece of paper or
a sheet of fused silica were placed between the source and detector. With the optical cloth or
the paper the observed CPS immediately reduced to zero, returning to its former value when
removed. The sheet of fused silica resulted in a negligible drop in counts per second. As the
signal was transmitted through the fused silica window, but not through the paper or black out
cloth, verification was made that the detector was detecting UVC photons from the alpha

source and not X/y/p radiation.

Results:

With the equipment and source as detailed above over a period of approximately 16 hours

(60,871 s), 19,978 pulses were counted, giving an average of 0.3280 counts per second.

Five different gas environments were compared to air. These were selected following research
into gases which were both likely to ionise at suitable energies and to emit photons of the

required wavelength. The results are shown in Table C 1.
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Table C 1. Variation in average CPS by gas - in comparison to air

Air Nitrogen  Xenon P10 Neon Krypton
Gas flow rate
(ml/min) - 65 50 60 40 55
Average CPS 3.28 3.40 5.00 4.34 413 4.05
E-01 E-01 E-01 E-01 E-01 E-01
uncertainty +2.32 +9.35 +1.09 +9.25 +1.05 +1.07
E-03 E-03 E-02 E-03 E-02 E-02
% increase from
air - 3.61% 52.47% 32.21% 25.87% 23.26%

There was an increase in the average CPS for all gases compared to the air atmosphere. Xenon
provided the greatest effect, with a 52% increase in the average CPS compared to air. This
new finding is most significant as it may provide a way to enhance fluorescence detection in
the UVC wavelength range.

Nitrogen showed only a small increase, which could be accounted for within the uncertainty
and therefore may not be an actual observed increase. As this is the primary constituent of air
and is known to enhance fluorescence in the 300-400 nm wavelength range [C1, C2, C5, C6,
C8, C9] this result was unexpected. It may be indicative that Nitrogen can be ruled out as the
primary source of fluorescence in the UVC wavelength range. There were no indications from
the other gases that one of these is the primary source. However the aim of the experiments
was to test out the sensor and gas delivery system and not to determine the cause of UVC
fluorescence.

For each of the experiments carried out with the ?!°Po source, the pulse shape of the output
from the UVTRONSs showed no distinguishable difference. Figure C 4 shows a comparison of
the shapes of a single pulse from each of the gas experiments. From this it can be seen that it

is not possible to differentiate one gas from the other in terms of the pulse shape.
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Figure C 4: Pulse shape comparison of different gas atmospheres
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Appendix D

Outdoor experiments data

Conclusions from outdoor readings: The result of readings taken outdoors is
inconclusive. There appears to be an increase in count when there is an increase in
temperature, in general. However, this can not be quantified or predicted by the results
and is observed as a general trend. The weather conditions and therefore light levels
appear to have no effect on the background count.

It is therefore tentatively put forward that temperature may affect the UVTRON count,
with an increase in the temperature around the UVTRON corresponding to an increase
in the count. It is therefore likely that it is not light levels which affect the background
count outdoors, but the temperature.

These are both positive results in terms of use of the UVTRON in the field. Light
conditions are more difficult to control than the sensor temperature, which could be
regulated by consistent monitoring and cooling aides. Further experimentation is
required on the effect of temperature on the UVTRON, and to fully confirm that outdoor
lighting levels do not affect the count.

Table D 1: Table of outdoor and indoor background readings

MAX MIN Average
Outdoor 1 — UVTRON in shade 3.89x 10°® 056x10°% | 2.04x10°
Outdoor 2 — UVTRON in direct 16.7 x 1073 1.1x 103 8.97 x 103
sun
Outdoor 3 — UVTRON in direct 248 x10% | 2754x10° | 15.16x 107
sun
Indoor readings CPS +
NPL 2.224 x 10° | 0.7034 x 1073
NPL2 1.48 x 1073 0.53x 10°
NPL 3 1.41x 103 0.150 x 10
Lancaster university 2.3x 103 0.09 x 10’
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Outdoor daylight tests - UVTRON in shade

--------- Day 1 - Light cloud with sun
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Figure D 1: Graph of outdoor daylight tests of the UVTRON
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Figure D 2: Graph of outdoor daylight tests in full sun
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Figure D 3: Graph of results of outdoor count
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Outdoor temperature
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Figure D 4: Graph of temperature readings whilst count was being taken
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