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•	Technology project.
•	2 years @0.3FTE, ~$20k
Aims

•	Colleagues at the University of Oxford (UK) have recently 
developed a new type of “direct” (on-chip) ion detection.  

•	 In collaboration with them, and starting from their current state-
of-the-art prototype detectors [Winter et. al., 2016] we would 
develop and investigate the use of these detectors for high-
sensitivity molecular detection applications.

•	This work would be a fusion of new technology with our 
expertise of the fundamentals of molecular detection and 
instrument design. 

Further project progress details at http://femtolab.ca?cat=90 
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a b s t r a c t

Recently, we described a direct low-energy ion detector for time-of-flight applications based on a single-
photon avalanche diode (SPAD) array optically coupled to an LYSO (cerium-doped lutetium yttrium
orthosilicate) scintillator. Here, we present a greatly improved version of the detector, developed through
testing of a number of different scintillator and phosphor materials in combination with a commercially
available SPAD array. The various scintillator materials have been characterized in terms of the achievable
detection sensitivity and time response when used in conjunction with the SPAD array. Organic para-
polyphenylene dyes, a relatively new class of scintillator for particle detection, were found to exhibit
markedly improved performance relative to well-established scintillators such as LYSO crystal scintilla-
tors and P47 phosphors, both in terms of brightness and time response. The optimized detector has a time
resolution of ∼2 ns, an improvement of more than an order of magnitude over the original version, at
the same time as achieving a five- to ten-fold improvement in detection sensitivity. Our approach points
the way towards the development of a generic silicon-based ion detector technology to complement or
replace the microchannel-plate (MCP) ion detectors in widespread use at present. Such a detector would
remove the need for high voltages and high vacuum, and at the same time greatly reduce detector cost
relative to MCP-based detectors.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The ability to measure the arrival time of a charged particle with
high sensitivity and high precision is a key experimental require-
ment in many areas of chemistry and physics. Detectors with such
capabilities are required in areas ranging from gas-phase reaction
dynamics [1,2] and particle physics [3] to medical imaging [4].
However, perhaps the largest area of application is time-of-flight
(ToF) mass spectrometry, in which precise and accurate arrival time
measurements must be made for ions accelerated to energies of up
to 20 keV.

In addition to exhibiting high sensitivity and time resolution, an
ideal ToF detection system should have a high saturation thresh-
old, a mass-independent response, and be sufficiently robust to
resist damage under a range of operating conditions. Low main-
tenance requirements and/or replacement costs are also desirable.

∗ Corresponding author. Tel.: +44 1865 275179.
E-mail addresses: benjaminwin@aol.com (B. Winter),

simon-john.king@chem.ox.ac.uk (S.J. King), mark.brouard@chem.ox.ac.uk
(M. Brouard), claire.vallance@chem.ox.ac.uk (C. Vallance).

The simplest ToF detectors rely on direct charge detection at a Fara-
day cup or plate. While offering universal detection for particles
of any mass, the ion currents recorded are generally at the sub-
femtoampere to picoampere level, yielding low sensitivity. This is
true even with substantial amplification, which is often achieved
at the expense of time resolution. More commonly, the detector
is comprised of a particle multiplier or one or more microchannel
plates (MCPs) [5,6]. An ion incident on such a detector elicits a cas-
cade of electrons, yielding a signal amplification of several orders of
magnitude. For example, one of the most commonly used detector
configurations comprises a pair of microchannel plates mounted in
a chevron arrangement, yielding a charge amplification of around
106. The readout system for an MCP-based detector typically con-
sists either of a metal anode coupled to a fast current amplifier, or
(particularly for imaging experiments) a phosphor screen coupled
either to a photomultiplier and associated amplification electron-
ics or to a CCD or CMOS camera. The intrinsic response speed of a
microchannel plate is on the order of 100 ps or less [7], and this has
been realized in a number of cases; but the overall time response of
an MCP detector is often limited either by the time response of the
amplification electronics or by the decay lifetime of the phosphor,
if one is present [8].

http://dx.doi.org/10.1016/j.ijms.2016.01.005
1387-3806/© 2016 Elsevier B.V. All rights reserved.
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•	This is an enabling technology for high-pressure (hence portable), 
rugged and low-cost instruments, and the work so far is a “stepping 
stone on the path towards a generic silicon-based ion detector which 
would remove the need for high voltages and high-vacuum and at 
the same time greatly reduce detector cost relative to MCP-based 
detectors.” [Winter et. al., ibid].

•	Early work would be low TRL, make use of existing prototype chips, 
and involve collaboration with the University of Oxford (UK) and the 
international PImMS consortium (http://pimms.chem.ox.ac.uk).

•	This project builds new collaborations with other research 
institutions.  If successful it paves the way for portable, low-cost 
and	high-efficiency	ToF	mass	spectrometers	for	use	in	a	range	of	
in-situ detection scenarios, e.g. military, industrial, commercial, 
environmental…
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Fast sensors for time-of-flight imaging applications
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The development of sensors capable of detecting particles and radiation with both high time and high

positional resolution is key to improving our understanding in many areas of science. Example applications

of such sensors range from fundamental scattering studies of chemical reaction mechanisms through to

imaging mass spectrometry of surfaces, neutron scattering studies aimed at probing the structure of

materials, and time-resolved fluorescence measurements to elucidate the structure and function of

biomolecules. In addition to improved throughput resulting from parallelisation of data collection – imaging

of multiple different fragments in velocity-map imaging studies, for example – fast image sensors also offer

a number of fundamentally new capabilities in areas such as coincidence detection. In this Perspective, we

review recent developments in fast image sensor technology, provide examples of their implementation in a

range of different experimental contexts, and discuss potential future developments and applications.

1. Introduction

Charged particle imaging is widely employed in many areas of
science, including particle physics, electron microscopy, ultra-
cold plasma dynamics, chemical photodissociation and reac-
tion dynamics, and imaging mass spectrometry. Imaging is
often carried out in tandem with a time-of-flight measurement,
which allows particles to be separated according to their kinetic
energy, velocity, or mass. As the name suggests, a time-of-flight
measurement records the distribution of flight times over a
fixed distance for a population of particles released from a
source at a well-defined time. Under field-free conditions,
the flight time provides a measure of the particle velocity,
and therefore its kinetic energy, and provides a means for
measuring velocity or kinetic energy distributions for the
population of particles. Alternatively, the particles may be
accelerated through an electrostatic potential, V, to a kinetic
energy given by K = qV = 1

2mv2, where q,m and v are the particle’s
charge, mass, and velocity, respectively. Particles of different
mass are therefore accelerated to different velocities, and for a
given acceleration potential, each mass has a characteristic

arrival time at the detector. Such a measurement forms the basis
of time-of-flight mass spectrometry, a ubiquitous technique in
the analytical sciences for identifying and quantifying chemical
species in a wide variety of contexts.

The detection scheme employed in a particle imaging
experiment depends upon the particle energy. Three generic
approaches are illustrated schematically in Fig. 1. High energy
particles, with energies in the range of hundreds of keV or
higher, are generally imaged by employing a scintillator screen
to convert the charged particle image into an optical image,
which is then captured by a photomultiplier or silicon pixel
array (Fig. 1(a)). It is also common to use pixelated silicon
detectors directly, as the incident particles deposit enough
energy into the silicon to be registered. At lower incident
particle energies, scintillators become inefficient, and alterna-
tive detection schemes are required. Typically, one or more
microchannel plates are used to convert the incident charged
particle into a burst of electrons, which is then incident on a
phosphor screen (Fig. 1(b)) or delay line anode (Fig. 1(c)). In the
former case, the optical image on the phosphor screen is
recorded using a CCD (charge-coupled device) or CMOS (com-
plementary metal-oxide semiconductor) camera, while in the
latter case the position of each charged particle impact is
determined by recording the time taken for the resulting
current pulse to reach either end of a pair of wires coiled along
the x and y axes of the anode.

While the detection schemes outlined above are extremely
sensitive, with the ability to detect individual charged particles
in most cases, they are limited in their timing and throughput
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capabilities. A delay line measurement takes around 100 ns,
including the time required to reset the electronics for the next
measurement. Most delay lines can therefore locate one particle in
position and time everyB100 ns, with some of the more advanced
detectors1 incorporating additional anodes to reduce the measure-
ment dead time further to around 10 ns or better. Detection of
several individual particles with flight times separated by more
than the measurement time is therefore possible. However, the
ability to detect just one (or a few) particles at a time across the
whole detector means that in experiments employing delay lines,
signal levels must be kept very low, typically to less than one event
per cycle, and repetition rates in the kHz range or higher are
required in order to allow data acquisition to proceed at a reason-
able rate. Phosphor-based detectors are capable of detecting large
numbers of particles simultaneously, but phosphors that are
sufficiently bright for use in such detectors tend to have relatively
long emission lifetimes of around 100 ns or more, limiting the
achievable time (and therefore mass or energy) resolution. More
importantly, the frame rates of most CCD or CMOS cameras used
to capture images from the phosphor only permit acquisition of
one image per time-of-flight cycle. In an ion imaging experiment,
this is not a limitation if there is only one ion of interest to be
imaged, as the microchannel plates or an image intensifier posi-
tioned in front of the CCD/CMOS sensor can be time-gated to the
arrival time of the ion of interest. However, in experiments for
which there is a desire to record multiple images on each
experimental cycle, this must generally be achieved by repeating
the image acquisition sequence with a number of different time-
gates, which quickly becomes a time-consuming process.

Recently, there have been a number of advances in CCD and
CMOS image sensor technology which promise to deliver a new
generation of detectors combining the best features of each type of
detector described above. Such detectors are capable of recording
the positions and arrival times of large numbers of particles on
every time-of-flight cycle. In this Perspective we will outline the
technology underlying these new detectors, and provide an over-
view of the exciting new science which they are already enabling.

2. Image sensor technology

The CCD, or charge-coupled device, was first developed in 1969
by Boyle and Smith2 at AT&T Bell Labs. The device was designed

to transfer charge in a controlled way along the surface of a
semiconductor between a series of storage capacitors, and
formed part of a larger project aimed at developing shift
registers for new types of memory device. Though Boyle and
Smith were concerned purely with developing memory devices,
the first publication describing the device2 also listed potential
applications as a delay line and as an imaging device. The first
experimentally realised CCD imaging device was described by
Tompsett and coworkers3 in 1971.

CCD image sensors are essentially very simple devices for
storing and transferring charge. The principle of operation is
shown schematically in Fig. 2. The device consists of an array of
pixels, with one column of pixels constituting the output

Fig. 1 Particle detection schemes: (a) high-energy charged particles can be detected using a scintillator in combination with a pixel or photomultiplier
array; (b) low energy particles can be imaged at high count rates using one or more microchannel plates in combination with a phosphor screen and a
camera, and at low count rates using (c) one or more microchannel plates in combination with a delay-line anode.

Fig. 2 Schematic illustrating the operation of a simple CCD device (see
text for details): (a) charge collection within a pixel; (b) charge transfer
within a pixel; (c) sensor readout; (d) a frame-transfer CCD, in which each
pixel contains a light sensitive element and an array of memory registers,
allowing multiple images to be stored on-chip before sensor readout.
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THEORY OF OPERATION 
Figure 2-4 illustrates the basic operation of a CEM. An ion striking the input face of the device 
typically produces 2-3 secondary electrons. These electrons are accelerated down the channel 
by a positive bias. The electrons strike the channel walls, producing additional electrons (and so 
on) until, at the output end a pulse of 107 to 108 electrons emerges. For positive ions, the input 
is generally at a negative potential of 1200 to 3000 volts and the output is at ground. For 
detection of negative ions, the input is generally at ground or some positive potential and the 
output is at a high positive voltage. This, of course, requires some form of decoupling in order to 
handle the high voltage signal. Some methods for accomplishing this will be discussed in 
Chapter 3.

 
Operational Parameters 
Material properties, processing, and physical geometry can all play an important role in the 
performance of a Channeltron® CEM. Figure 2-5 shows a cross-sectional view of the active 
surface of a CEM. Secondary emission takes place within the first 200Å of the surface.
Underneath this is a conductive layer several hundred to several thousand angstroms thick. 
The following are some of the more important parameters to consider when using CEMs in 
mass spectrometry applications:

Figure 2-4 Basic Operation

Figure 2-5  
Cross-sectional View 
 Surface Structure of CEMs

12

Gain
The gain of a CEM is defined as the ratio of the output current to the input current (Io/Ii). Gain is, 
in general, a function of the secondary emission coefficient (δ) of the glass, the applied voltage 
(Vcem), and the length-to-diameter ratio (l/d ) of the tube1. Figure 2-6 shows a typical gain vs 
voltage curve for a CEM. As the voltage applied to the CEM is increased, a point is reached 
where space charge saturation occurs. This happens when secondary emission approaches 
unity due to positive wall charging at the output end of the channel. At this point, the gain vs 
voltage characteristic becomes highly non-linear. The desired operating point on the curve is 
determined primarily by whether the CEM is to be operated in the analog or pulse counting 
mode (ref. Chapter 3).

Early in the development of CEMs, it was discovered that gains in excess of about 104 to 105

could not be sustained in straight channel geometry devices2.  This is due to the high electron 
densities existing within the channel near the output end. Gasses adsorbed on the surface of 
the walls are desorbed and ionized, forming positive ions. These ions travel back toward the 
input of the device. When they strike the walls near the input, they produce secondary electrons
which are subsequently amplified and detected at the output end as a noise pulse (i.e. not due 
to an incident particle, but generated within the CEM itself). This phenomenon is known as ion 
feedback. Curving the channel effectively minimizes this problem by preventing desorbed ions 
from traveling far enough to gain sufficient energy to produce secondary electrons. This 
enables devices to be constructed which produce analog gains of 107 or more and saturated 
(pulse counting) gains in excess of 108.

Pulse Height Distribution (PHD) 
PHD is the distribution of the amplitude of CEM output pulses. A typical PHD can be obtained 
by feeding the CEM pulses into a device called a multi -channel analyzer (MCA). The MCA 
assigns a value to each pulse based on its amplitude and also counts and displays the number 
of pulses recorded at each value. CEMs designed for analog operation generally produce a 
negative exponential PHD curve (see Figure 2-7). Pulse counting CEMs produce a quasi-

Figure 2-6 Typical Gain Characteristic (4700 and 4800 Series)

(1) Gain

(2) Detection
Channeltron Handbook (Burle)
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capabilities. A delay line measurement takes around 100 ns,
including the time required to reset the electronics for the next
measurement. Most delay lines can therefore locate one particle in
position and time everyB100 ns, with some of the more advanced
detectors1 incorporating additional anodes to reduce the measure-
ment dead time further to around 10 ns or better. Detection of
several individual particles with flight times separated by more
than the measurement time is therefore possible. However, the
ability to detect just one (or a few) particles at a time across the
whole detector means that in experiments employing delay lines,
signal levels must be kept very low, typically to less than one event
per cycle, and repetition rates in the kHz range or higher are
required in order to allow data acquisition to proceed at a reason-
able rate. Phosphor-based detectors are capable of detecting large
numbers of particles simultaneously, but phosphors that are
sufficiently bright for use in such detectors tend to have relatively
long emission lifetimes of around 100 ns or more, limiting the
achievable time (and therefore mass or energy) resolution. More
importantly, the frame rates of most CCD or CMOS cameras used
to capture images from the phosphor only permit acquisition of
one image per time-of-flight cycle. In an ion imaging experiment,
this is not a limitation if there is only one ion of interest to be
imaged, as the microchannel plates or an image intensifier posi-
tioned in front of the CCD/CMOS sensor can be time-gated to the
arrival time of the ion of interest. However, in experiments for
which there is a desire to record multiple images on each
experimental cycle, this must generally be achieved by repeating
the image acquisition sequence with a number of different time-
gates, which quickly becomes a time-consuming process.

Recently, there have been a number of advances in CCD and
CMOS image sensor technology which promise to deliver a new
generation of detectors combining the best features of each type of
detector described above. Such detectors are capable of recording
the positions and arrival times of large numbers of particles on
every time-of-flight cycle. In this Perspective we will outline the
technology underlying these new detectors, and provide an over-
view of the exciting new science which they are already enabling.

2. Image sensor technology

The CCD, or charge-coupled device, was first developed in 1969
by Boyle and Smith2 at AT&T Bell Labs. The device was designed

to transfer charge in a controlled way along the surface of a
semiconductor between a series of storage capacitors, and
formed part of a larger project aimed at developing shift
registers for new types of memory device. Though Boyle and
Smith were concerned purely with developing memory devices,
the first publication describing the device2 also listed potential
applications as a delay line and as an imaging device. The first
experimentally realised CCD imaging device was described by
Tompsett and coworkers3 in 1971.

CCD image sensors are essentially very simple devices for
storing and transferring charge. The principle of operation is
shown schematically in Fig. 2. The device consists of an array of
pixels, with one column of pixels constituting the output

Fig. 1 Particle detection schemes: (a) high-energy charged particles can be detected using a scintillator in combination with a pixel or photomultiplier
array; (b) low energy particles can be imaged at high count rates using one or more microchannel plates in combination with a phosphor screen and a
camera, and at low count rates using (c) one or more microchannel plates in combination with a delay-line anode.

Fig. 2 Schematic illustrating the operation of a simple CCD device (see
text for details): (a) charge collection within a pixel; (b) charge transfer
within a pixel; (c) sensor readout; (d) a frame-transfer CCD, in which each
pixel contains a light sensitive element and an array of memory registers,
allowing multiple images to be stored on-chip before sensor readout.
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Scintillator & sensitive single or array optical detector...?

ADVAPIX

Recording:
• position
• energy/wavelength
• time-of-arrival

The next generation of 
radiation imaging detectors

of every detected photon 
or particle

The first truly 
spectral imaging 
detector in 
the world

Event-driven readout

Recording a list of all events rather 
than just images

Position, energy and time-of-arrival is 
measured for every detected quantum

Uncompromised spectral imaging1

2

3

4

Version 1.0

 

www.advacam.com

TPX3

• Readout chip type Timepix3

• Spatial resolution 256 x256 pixels, 55 µm pitch

• Time resolution 1.6 ns

• Interface USB 3.0 (Super-Speed)

• Power External or via second USB 3.0

• Max. readout speed 40 million pixels / s

• Dimensions   125 x 79 x 25.5 mm

• Weight 503g

Main Features Hamamatsu multi-pixel photon 
counter (MPPC)

Advacam 
AdvaPix3
(with CERN’s 
Timepix chip)
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Scintillator screens by vacuum deposition of laser dye.
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VIRP chamber
- Vaccum Instrument Rapid Prototyping chamber
-	Small	&	efficient
-	Test	configurations	can	be	constructed	and	
tested on few-hour timescales
- Testing for spectrometer stacks, detectors, new 
materials... &c &c...
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Hamamatsu MPPC catalogue
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Channeltron 
Handbook (Burle)
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m i n i  To F

Time-of-flight	Spectrometer	stack
- Space-focussing Wiley-MacLaren spectrometer
- Minaturized design
- Rugged
- Optimised for low-energy particles

Mini e-beam
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Successes
•	Entry into new technologies
•	Scintillator preparation
•	VIRP chamber
•	Hardware interfacing, software development
•	Prototype operation demonstrated
•	PImMS camera also trialled (see later)
•	Future directions clear...

Issues & problems
•	Tech development requires a lot of person 

hours
•	Full characterisation very time-consuming
•	Emerging on-chip detectors from large 

collaborations (PImMS, CERN) now becoming 
available...
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Large collaborations now have chips commercially available, including 
“direct” and optical versions. In particular, CERN’s Timepix chip...
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... and the PImMS camera from the team at Oxford.
We already gained some experience with PImMS as part of the project.

JCP press release!
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So...
•	Current Direct Ion project to wrap-up this year.
•	 Ideas, expertise and equipment to roll back into our foundational 

work (investment so far is not shelved!).
•	Bridge-building with Oxford (PImMS) and CERN (Timepix)...

...new work, with the new chips, to begin FY2019 or FY2020.


