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Performance of a compact position-sensitive photon counting detector
with image charge coupling to an air-side anode
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ABSTRACT
We discuss a novel micro-channel plate (MCP) photomultiplier with resistive screen (RS-PMT) as a detection device for
space- and time-correlated single photon counting, illustrated by several applications. The photomultiplier tube
resembles a standard image intensifier device. However, the rear phosphor screen is replaced by a ceramic “window”
with resistive coating. The MCP output is transferred through the ceramic plate to the read-out electrode (on the air side)
via capacity-coupling of the image charge. This design allows for an easy reconfiguration of the read-out electrode (e.g.
pixel, charge-sharing, cross-strip, delay-line) without breaking the vacuum for optimizing the detector performance
towards a certain task. It also eases the design and manufacturing process of such a multi-purpose photomultiplier tube.
Temporal and spatial resolutions well below 100 ps and 100 microns, respectively, have been reported at event rates as
high as 1 MHz, for up to 40 mm effective detection diameter. In this paper we will discuss several applications like
wide-field fluorescence microscopy and dual γ/fast-neutron radiography for air cargo screening and conclude with an
outlook on large-area detectors for thermal neutrons based on MCPs.
Keywords: wide-field FLIM, TSCSPC, neutron radiography, cargo inspection, PET, scintillator imaging, single photon
counting, TOF, MCP photomultiplier, image intensifier, delay-line anode, image charge coupling, resistive screen.

1. INTRODUCTION
Photomultiplier tubes with micro-channel plates (MCPs) are widely used to intensify faint photon fluxes in the near-UV,
visible and near-infrared wavelength regimes.1 When such an MCP-PMT image intensifier is equipped with double- or
triple-stacked MCPs and operated in gain saturation, single photons at lowest count rates can be imaged. The common
ICCD cameras use an (often cooled) CCD sensor coupled to a phosphor screen inside an MCP tube for this purpose. For
most crisp and background-free imaging at lowest photon flux, as for example required in Astronomy, the phosphor
screen/CCD method is often replaced by a single-pulse counting read-out anode with adequate electronics.2-5
For time-of-flight (TOF) applications the charge cloud from the MCP stack is collected on a simple metal plate from
where a narrow signal can be picked up. Adequate amplification and timing discrimination circuits can yield a temporal
precision well below 100 ps for determining the moment of photon impact. Pixelating such an anode and parallel readout of all pixels would be the most straightforward and top-performing solution but is technically so difficult that
alternative techniques, utilizing fewer electronic channels, had to be developed in the past. Besides the electronic
complexity of the many-pixel approach, feeding such a multitude of contacts through the tube rear wall poses a major
mechanical challenge as the number of feed-throughs increases and thus the risk for vacuum leaks.
An alternative approach avoiding too many feed-through contacts is integrating the anode into the tube’s rear wall,
effectively bringing the spatial and temporal properties of the charge cloud exiting the MCP stack towards the tube’s air
side. For this we have developed the Resistive-Screen MCP photomultiplier (RS-PMT) design (patented).
1.1 The Resistive-Screen MCP photomultiplier (RS-PMT)
The mechanical design of an RS-PMT is very similar to a standard image intensifier tube with phosphor screen behind
the MCP stack on a glass window, incorporated vacuum-tight into the tube’s rear wall. At the same place an RS-PMT
contains a ceramic disc as a “window” instead, serving as a substrate for a highly-resistive layer (rather than a phosphor
screen) on its inside surface. The resistive layer, only few 100 V more positively biased than the MCP exit, collects the
charge cloud which will eventually dissipate towards the metal rim contact of this “resistive screen”. Due to its high
*
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resistance, charge dissipation takes significantly longer than the collection of the charge cloud from the MCPs: the
footprint of the charge cloud is preserved for a while so that an image charge will build up on a metal plate that is placed
on the far side of the ceramic substrate, i.e. outside the tube (see Figure 1).6,7
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Figure 1. Image of a RS-PMT (left: rear view of a 25 mm active RS-PMT, manufactured by Proxitronic GmbH). The photocathode converts photons to photo-electrons which are then multiplied by an MCP stack. The charge cloud exiting the MCPs is
collected on the resistive screen (here: Germanium coating). The image charge from the charge cloud footprint can be detected
outside of the tube with an electrode (array), maintaining precise information on its position center (centroid) and timing. The
distance between the photo-cathode and MCP stack is in the order of 0.1 mm while the distance of the MCP exit to the screen is
in the order of 1 mm.

To stress the analogy further: while a phosphor screen transmits electromagnetic radiation in the form of light through
the glass, the dynamic build-up of the charge on the resistive screen emits microwaves: the time constant of the charge
cloud settling on the resistive screen is in the order of nanoseconds. This gives rise to an equally fast build-up of a charge
pulse on a pick-up “anode”, e.g. a metal plate or an electrode array, which is placed on the opposite side of the ceramic
“window”. Spatial and temporal properties of the picked-up image charge pulse are very similar to what a metal anode
inside a tube would measure (see Figure 2).
The pick-up “anode” for the image charge can be structured into several pixels or specific electrode shapes according to
typical position read-out methods like Wedge&Strip or Delay-Line techniques. The pick-up anode does neither have to
be bakeable nor UHV-compatible. Pick-up electrodes can also be embedded, for example in form of a multi-layer
printed-circuit board (PCB).

Figure 2. Image charge pulses picked up from a simple metal anode which is placed in contact with the ceramic rear wall (air
side) of the RS-PMT shown in Figure 1, after amplification and shaping by an amplifier (the natural signal width is smaller).

Proper choice of the sheet resistance on the screen ensures a transparency of nearly 100% for the charge transfer and the
temporal response is on the same scale as electron cloud settling on the resistive sheet. Only the size of the footprint is
broadened due to the undirected emission characteristics of the microwaves, depending on the thickness and dielectric
constant of the rear wall.8 This, however, can even be beneficial since many types of structured pick-up anodes require a
footprint size of a few mm for determining the position of the detected particle/photon by centroiding the charge cloud
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footprint with high precision. Furthermore, for such anodes, the image charge broadening may be the only option for
applications in high magnetic field environments where the formation of spatially extended charge clouds is prevented.
A major advantage of the RS-PMT (besides of its comparably simple design, making it suitable for mass production) is
decoupling the tube manufacturing from the choice of read-out anode which can be reconfigured depending on the
application. As long as the “perfect” read-out anode, combining high rate capability (zero dead-time), high spatial and
high temporal resolution does not exist, a variety of different single particle read-out schemes must be applied for
specific tasks, each one compromising on performance in another aspect. For example, classical charge-sharing anodes
like the Wedge-and-Strip (W&S)9 or Resistive Anode Encoder (RAE)10 achieve high spatial resolution but have a large
dead-time. Pixel anodes, on the other hand, have a high throughput with parallel read-out, but the number of pixels and
thus the spatial resolution is practically very limited. However, most existing read-out schemes can be applied on the
same RS-PMT “standard” detector head for single photon counting in a certain wavelength regime.
The application range of this technique can be extended to particle and UV/X-ray detection with flange-mounted open
face MCP detectors operating in high vacuum environment, reconfigurable with an anode of choice outside the vacuum
vessel and its read-out electronics circuits placed close-by. To date, RS-PMTs have been built for up to 40 mm active
diameter, also as open-face mount for vacuum applications. A 75mm active diameter version is in design phase.
1.2 Read-out anodes for the RS-PMT
On RS-PMT-type detectors several read-out anodes have been successfully employed, among those are RAE, W&S-type
anodes,11 (multi-) Quadrant Anodes (QA, MA)12 and Delay-Line Anodes (DLA)13. We favor the use of DLA due to its
high-rate performance and low dead-time and because of its long-established electronic read-out technique (standard
timing discriminators and digitizers, which are commonly employed also for TOF applications). It should be noted that
while any of the above-mentioned position read-out concepts can be combined with timing pick-up from the MCP stack,
only the DLA technique contains this option already intrinsically.
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Figure 3. Image of a shadow mask in front of a 25mm active RS-PMT (left picture).The barrel distortion is due to the tails of the
image-charge footprint. Although its FWHM is only about 2 mm for a 1 mm thick rear wall (see right), a significant portion will
be lost when the centroid is closer to the metal rim contact of the ceramic disc: part of the image charge is out of the detection
boundary.

A feature of the RS-PMT is a barrel distortion in the image response due to large tails of the footprint shape. Linearity
distortions on the outer detection diameters are a common problem of many read-out techniques using an extended
charge cloud footprint which can partially wander off the anode border for counts near the rim. This effect is remarkably
prominent on the RS-PMT because the footprint width cannot be controlled by an electrostatic field. On the other hand,
this barrel distortion can easily be accounted for by a simple radial correction function.11 The advantage is that the image
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charge footprint size or shape has a simple geometrical origin and is neither affected by the number of electrons in the
charge cloud nor by electrostatic stray fields or magnetic fields.
We have investigated several versions of image-charge sensitive delay-line anodes in the past. The signal pick-up circuit
consists of a row of straight collection strips for each dimension which are placed in separate layers. The basic version of
the image-charge Delay-Line Anode consists of two layers, one for the X and one for the Y dimension, arranged in
perpendicular “Cross Delay-line” orientation (CDL). The so-called “Hexanode” geometry uses three layers of strip rows
(see Chapter 3). The strip arrays are on the front and back side of a thin PCB (for CDL) or embedded in a multi-layer
substrate. The collection strips are shaped as chains of pads to minimize capacitive cross-talk between layers, with
different pad sizes to ensure almost equal signal pick-up amplitudes on each layer. The distance between the strips (pitch
is typically 2 mm) is chosen so that the image-charge footprint covers several of them simultaneously (see Figure 4). The
strips of each layer are connected to a meander-shaped (delay-line) track or are interconnected via a network of coils
with capacitors to ground, forming a discrete LC-delay-line chain.
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Figure 4. Delay-line anode pickup layer as a strip row (left picture) with a charge cloud footprint indicated (green). The empty
space in between is covered by pickup strips on other layers beneath or in front. The rows are connected to a meander delay-line
(middle) or an LC-delay-line with discrete elements (right).

On each layer the picked-up image-charge pulse is fed into the delay-line which encodes the position of the pick-up
along its propagation direction into a time delay. Each strip contributes pulse intensity corresponding to the geometric
projection of the image charge onto the strip. The superposition of these (pulse) signals, i.e. the sum, gives rise to the
formation of a single pulse on the delay-line which will propagate in both directions towards the terminals. If pitch
distance and delay, footprint size and charge pulse duration are well matched, a broad continuous signal is superposed on
the delay-line, its maximum reflecting the projected centroid position of the image charge footprint along the delay-line
propagation direction.
The relative propagation time of the pulses to the delay-line terminals is measured by adequate electronic circuits. The
arrival time difference is a direct measure of the charge cloud centroid’s position projection in the propagation direction.
Thus, the task of measuring position is transformed into time measurement and the spatial resolution is then only
determined by the temporal resolution of the timing electronics. For typical delay-line arrays of a RS-PMT 100 ps
temporal resolution will correspond to about 50 micron spatial resolution. Usually, constant fraction discriminators
(CFD) and time-to-digital converters (TDC) as used for TOF detectors are employed for this task. The small signals from
the delay-line terminals need to be amplified first. Temporal resolution will ultimately be limited by the signal-to-noise
ratio and the walk/jitter of the timing circuits.
In this paper we will present the latest developments and applications of RS-PMTs with delay-line read-out, giving
examples of achieved performance parameters. We will conclude with an outlook on the perspectives of the RS-PMT
technique for developing large-area sensors for photon, charged-particle and thermal/cold neutron detection.

2. TIME-CORRELATED MICROSCOPY
The RS-PMT has been used for Fluorescence Lifetime Imaging Microscopy (FLIM) because of its unique potential for
high-resolution Time- and Space-Correlated Single Photon Counting (TSCSPC)14,15. As an alternative to scanning
techniques it is especially useful for minimal-invasive and long-term observations of living cells without inducing
significant bleaching or photodynamic reactions. Read-outs with Delay-Line Anodes and charge-sharing methods like
Multi-Anodes (MA) or Quadrant Anodes by now have reached the development stage of commercial products.
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By using an LC-delay-line read-out as described above it was possible to achieve a spatial resolution well below 100
micron FWHM spatial and < 40 ps FWHM temporal resolution at up to one million counts per second throughput on a
40 mm circular field-of-view (see Figure 5). Electronic dead-time is below 100 ns and even pairs of correlated photons
arriving simultaneously could be recorded by upgrading to a Hexanode read-out (see Chapter 3).
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Figure 5. Pin hole masks in front of the detector and microscope calibration targets where used to determine the spatial resolution
of a 40 mm RS-PMT (manufactured by Photek Ltd.) with cross delay-line anode. The spatial resolution was estimated to 60
micron (75 micron at 1 MHz throughput). Reprinted from Stepanov et al., Proc. SPIE, 7376(2010), 73760Z.15

The delay-line method has the advantage that the spatial resolution does not depend on the size of the active area. If the
anode size is increased, the number of useful digital pixels (pixel size defined by electronic temporal resolution) will
increase proportionally (“the larger, the better”). Only for very large anode sizes (> 150 mm) and delay-line lengths (see
chapter 5) damping will compromise the signal-to-noise ratio and effectively limit the obtainable number of relevant
pixels in an image frame. A large sensor area allows for multi-imaging TSCSPC microscopy on a single sensor unit.
Quad-imagers can produce four images of about 18x18 mm each on a 40 mm active diameter sensor. The images can
relate to different filters, e.g. color and/or polarization. Increasing sensor diameter further to 75 mm is a straightforward
task currently under consideration.
Recently, we have introduced fast ADC circuits (fADC) for digitizing the analogue signals from the delay-line (position)
and the MCP (TOF). These circuits can replace the common CFD/TDC setups. Tests have shown that fADCs with a
sample rate of “only” 2.5 Giga-Samples per second can be used as remarkably precise time digitizers with 5 ps FWHM
resolution for digital signals like NIM level transitions. The final goal is bypassing the need for standard CFD technique
(which has some practical flaws) and to collect as much information on the signal (such as pulse height and width). The
latest fADC generation combines a sufficient sample rate with high data throughput. Determining pulse centroids in time
domain can be effectively achieved by software. First tests show that fADC units can achieve a temporal resolution that
is comparable to or even better than the best commercial CFD/TDC units (see Figure 6), and they can effectively operate
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at a high throughput. In the near future we plan to replace the CFD/TDC electronic for the position and time
measurement by fADC units which may further improve temporal and spatial resolution.
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Figure 6. Trigger signal und test pulses with continuously varying pulse heights and width similar to amplified MCP signals from a
detector (left image, only few pulse traces are shown) were sampled at 2.5 GS/s with an fADC unit. Pulse fitting for each signal
allows determining each pulse’s centroid, i.e. the time information, with much higher precision than the sample point step of 400
ps. The right image shows temporal precision obtained by this method as function of pulse height. The broken lines indicate pulse
heights of 30%, 60% and 90% of full range where line scans yield temporal resolution FWHM values of 36, 22 and 18 ps,
respectively.

3. RS-PMT READ-OUT WITH HEXANODE
The two-layer Delay-Line Anode in form of a CDL is fully sufficient for precise imaging of single photons or particles.
However, a third layer can be very beneficial for some applications. The so-called Hexanode has three independent
layers, typically in a symmetric geometry at relative angles of 60o (patented technique). Originally, the Hexanode was
developed for open-face MCP detector systems with Helical-Wire Delay-Line Anodes in molecular fragment imaging
experiments in order to improve the capability for resolving “multi-hit” events.16 These are events where two or more
particles arrive quasi-simultaneously, i.e. within the electronic dead-time. Distinguishing these is possible due to
redundant position information retrievable from the combination of any two out of the three layers. For non-correlated
particle/photon detection the advantage of a Hexanode may be small at first glance: for pulsed-source or high-rate
operation, a low dead-time is important but the use of a Hexanode can only increase the effective data acquisition speed
by a factor of two if compared to the CDL.17
However, the use of a third layer additionally allows to intrinsically control the linearity and resolution of a detector
which is of great advantage even for “simple” detection tasks such as counting statistically arriving single photons.
3.1 Position calibration with a Hexanode
Figure 7 shows in the right picture the “hex” coordinate frame with layers oriented at 60o relative angle. Measured
position (i.e. time delay) values along the direction of delay-line layers u, v and w can be translated into the position
within the Cartesian coordinate system X/Y (as is directly obtained with a CDL) by vector addition. If the hex coordinate
frame is oriented to the Cartesian coordinates like in Figure 7, the position along the X direction can be calculated in two
independent ways with the formulas:
X=-u

and X = w + v.

Likewise, the position along Y-direction can be redundantly retrieved, for example:
Y = (w - v)/√3 or Y = (2w + u)/√3.
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Ideally, position values determined by using different layer combinations for the computation will be identically, but
limited temporal resolution will lead to slightly different values. The mean value may be used, which reduces, from a
statistically point-of-view, the position error compared to measuring only a single value, like with a CDL. However, one
should not conclude from this that the Hexanode generally gives a better resolution because, on the other hand, the
signal-to-noise ratio from the Hexanode layers is inferior compared to the CDL since the image charge must be shared
between more layers. A Hexanode will on average give the same spatial resolution as the CDL, however, a detailed
analysis shows that the resolution along some spatial directions is slightly better than along others.
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Figure 7. Rear view of LC-Hexanode for a 25 mm active RS-PMT (left). Three layers of pick-up strips (chained pads, see middle
picture) are embedded in a multi-layer PCB. The last inner layer’s strip row with diamond-shaped pads (in red color) is also
faintly visible on the photograph. These strips are connected to the LC-delay line on low end and code the position along the udirection as illustrated in the right image. Two more layers’ strips are oriented at 60o relative angle and connected to the other
LC-delay-lines. The right image shows the position vectors of the Cartesian frame (i.e. as for CDL read-out) and the
correspondent vectors for the Hexanode, from which Cartesian coordinates can be calculated, detailed explanations see text.

3.2 Intrinsic linearity calibration of a Hexanode and determining resolution without a test mask
Before spatial measurements from different Hexanode layer combinations will yield the same position within the
respective resolution errors, precise calibration of the delay-lines’ time-to-position correspondences is crucial.
Production tolerances of the PCB and the discrete delay-line elements lead to deviations from design values. No test
mask image is required for this task. The relative calibration values are deduced by an algorithm from a data set which
only has to contain a sufficient number of data points, taking advantage of the Hexanode’s over-determination. Three
parameters (two relative calibration factors and one offset value) can thus be intrinsically retrieved, only a “global”
scaling value cannot be exactly determined without calibration against a known distance between any two points within
an image.
Non-linearity in the time-to-space correspondence along the delay lines will of course also deteriorate the integrity of
position measurements from different layers. The striking advantage of the Hexanode is that such linearity deviations of
delay-line layers (which are also common to CDL anodes) can likewise be determined without the need of precisely
assessing deviations from test mask images: Deviating position measurements along (for example) the X direction
between the u-layer and and calculated from w + v will mostly be dominated from non-linearity of the u-layer because a
variety of different v- and w-values contributes to a certain X position which will diminish non-linearity contributions
from these two layers. A deviation function for the u-layer can thus be determined and likewise for the other layers,
refined after a few iterations. Simple non-linearity correction functions can then easily be included into the software,
even for on-line data acquisition display, see Figure 8.
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The residual width of a linearity calibration curve also allows for intrinsic determination of the spatial resolution without
a test mask image. Simulations and comparisons with real test mask data have shown that this width can be scaled to the
FWHM of a point source.
Redundant position determination of a Hexanode will therefore result in a highly linear image response. The accuracy of
linearity (global resolution) and local resolution (resolving of fine structures) are intrinsically measured. The information
for assessing these is included in any acquired data set and can be re-verified or re-calibrated long after a detector has left
the test bench or in case of changing detector properties over time.
This is of significant practical benefit.
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Figure 8. Plots illustrating the linearity and resolution control with a Hexanode. The amount of non-linearity in an image is
mapped in the histogram up left where the deviations between measured positions using different layer combinations are
displayed in the z-value (color-coded) for all X/Y positions on the detector (here: open face MCP detector with helical-wire
Hexanode of 75mm active diameter). The deviations are due to linearity errors on the delay lines (lower left image: typical
linearity deviation along a delay line). After correction for the deviation function the imaging properties can be significantly
improved (middle images), down to the level of the local resolution error. The graphs up right show a 1d histograms of the
abundances of certain position deviations in the image before (red) and after the correction, allowing a quantification of the
detector linearity. Furthermore, the residuals in the linearity correction function allow the determination of local resolution (lower
right image: projection at an arbitrary position indicated by red arrows). FWHM resolution of 110 micron in this plot corresponds
to spatial detector resolution of about 60 micron FWHM.
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4. FAST-NEUTRON AND Γ RADIOGRAPHY
An important application of MCP-PMTs is imaging of photons which are emitted from a scintillation screen. Highly
energetic particles or photons create secondary photons as they pass through scintillation material. If both temporal and
spatial resolution is required, using an RS-PMT is a method of choice. The secondary photons can either be projected
onto the RS-PMT by mirrors and/or lenses or by placing a scintillator slab directly onto the entrance window of the RSPMT. In the following we will describe these two techniques.
4.1 Fast-Neutron and γ Radiography for contraband detection in cargo
Due to their deep penetration into material fast neutrons can be used for screening bulk material, as an alternative or
complementary technique to X-ray/γ radiography. While highly energetic photons are especially sensitive to high-Z
materials, neutrons in the MeV energy range interact predominately with light (low-Z) elements like C, N and O in a
characteristic way and thus allow element-sensitive radiography. This is crucial for example to detect explosives in air
cargo.
Element-sensitive neutron radiography requires either measuring the energy of neutrons for each position count or to
produce mono-energetic neutron beams at several distinct energies near cross section resonances of element-typical
nuclear reactions. The technically easiest method today is producing pulsed broad-band fast neutron beams with a timely
width of few nanoseconds and a continuous energy range from typically 1 to 10 MeV. The energy of each detected
neutron can then be determined by time-of-flight. Registration of neutrons is achieved by detecting photon showers
(mostly of visible wavelengths) that are emitted within nanoseconds after a neutron has passed through a scintillation
screen located downstream of the target sample. Part of the photon shower is captured by optical elements and projected
onto the RS-PMT as the time- and position-sensitive camera.
To expand the distinctiveness of the method also to high-Z materials, the neutron beam can be mixed with a likewisepulsed dual-band (two-energy) γ beam for Fast Neutron / Dual Discrete γ Energy Radiography (FNDDER). The γ
photons are registered with the same scintillator and can be discriminated from the neutrons due to their short flight time.
However, distinguishing the γ energies event-wise is only possible by measuring the intensity of the photon shower, i.e.
pulse height on the detector which is linearly related to the primary γ energy. For this we have developed a very fast (few
10 ns dead-time) pulse-height-to-time converter circuit which allows determining pulse height by measuring a time delay
between digital signals. This can be accomplished with the same timing circuits as already used for position and TOF
measurement in case of delay-line read-out.
Recent test measurements18 have demonstrated the aptitude of the RS-PMT-based detection system for the highly
selective FNDDER screening method.
4.2 X-ray and γ detection with proximity-coupled scintillator slabs
A scintillator can also be placed directly onto the entrance window of the RS-PMT. In such a case the window should
ideally (but not necessarily) be a fiber optical plate for achieving proximity coupling of the scintillator output to the
photo-cathode, in absence of any optical imaging elements, see Figure 9. A secondary photon flash from a primary
particle, e.g. a γ quant, will partially be transmitted through the fibers towards the photo-cathode and can thus be
detected.
Although the footprint of the flash on the photo-cathode may have few millimeters extension, one can much more
precisely determine its centroid and therefore the lateral position of the primary particle with high precision. This holds
as long as many secondary photons from the flash can be captured by the fibers. If the scintillator slab is very thick a
fiber structure also of the scintillator is beneficial for avoiding very large footprints. Proximity-coupled scintillator slabs
on (MCP)-PMTs are for example used in PET (Positron-Electron annihilation Tomography) where determining the time
correlation between detected e+e--pairs is important for background suppression.19,20 Scintillation materials having time
constants (decay times) in the order of the MCP temporal response are the ideal choice. BaF2 is such a material that
partially emits photons with a “fast” decay component. The flash will then produce a short image-charge signal on the
detector like from a single photon (but usually more intense) and standard timing electronics can be used. If the time
between photons of the flash is large compared to the delay-lines’ single-path delay (long decay time, e.g. the “slow”
component of BaF2), individual signals will be registered and can be attributed to the same flash from recognizing its
time structure.
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Figure 9. RS-PMT with fiber optics window and scintillator slab.

In case of an intermediate decay time in the order of the single-path delay (e.g. as from LSO) the delay-line read-out will
respond adequately only if a large number of photons is detected, effectively forming a single smooth pulse. This pulse
trace can be recorded with fast-sampling ADCs after it traveled to the delay-line terminals and the relative pulse time
(and thus the position) becomes measureable with high precision, likewise the TOF.
5.

LARGE AREA SENSORS FOR THERMAL NEUTRON RADIOGRAPHY

Technological progress in MCP manufacturing now allows production of robust large-area MCP detectors. While the
practical limit of quality MCP size was about 100 mm linear dimension for many years, formats like 200x200 mm² are
currently introduced. Larger detectors are not only beneficial for photon detection, for example in PET applications.
Recently, it has been reported that MCPs can also directly detect cold and thermal neutrons which is of great interest for
tomography and material science and also for the detection of traces of nuclear material in the environment, i.e. for
enforcing homeland security tasks. Ideally, a neutron sensor should have a large active area (possibly by tiling several
detector elements side-by-side), high spatial resolution and maximum sensitivity, combined with low background.
Additionally it should be of sealed-tube type for easy application in the field.
As an outlook we propose the development of such a neutron detector based on the mechanical design of the RS-PMT
with delay-line read-out.
5.1 Large area detection with Delay-Line Anodes
The delay-line method seems to be especially suited for the read out of such large image formats because the spatial
resolution limit is not directly related with the sensor size, as it is for example the case with charge-sharing read-out
techniques. With the delay-line method the effective number of valid pixels in the image increases as the image format
grows, without raising electronic complexity.
The largest commercially available “standard” MCPs to date have an active diameter of 150 mm. Very recently we have
built a Helical-Wire Delay-Line Anode for an open face detector which can cope with this large image format. First tests
were obtained with a round 75 mm active MCP stack which was placed off-center so that the imaging properties in all
anode regions could be exemplarily assessed (see Figure 10). Although the effective delay-line length is almost 50 m, the
signal transmission characteristic is sufficient, i.e. not compromising the performance in the far ends by signal damping.
The spatial resolution is clearly < 100 micron RMS, the resolution limit still has to be quantified once the 150 mm MCP
stack is received in the near future.
As a next step we already plan on an 200x200 mm² helical wire anode for the upcoming 8“ by 8” MCP standard. This
anode shall have minimum border width so that several detectors can be placed side by side with minimum dead area.
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Figure 10. Imaging response of a 150 mm Helical-Wire Delay-Line Anode. An open-face 75 mm MCP stack, shaded with a wire
mesh (0.2 mm obstacle) mask which is placed off-center on the delay-line anode is irradiated with energetic alpha particles. The
blue lines in the left picture indicate the border of the active 150mm delay line anode area and the red circle the active diameter of a
150 mm MCP. The right picture shows some expected non-linearity near the edge but no loss of detection efficiency.

5.2 Thermal Neutron Radiography with doped MCPs
It was demonstrated that MCPs can very effectively detect thermal and cold neutrons by the 10B(n,α)7Li reaction if 10Benriched Boron is added to the MCP’s glass component.21 The highly energetic nuclear fragments can release an electron
avalanche inside the MCP, yielding a neutron detection efficiency of several 10%. Due to the short mean free path of the
charged particles which is on the order of the MCP pore diameter the spatial resolution for neutrons is as high as inherent
to MCP performance in general. Only the primary interaction point may not be near the surface. Therefore, the charge
output response of an MCP stack for thermal neutrons, i.e. the pulse height distribution of the charge clouds, resembles
the distribution in UV photon detection: the pulse height spectrum shows an exponential decay towards high amplitudes.
Nevertheless, it was shown that this still allows for a decent imaging with high efficiency and spatial resolution. The
position read-out can employ all common techniques known from single particle detection, for example with our helical
wire delay-line anodes as has already been demonstrated.
It should be straightforward to seal such MCPs in a tube by applying exactly the same techniques known from MCPPMT production. A neutron counting device is even easier to build compared to a MCP-PMT because it does not need a
dedicated entrance window: neutrons will easily pass through any thin metal or ceramic front wall without remarkable
attenuation or scattering.
5.3 Road-map to the Large-Area Neutron-counting Tube Array (LANTA)
If readily existing technologies of manufacturing large-area MCP, doping them for thermal neutron detection and sealing
them in an RS-PMT-like design with resistive screen are combined, a very effective neutron sensor could be build. We
have tested LC-delay-line read-out anodes for large resistive screens that could already be used with a 100x100 mm²
device. Even bigger LC anodes are likely to be developed. Already the existing 100 mm read-out anodes could be
arranged as tiles to form an effective 200x200 mm² read-out frame, once such a large RS-tube is manufactured. Several
of such tubes with delay-line anodes can be tiled to form a large modular area of neutron counting tubes (LANTA).
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