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Microchannel plates for photon detection

and imaging in space

J. Gethyn TimothyI

Abstract

This chapter describes the development of the continuous-dynode electron
multiplier and its evolution into the microchannel plate (MCP). The fabrication
procedures for MCPs are described and the performance characteristics of MCPs
and MCP stacks are enumerated. The configurations and performances of imaging
MCP electronic readout systems currently in use in space instruments are described
in detail. The unique capabilities of MCP electronic systems for fast timing and
for time-tag imaging are listed. Finally, the prospects for the development of the
next generation of MCPs are briefly outlined.

Background

The conventional photomultiplier tube (PMT), invented in the 1930s, employs
a photocathode to convert the detected photon to a photoelectron, and a discrete
dynode electron multiplier to amplify the charge of the single photoelectron to the
level that can be recorded by commercial electron circuits. Still in wide use to-
day, a number of dynode configurations, e.g., as shown in Figure 22.1, have been
developed for PMTs. The discrete dynode electron multiplier is not optimized
for space observations. First, the dynode structure has to be ruggedized in order
to survive the launch environment. Second, the complex arrangement of the high-
voltage dynode electronics does not permit compact packaging. Third, and most
important, most of the efficient secondary electron emitting materials used to coat
the dynodes cannot survive exposure to air. This prevents the use of the multiplier
in an open structure configuration in the windowless region at extreme ultraviolet
(EUV) wavelengths below about 116 nm. One exception was the use of a multi-
plier with high work function beryllium-copper dynodes to study EUV radiation
at wavelengths between 10 nm and 80 nm (Piore et al 1952).

The concept of a continuous-dynode electron multiplier was first proposed
by Farnsworth (1930), but the fabrication of practical devices was delayed until
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392 22. Microchannel plates

Figure 22.1: Dynode configurations for PMTs: a) linear focused; b) squirrel cage;
c) venetian blind; d) box-and-grid (from Young 1974).

advances in the understanding of the processes of secondary electron emission and
in the development of high surface resistance glasses had been made in the 1960s.
The first practical continuous-dynode multiplier was the Bendix magnetic electron
multiplier (MEM) (Heroux and Hinteregger 1960; Timothy et al 1967). Macar et al
(1970) have given a detailed analysis of the electron multiplication process in the
MEM.

As shown in Timothy et al (1967), the MEM consists of two glass strips with
baked-on high-resistance tin oxide and antimony coatings surrounded by a series of
magnets. An electrostatic field is established along the strips by four high-voltage
connections. A photoelectron, formed on the opaque photocathode, is accelerated
in a trochoidal path along the dynode strip, causing the emission of secondary
electrons at each impact. Gains of order 106 were obtained with applied potentials
of the order of 2000 V, and the MEM operating characteristics remained stable
with exposure to the ambient atmosphere. Relative detection efficiencies of up to
5 % at 60 nm were obtained with opaque tungsten photocathodes.
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Figure 22.2: Schematic of the straight-geometry channel electron multiplier (CEM).
Positive ion feedback is shown.

Figure 22.3: Schematic of saturated output pulse height distribution for a curved-channel
CEM.

A major advance in the development of continuous-dynode electron multipliers
took place in the 1960s with the production of high-resistance surfaces on lead
glasses through the process of high-temperature≈ 300 ◦C to≈ 450 ◦C reduction in a
hydrogen atmosphere (Blodgett 1951). This led to the independent development of
the continuous channel electron multiplier (CEM) by Oschepkov et al (1960) in the
Soviet Union, by Goodrich and Wiley (1962) at the Bendix Research Laboratories
in the USA, and by Adams and Manley (1966) at the Mullard Laboratories in the
United Kingdom and at the Laboratoires d’Electronique et de Physique Appliquée
(LEP) in France (both part of the Philips Corporation). The mode-of-operation
of the CEM is shown in Figure 22.2. The multiplier is operated under vacuum
with a high voltage established along the channel. A high-energy photon or charged
particle striking the wall of the channel releases an electron with some initial energy
that is accelerated along the channel axis, drifting across to strike the wall with
sufficient energy to release secondary electrons. This process is repeated many times
with a final output pulse containing up to 108 electrons. As the voltage along the
channel is increased, the energy of the electrons striking the wall will increase, but
the total number of impacts will decrease. It can thus be expected that the electron
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Figure 22.4: Process for fabricating MCPs using etchable core glass (from Laprade et al
1997).

gain (amplification) will increase to a maximum value and then start to decrease.
Adams and Manley (1966) derived an expression showing the dependence of the
gain on the applied voltage as:

G =

(
K V 2

0

4V α2

)4V α2/V0

, (22.1)

where G is the gain, V0 is the energy gained by an electron traversing the applied
potential difference, V is the initial energy of the secondary electron, α is the length-
to-diameter ratio of the channel, K is a constant from the relation ∂ ≈ KVc, with
∂ the secondary emission coefficient and Vc the collision energy.

However, the experimental gain curve does not show a maximum, as predicted
by the model, but continues to much higher gain levels and then starts to saturate.
This is because, first, the secondary electrons are not all emitted orthogonally,
and, second and more important, the gain is enhanced by ion feedback. As shown
in the schematic in Figure 22.2, the voltage that accelerates the electrons down the
channel can also accelerate a positive ion, caused by the impact of an electron with
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a residual gas molecule, back to the input where it can impact the wall and restart
the gain process. The level of ion feedback depends both on the ambient pressure
and the level of the applied voltage.

Figure 22.5: Schematic showing mode-of-operation of the MCP (from GEOC, now
Photonis USA).

The feedback of positive ions can be prevented by curving the channel, forcing
the ions to impact the wall in a short distance compared with the total chan-
nel length. Evans (1965) calculated the degree of curvature required to effectively
suppress ion feedback and permit stable operation of a CEM at gain levels high
enough to permit single photoelectron detection. Eschard and Manley (1971) have
reviewed the differences in the performance characteristics of the different types
of CEM. The curved-channel CEM is effectively immune to ion feedback when
operated under high vacuum at pressures less than about 1.3× 10−5 hPa. Further,
when operated at high voltages (> 2 kV), the distribution of output pulses changes
from a negative exponential form to the quasi-Gaussian saturated form shown in
Figure 22.3. Evans (1965) has suggested that the saturation is caused by the dis-
tortion of the potential gradient within the channel by the deposition of positive
charge on the walls at the output end. A CEM with an internal channel diameter
of order 1.0 mm and a length-to-diameter ratio of order 100:1 can produce a modal
gain > 108 and a relative resolution (ΔG or R) in the range 35 % to 60 %. The CEM
provides a stable photometric response when operated in gain saturation (Timo-
thy and Lapson 1974), and has been used with great success in the open-structure
mode to study EUV radiation on a number of sounding rockets and orbital space
missions (see, for example, Timothy et al 1975 and Reeves et al 1977).
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Figure 22.6: Measured and computed gain as functions of voltage for an MCP with a
channel length-to-diameter ratio of 40:1 (from Guest 1971).

Microchannel plates

It is important to note from Equation 22.1 that the fundamental electrical
characteristics of the CEM depend on the length-to-diameter ratio α of the channel
and not on the absolute physical dimensions. The size of the channel can thus be
reduced to the limit set by the available glass technology. Further, many channels
can be bonded together to produce a detector with an image recording capability.
The first microchannel plates (MCP) were assembled by bonding together about
five thousand CEMs with ≈ 100 µm channel diameters at the Bendix Research
Laboratories (Wiley and Hendee 1962).1 These early efforts were rapidly replaced
by the application of fiber draw techniques, as described byWashington et al (1971).

The first processes utilized the drawing of hollow fibers, or metal core fibers.
Subsequently, the process was modified to utilize the drawing of fibers with etch-
able glass cores. This is the process used to this day in Europe, the US (Wiza
1979), and in the rest of the world. The process sequence is shown in Figure 22.4.
A two-part billet, several centimetres in diameter, consisting of an etchable glass

1The progression of MCP manufacturers in Europe and the USA requires clarification in order
to avoid confusion. In Europe, Philips closed the Mullard MCP fabrication facility in the UK in
1988 and moved MCP fabrication to Photonis in Brive, France. Photonis became independent of
Philips in 1998. In the USA, Bendix Research Laboratories in Ann Arbor, Michigan transferred to
Galileo Electro-Optics Corporation (GEOC), Sturbridge, Massachusetts in 1972. In 1999 GEOC
was purchased by Burle Industries and became Burle Electro Optics. In 2005 Burle Electro Optics
was purchased by Photonis and is currently Photonis USA.
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Figure 22.7: a) Universal gain curves for an MCP. W = V/α (from Guest 1971). b) Mea-
sured and computed output pulse height distributions for a straight-channel MCP opera-
ted at low gain (from Guest 1971).

core surrounded by a proprietary lead glass cladding is drawn down to a single
fiber. About 3× 103 fibers are then fused together to form a hexagonal multi-fiber
billet. This billet is then drawn down again to form hexagonal multi-fibers. These
multi-fibers are then fused together to create the MCP boule or billet. The MCP
wafers are then produced from this boule by slicing, grinding and polishing. The
next steps are the etching out of the core glass and chemical processing of the
resulting lead glass interior surfaces of the channels. The semi-conducting surfaces
of the channels are then produced by heating the MCP wafer in a reducing atmo-
sphere of hydrogen to yield a very thin free lead layer. Finally the input and output
faces of the MCP wafer are electroded, typically with nichrome or inconel, to pro-
vide electrical contacts. The basic structure and mode-of-operation of the MCP is
shown in Figure 22.5. Great care must be taken with the fusion of the hexagonal
multi-fibers in order to avoid channel distortions at the interfaces. Distortion of
the channels at the multi-fiber interfaces can change the length-to-diameter ratio
and the gain at a given voltage. This leads to a hexagonal pattern in the flat-field
response known as “chicken wire”. Recent advances in reducing multi-fiber edge
effects have been reviewed by Siegmund et al (2007). Most MCPs have a planar
format, although MCPs with a steep curvature to match the focal planes of optical
instruments have also been successfully fabricated (see, for example, Siegmund et al
1990).
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Figure 22.8: Different MCP configurations (from the Burle Electro-Optics, now Photonis
USA, catalog). Diameters of the circular MCPs range from ≈ 18 mm to ≈ 125 mm.

MCP performance characteristics

The expression for the CEM gain (Equation 22.1) has been further refined
by Guest (1971) in a computer model for a channel whose performance is not
modified by space charge and wall charging effects, i.e., at gain less than 105. This
model is in good agreement with the experimental data, as shown in Figure 22.6.
Most importantly, the Guest model allows the calculation of a set of universal
gain curves for an MCP, as shown in Figure 22.7a. It can be seen that there is an
optimum combination of applied voltage V and length-to-diameter ratio α where
slight variations in the length-to-diameter ratio do not significantly affect the gain.
Specifically for the optimum length-to-diameter ratio, the ratio W is:

W =
V

α
≈ 22.5 . (22.2)

Channel length-to-diameter ratios in the range 40:1 to 60:1 are accordingly used in
image intensifier tubes at operating voltages between 1000 V and 1200 V (see, for
example, Csorba 1980). At these voltages the MCP produces a negative exponential
output pulse height distribution, with most of the pulses at low amplitudes, as
shown in Figure 22.7b. This is clearly not optimum for a stable photometric
response as a slight reduction in the gain will cause a number of pulses to be lost
below the threshold of the electronics, significantly reducing the detective quan-
tum efficiency (DQE). The development of MCPs has been inexorably linked with
the development of military night-vision image tubes. Currently MCPs are avail-
able from a number of vendors with channel diameters ranging from 25 µm down
to 2 µm. Typically the open-area ratio of the channels is of the order of 60 % of the
area of the plate. The diameters of circular-format MCPs range from ≈ 18 mm to
≈ 150 mm. MCPs can be obtained in rectangular formats, with holes in the centre
for ion detection applications, and with active areas configured to match specific
readout systems, moreover with solid rims or rimless (see Figure 22.8). Catalogs
of MCP configurations can be obtained from, amongst others, www.photonis.com,
and www.sales.hamamatsu.com. The best MCPs for high-resolution imaging are

www.photonis.com
www.sales.hamamatsu.com
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Figure 22.9: High-gain MCP configurations. a) Chevron MCP stack. b) Z-plate MCP
stack. c) Curved-channel C-plate MCP.

the 18 mm, 25 mm, and 40 mm formats, since these are fabricated using boule
fusion techniques rather than the block fusion techniques employed for larger for-
mats. Typically, the channels in these MCPs have bias angles with respect to the
input face of the plate in the range 0◦ to 20◦.

The maximum gain that can be realized without significant ion feedback in a
straight-channel MCP is of the order 103 to 104. These gain levels are not high
enough for electronic readout systems. In order to obtain higher gains without ion
feedback, alternative MCP configurations must be employed. Three types of high-
gain MCP configurations are currently in use, as shown in Figure 22.9. The first
type is the “chevron” MCP stack shown in Figure 22.9a. The performance charac-
teristics of this configuration have been reported by Wiza (1979). In the chevron
MCP stack two straight-channel MCPs with channel bias angles typically in the
range from 8◦ to 10◦ are mounted in sequence with the bias angles set so that
positive ions are trapped at the interface between the two MCPs. An improvement
on the chevron MCP stack is the “Z-plate” MCP stack shown in Figure 22.9b. In
the “Z-stack” three MCPs with matched resistances are mounted in a butt-faced
configuration with the positive ions trapped at the two MCP interfaces (see, for
example, Siegmund et al 1994). The Z-stack provides a significantly better reduc-
tion of ion feedback than the chevron MCP stack and is the most-used high-gain
MCP configuration at this time.

The third type of high-gain MCP configuration is the curved-channel MCP
or “C-plate” MCP shown in Figure 22.9c. The channels in this MCP are curved
in a manner analogous to that of the curved-channel CEM. Washington (1971)
stated that for a curvature sufficient to mask the output 30 % of the channel would
be required to effectively suppress ion feedback to the channel input. The first
curved-channel MCPs with the output end strongly curved (“J-plates”) were
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Figure 22.10: High-gain MCP output pulse-height distributions. a) Z-plate MCP stack
(from Siegmund et al 1994). b) C-plate MCP (from Timothy 1981).

fabricated by LEP in France and Mullard in the UK (see, for example, Boutot et al
1974). Typical length-to-diameter ratios for C-plate MCPs lie in the range 80:1 to
120:1. A single C-plate MCP can be operated at high gain > 106.

C-plate MCPs with, first, J-sections, and later C-sections were successfully fab-
ricated in the US by GEOC starting in the early 1970s (Timothy and Bybee 1977a;
Timothy 1981).

Typical relative resolutions for chevron MCP stacks range from ≈ 120 % to
≈ 60 % at gains around 107 and for Z-plate MCP stacks from ≈ 60 % to ≈ 35 % at
gains around 108. A single C-plate MCP produces resolutions ranging from ≈ 50 %
to ≈ 35 % at gains around 106. Examples of the saturated output pulse height
distributions from a Z-stack MCP and a C-plate MCP are shown in Figure 22.10.
The single C-plate MCP is the mechanically most stable of the three configurations,
and produces the least spreading of the output charge cloud. It also produces the
lowest level of ion feedback. However, C-plate MCPs have proved extremely difficult
to manufacture. Corbett et al (1992) have described some of the more critical
problems. The result is that C-plates have only been produced for space missions
with adequate resources, such as the HST, and C-plates are not commercially
available at this time. The best high-gain MCP configuration available at this time
is the Z-stack (Siegmund et al 1995).

Image intensifier tubes

Thousands of MCPs are produced each month for use in image intensifier tubes
for military and civilian night-vision applications. Csorba (1985b) has described
the different types of image intensifier tube developed to date. The development
of the second generation (Gen II) wafer tube (see Figure 22.11), employing an
MCP to amplify the internal electron current, revolutionized passive night vision.
Earlier tube configurations (Gen 0 and Gen I), which employed a photocathode
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Figure 22.11: Structure of Generation II night-vision wafer tube employing an MCP
intensifier (from Csorba 1985a).

and accelerated the photoelectron directly to a phosphor, yielded amplifications
of the order of 1000. In contrast, the Gen II wafer tube with an MCP provides
amplifications of the order of 10 000 to 20 000.

The emphasis in night vision is on the response to red and near-infrared
wavelengths, since starlight has a predominantly red spectrum. For many years
photocathode materials were developed empirically by trial and error, as described
by Sommer (1980). The Cs-Na-K-Sb trialkali (S-20) multialkali photocathode was
found to have the best red response and is typically used in the Gen II tubes.
In the 1970s negative-affinity photocathodes were developed from physical princi-
ples (Spicer 1975). In particular, the GaAs photocathode, doped with extremely
thin layers of Cs and O, was found to have an extremely high response at red
and near-infrared wavelengths. This photocathode is used in the state-of-the-art
Gen III image tube that produces amplifications of the order 30 000 to 50 000.

Other photocathode materials can be employed in the image intensifier tubes
for scientific applications. At shorter wavelengths the S-11 bialkali photocathode
provides a strong blue response, and at vacuum ultraviolet (VUV) wavelengths the
Cs-Te photocathode provides a strong response down to about 170 nm, with a high
degree of solar blindness at wavelengths longer than about 350 nm. All of these
semi-transparent photocathode materials must be remotely processed in order not
to contaminate the MCP with Cs, and must be mounted on a window in proximity
focus with the MCP input.

At wavelengths below about 170 nm, high work function opaque photocath-
ode materials are available which can be deposited directly on the front face of
the MCP. Opaque CsI deposited on the front face of the MCP provides a strong
response at wavelengths below about 180 nm. However, CsI is hygroscopic and
the quantum efficiency degrades on exposure to air. The DQEs of image tubes
with MgF2 windows and semi-transparent Cs-Te and opaque CsI photocathodes
are shown in Figure 22.12.
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Figure 22.12: DQEs of image tubes developed for the Space Telescope Imaging
Spectrograph (STIS) with MgF2 windows and, respectively, a semi-transparent Cs-Te
photocathode and an opaque CsI photocathode.

At shorter wavelengths higher work function photocathode materials are
available which are stable on exposure to air. Materials such as opaque MgF2,
KBr, RbBr, and CsBr, deposited on the front face of an MCP provide high DQEs
at wavelengths progressively shorter than about 150 nm (Siegmund et al 1987;
Tremsin and Siegmund 2005).

The output phosphor screen in a typical night-vision tube is a P-20, which
produces a green image to which the human eye is most responsive. Other phosphor
screens are available, as described by Csorba (1985a).

Electronic readout systems for the MCP image intensifier tubes are required
for use in space. The modifications to the tubes required to use CCD or CMOS-
APS electronic readout systems are described in Chapter 25 (Schühle 2013). Direct
electronic readout systems for high-gain MCPs are described in the next section of
this chapter.

Electronic readout systems

Three classes of electronic readout systems are available for use with high-gain
MCPs. The first class is the discrete anode arrays in which each pixel electrode is
connected to its own amplifier/discriminator and counting circuit. The second class
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is the analog readout arrays, which employ charge-division or timing-discrimination
techniques to determine the coordinates of the detected photon. The third class
is the digital readout arrays, which employ specially configured anodes to determine
the coordinates of the detected photon.

In the discrete anode readout arrays the spatial location and resolution are
defined by the geometry of the pixel electrodes, as shown in Figure 22.13. As an
example, a special double linear array was developed for the spectrometer on the
SPARTAN 201 mission (Kohl et al 1994), as shown in Figure 22.14. Linear arrays
of 1×160 pixels and area arrays of 10×10 pixels have been used with 25 mm format
and 40 mm format high-gain MCPs. Discrete anode MCP photomultiplier tubes
are commercially available (see, for example, www.photonis.com). There are local
and global dynamic range limitations with all three classes of electronic readout
systems for high-gain MCPs. The local dynamic range is set by the output count
rate capability of the MCP. The modal gain will start to fall when the avalanche
current reaches about 10 % to 20 % of the wall current, as shown in Figure 22.15.
Reducing the resistance of the channels can increase the dynamic range. A C-plate
MCP with the characteristics of that shown in Figure 22.15, but with a resistance
of only 26 MΩ, produced a linear resistance to output count rates greater than
105 mm−2 s−1. Small-pore MCPs will typically have the largest dynamic range,
albeit at slightly lower gain levels.

Similar gain reductions are observed with chevron and Z-stack MCPs, but are
mitigated by charge spreading into adjacent channels in the second and third MCPs.
This however leads to a scene-dependent dynamic range reduction when observing
bright objects covering many channels in the first MCP, because of the overlapping
charge clouds. Wilhelm et al (1997) have discussed this effect in the context of
observing strong solar emission lines with the SUMER instrument on the SOHO
mission (see Chapter 5, Timothy et al 2013). There is a limit to the conductivity
of an MCP, since the lead glass has a negative temperature coefficient of resistance
(see Timothy 1981). Too low a resistance will result in thermal runaway from ohmic
heating, leading to the destruction of the MCP.

The number of pixels in a discrete anode array is limited to several hundred
both by the connector technology of the tubes and the complexity and power
requirements of the associated electronics. Much larger array formats are required
for imaging and spectroscopy, particularly in space at wavelengths below ≈ 300 nm.
A series of analog and digital systems for encoding the position of the detected
photon have been developed to meet this requirement.

The first of the analog systems is the resistive anode encoder (RAE) or
RANICON (Lampton and Paresce 1974; Wiza 1979). The readout array is a
resistive anode with readouts at either end for a linear array, and at each corner
for an area array. The position of the detected photon is determined by the pro-
portion of the charge collected at each end, or by pulse rise-time discrimination.
In order to avoid the inherent distortions in the two-dimensional RAE, a circular
arc-terminated resistive anode is employed, as described by Lampton and Carlson
(1979). Early RANICONs yielded formats of ≈ 100 × 100 pixels, pixel dimensions
of order 100 µm or better, and total count rates of a few hundred counts per second
with MCP gains in excess of about 5×106. Later, PHOTICON tubes with bialkali,
trialkali, or GaAs photocathodes, and a stack of five MCPs produced formats of

www.photonis.com
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Figure 22.13: Schematic of a discrete anode MCP readout array. A C-plate is shown but
the array can also employ chevron or Z-stack MCPs (from Timothy and Bybee 1977b).

1024 × 1024 pixels, pixel dimensions of ≈ 70 µm2, and total count rates of a few
hundred kilohertz (Clampin and Paresce 1989). The RAE was used as the soft
X-ray detector (Mason et al 1984) on the EXOSAT mission (De Korte et al 1981).

An analog readout array that eliminates the inherent resistive noise in the
RANICON readout array is the wedge-and-strip array (WSA) (Martin et al 1981).
A four-electrode WSA is shown in Figure 22.16. Three and five electrode patterns
can also be used. Siegmund et al (1986) have described the operating characteris-
tics of the WSA readout systems. Large-format WSA detectors with more than
512 × 512 pixels have been successfully used on the EUVE mission (see Chap-
ter 5 of this volume). Siegmund et al (1984) have described the configuration of
these detectors, and Vallerga et al (1994) have described the long-term on-orbit
performance. Siegmund et al (1985) have described the performance characteris-
tics of the large-format Z-stack MCPs used with these detectors.

A variation of the WSA, namely the one-dimensional spiral anode (SPAN)
detector (Breeveld et al 1992) was used in the CDS instrument on the SOHO
mission (see Chapter 5 of this volume).
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Figure 22.14: Discrete linear anode arrays of 1 × 48 pixels and 1 × 42 pixels used to
measure the solar H Lyα line profile and intensity (see Kohl et al 1994). The 1×48 array
is ≈ 3.3 mm long and the 1× 42 array is ≈ 24 mm long (Ball Aerospace photograph).

A two-dimensional crossed-wire anode array has been developed for the Einstein
(Giacconi et al 1979) and AXAF (now Chandra) (Weisskopf et al 2002) X-ray
observatories, and has also been used on the ROSAT mission (Trümper 1984).
Schematics of configuration of the High Resolution Imager (HRI), and of one di-
mension of the decoding scheme are shown in Figure 22.17 (Kellogg et al 1976). The
performances of the HRI on ROSAT and on Chandra have been given, respectively,
by Zombeck et al (1995), and by Murray et al (2000).

The characteristics of the Chandra HRI are a format of 1024 × 1024 pixels, a
spatial resolution ≈ 20 µm FWHM (set by the MCP pore size), and a total out-
put count rate > 150 s−1. The most sophisticated analog MCP readout systems
available today are the double delay line (DDL) and crossed delay line (XDL)
(Siegmund et al 1993 and 1994), and the crossed strip (XS) detector (Siegmund
et al 2001). XDL detectors with formats of 360 × 1024 pixels were flown in the
UVCS and SUMER instruments on the SOHO mission (Siegmund et al 1994).
Pixel dimensions were ≈ 25 µm FWHM and the global counting rates were stable
to > 4 × 105 s−1. The XDL detectors were developed on an accelerated schedule
because of the failure of the prime contractor to produce the MAMA detectors de-
veloped for these instruments (Timothy et al 1993). The XDL detectors performed
well on UVCS. However, two problems occurred with the SUMER detectors be-
cause of the much higher signal levels and dynamic range. The first is the gain and
dynamic range depression in the neighborhood of strong emission lines caused by
the wide spread of the charge cloud from the Z stack MCP configuration (Wilhelm
et al 1997). More seriously, the high gain (≈ 107) causes a relatively rapid gain
sag with accumulated counts. Because the total charge that can be extracted from
a lead glass MCP is limited, a detector requiring a gain of 108 will have a total
count limit of about 100 times less than a detector requiring a gain of 106. On
SUMER detector A operated for only about 200 days until the maximum voltage
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Figure 22.15: Modal gain as a function of count rate per unit area for a C-plate MCP
with 25 µm channels, active area 25 mm in diameter and a resistance of 300 MΩ (from
Timothy 1981).

of about 5400 V was reached. Detector B then operated for about 350 days be-
fore the maximum voltage was reached. Operation of both detectors continued
for extended periods after the maximum voltage was reached, albeit with reduced
photometric accuracy. Detector B is still operating as of this date. Details of the
in-flight performance of the detectors have been presented by Griffiths et al (1998).

XDL arrays with formats of ≈ 2200 × 2200 resolution elements were also flown
on the GALEX mission (Siegmund et al 1999). Two sealed detector tubes were
used, one with an opaque CsI photocathode deposited on the MCP, and one with
a semi-transparent photocathode deposited on the window. Many problems were
encountered with the development and operation of the detectors because of the
extreme cost and schedule constraints of the mission excellently described in detail
by Morrissey (2006). On orbit the principal problems were transient overcurrent
events that appeared to be closely correlated with active space weather (proton
bursts and strong solar flares). A further problem associated with active space
weather was the sudden appearance of a high-count rate “blob” which appeared
in the FUV detector. The best explanation appears to be charging of the window
that was held at a potential of about −5000 V. The FUV detector finally failed in
June 2009 and the mission was arbitrarily terminated for fiscal reasons by NASA
in 2011 with the NUV detector still operating.

Larger-format XDL arrays, optimized for spectroscopy, with ≈ 9000 × 200 reso-
lution elements have been flown on the FUSE mission. These arrays employ longer
helical DDL anodes deposited on two sides of a substrate (see Siegmund et al 1997).
The two detectors, each with more than 9000×200 pixels, employ curved MCPs to
match the focal surface of the spectrometer and are enclosed in a sealed detector
body which can be opened for windowless operation. The MCPs are coated with
an opaque KBr photocathode for maximum sensitivity in the 90.5 nm to 119 nm
wavelength range. Operating windowless the FUSE detectors did not display most
of the problems encountered with the GALEX detectors. Unexplained event bursts
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Figure 22.16: Four-electrode anode pattern for a WSA (from Martin et al 1981). Repro-
duced by permission of AIP.

were observed in all detector segments but appear to be of external nature and not
caused by malfunctioning of the detectors. Gain sag was again a problem with the
FUSE detectors (Sahnow 2003). The detectors were still operating well when the
mission was terminated.

An upgraded version of the FUSE detector, the FUV detector in the Cosmic
Origins Spectrograph (COS) instrument, was installed in the HST in May 2009
(McPhate et al 2000). This detector employs an opaque CsI photocathode for
maximum sensitivity in the 115 nm to 177.5 nm spectral region. Like the FUSE
detector the COS NUV detector is designed to operate windowless, maximizing the
sensitivity. A highly desirable but bold decision given the uncertainties about the
internal HST environment. Details of the final ground calibration have been pre-
sented by Vallerga et al (2001). The on-orbit performance has been good (McPhate
et al 2010) with the exception of a short outage of about a month in 2012 caused
by unexpected high count rates. However, yet again, gain sag has appeared as a
problem. Gain sag in the analog XDL detectors is a serious problem, since it not
only causes a loss of DQE in the highly exposed regions, but also degradation of
imaging by “detector walk” (Sahnow et al 2011). Correction of the gain sag is now
planned by moving the spectrum to a new location on the detector (Oliveira et al
2012).

Recognizing the problem of gain sag in the XDL detectors, cross-strip (XS)
readout arrays have been developed by Siegmund et al (2001). The advantage of
the XS array over the DDL and XDL arrays is the ability to operate at MCP gain
levels ≈ 106 rather than > 107, albeit with low global count rates (≈ 10 kHz).
New readout techniques with the potential for global count rates ≈ 1 MHz, have
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Figure 22.17: Schematics of the HRI readout system (from Kellogg et al 1976). a) Con-
figuration of the two-dimensional array. b) Schematic of one dimension of the position
encoding technique. Reproduced by permission of AIP.

been described by Tremsin et al (2006). The XS anode array employs a coarse
(≈ 0.5 mm) multilayer metal and ceramic pattern that encodes event positions by
direct sensing of the charge on each strip and determination of the charge cloud
centroid for each event (see Figure 22.19). The XS detectors have yet to fly on a
long-duration space mission.

The first class of digital readout arrays is the coded anode converter (CODA-
CON). The simplified schematic of a one-dimensional CODACON readout array
is shown in Figure 22.20. A charge pulse on a charge spreader causes charge to
be induced in the code tracks. Differential amplifiers connected to each bit track
pair determine which side of a pair has the most charge. The CODACON thus em-
ploys a 2n encoding scheme where n is the number of code track pairs. Both one-
and two-dimensional CODACONs have been built employing versions of Gray’s
binary code, as described by Lawrence and McClintock (1996) and the references
therein. A 64 × 1024 pixel CODACON with a global count rate of 105 s−1 has been
flown in the Ultraviolet Imaging Spectrograph on the Cassini mission to Saturn
(McClintock et al 1993).

A light-weight ultraviolet imaging spectrograph has been developed for remote
sensing of planetary atmospheres, based on the Cassini instrument and using a
light-weight CODACON tube assembly together with FPGA electronics (McClin-
tock and Lawrence 1996).

The second class of digital readout arrays is the multi-anode microchannel array
(MAMA). The MAMA employs 2(n + 1) electrodes to uniquely define n(n + 2)
position locations in each axis. Thus 32 + 34 electrodes uniquely define 32 × 34 or
1088 position locations. Details of the MAMA encoding scheme have been given by
Slater et al (1990) and by Timothy (1994). The schematics of a coincidence-anode
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Figure 22.18: Schematics of DDL and XDL arrays (from Siegmund et al 1993). a) DDL
anode with wedge charge collectors and external delay lines. b) XDL with external delay
lines and crossed-finger charge collectors.

Figure 22.19: Schematic of XS anode array (from Siegmund et al 2001).

MAMA detector are shown in Figure 22.21. The simplified block diagram of a
two-dimensional system is shown in Figure 22.21a, and the detection and encoding
of multi-fold events, where the charge pulse stimulates two or more electrodes
(the position of an event on a single electrode cannot be determined), is shown in
Figure 22.21b.

The ability to discriminate between the detection of events on odd and even
numbers of anode electrodes permits the spatial resolution to be doubled, as de-
scribed by Kasle and Morgan (1991) and by Kasle and Horch (1992). The imaging
MAMA detector designed for the STIS instrument on HST (see Figure 22.22) can
accordingly be used as a 1024 × 1024 pixel array, or as a high-resolution 2048 ×
2048 array. The spatial resolution is set by the pore size of the channels in the
single C-plate MCP, namely 12 µm diameter channels on 15 µm centres.
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Figure 22.20: Simplified example of an eight-channel one-dimensional CODACON array
(from McClintock et al 1982).

Two MAMA tubes are used in STIS; an NUV tube with a semi-transparent
Cs-Te photocathode on an MgF2 window, and an FUV tube with an opaque CsI
photocathode and an MgF2 window, see Figure 22.22, (Woodgate et al 1998).
Details of the performances of these detectors have been given by Kimble et al
(1998 and 1999). STIS was originally installed in HST in February 1997 during
HSM2. STIS then operated normally until May 2001 when the Side-1 electronics
failed. Operation was resumed in July 2001 using the redundant Side-2 electronics
until August 2004 when the 5 V power supply failed. The detectors were undamaged
and remained in a non-operating condition on orbit until STIS was repaired during
HSM4 in May 2009. Considerable thought had to be given to the issues of bringing
the MAMAs safely back into operation. The principal concern was migration of Cs
in the NUV tube (and possibly also in the FUV tube) that could lead to an internal
breakdown when high voltage was applied. The agreed approach was to very slowly
raise the voltage at a rate that did not exceed the ohmic temperature rise of the
MCP (about 15 min to full operating temperature). Further, the voltage was held
at a level below the nominal operating voltage to permit a full analysis of the
detector performance characteristics. Both detectors were successfully recovered.
The dark count rate of the NUV detector was always higher than expected because
of phosphorescent window glow arising from an error in the selection of the window
material by the prime contractor. Prior to HSM4 the equilibrium dark count rate
per pixel was 0.0013 s−1. However, after the HSM4 recovery the dark count rate was
as high as 0.015 s−1 with a much slower decay than expected. By late 2010 the dark
count rate remained at about 0.0034 s−1 (Proffitt et al 2010). Further information
has been presented by Zheng et al (2011). The dark count rate per pixel of the FUV
detector has remained essentially constant at ≈ 10−5 s−1 at turn on. However, it
gradually increases to as much as 6×10−4 s−1 because of the increase in the detector
temperature during operation. An extra detector “glow” is then also observed,
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Figure 22.21: MAMA detector system schematics (from Kasle and Morgan 1991).
Left: System block diagram. Right: One-dimensional fine-fine encoding scheme showing
detection of multi-fold events.

being particularly strong in the upper left quadrant of the detector (http://www.
stsci.edu/hst/HST_overview/documents). The STIS MAMA detectors have now
been on orbit for well over 15 years and have been in continuous operation for nearly
11 years. At no time have the operating voltages of either detector needed to be
changed to correct for gain sag or other detector issues (B Woodgate, personal
communication).

In March 2002, during HSM3B, the STIS flight-spare FUV MAMA detector
was installed on orbit in the Solar Blind Channel (SBC) of the Advanced Camera
for Surveys (ACS) (see Chapter 5, Timothy et al 2013). The on-orbit performance
was very similar to that of the STIS FUV detector, with an initial dark count rate
per pixel of 1.049× 10−5 s−1 (Tran et al 2002).

While the ACS suffered an electronics failure from January 2004 until the HSM4
repair in May 2009, the SBC remained in operation. At no time since 2002, in over
10.5 years of operation have the SBC FUV detector operating voltages required
any changes and the SBC FUV detector remains in a nominal operating mode
(http://www.stsci.edu/hst/HST_overview/documents).

Also during HSM4, the Cosmic Origins Spectrograph (COS) was installed on
orbit. At the request of NASA the STIS flight-spare NUV MAMA detector was
added to COS in order to provide a redundant capability for STIS. Because of
better selection procedures for the window material the COS NUV detector is less
noisy than the STIS NUV detector. Based on the window tests the initial dark
count rate per pixel outside the SAA was predicted to be about 2.5× 10−4 s−1 or
about 25 % of the STIS values. However, the background count rate has continued
to increase linearly, for unexplained reasons. The level as of February 2011 was
about 4.3 × 10−4 s−1 and was predicted to rise to about 7.3 × 10−4 s−1 during
Cycle 19 which ended in September 2012 (Sahnow et al 2011).

http://www.stsci.edu/hst/HST_overview/documents
http://www.stsci.edu/hst/HST_overview/documents
http://www.stsci.edu/hst/HST_overview/documents
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Figure 22.22: 1024 × 1024 pixel (2048 × 2048 pixel high resolution) MAMA array with
25 µm by 25 µm pixels (12.5 µm by 12.5 µm pixels high resolution) for the STIS instrument
on HST (Ball Aerospace photograph).

It is of note that the four HST MAMAs have collectively accumulated over
28.5 years of on-orbit operation without requiring any changes in the operating
voltages.

Fast timing and time-tag imaging

The transit time of electrons in a CEM or MCP depends linearly on the channel
length, and the transit-time jitter is proportional to the transit time for a given
applied voltage and length-to-diameter ratio (see Wiza 1979). CEMs and conven-
tional PMTs typically produce pulses having a FWHM in the range from 5 ns to
30 ns. By comparison MCPs with channel diameters less than 12 µm produce pulses
having an FWHM less than 1 ns. For example, a chevron MCP with 5 µm diameter
channels produces a pulse width of order 0.5 ns (Laprade et al 1996, 1997). A 2 µm
pore size MCP has been developed by Photonis USA. The measured pulse width is
less than 400 ps (Laprade and Starcher 2001). This gives the MCP unique capabili-
ties for fast timing applications, including time-of-flight (TOF) mass spectrometry
(see, for example, Roman et al 2008). The result of this characteristic is that all of
the electronic readout systems described here can record both the coordinates and
the time of arrival of each detected photon to an accuracy set by the pulse-pair
resolution of the electronics. This capability, which is unique to the MCP detec-
tors, has a number of applications in space science. First, the integration time of
the binned and time-tagged photons can be selected after the observations have
been completed. Second, with a position reference, blurring of the image due to
motion can be corrected. Third, frequency analyses of observed sources can be de-
termined, and for pulsed sources the spectra of the different pulses can be selected
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and analyzed. The examples given here are for the MAMA detector systems, but
are equally applicable to all of the described systems. An example of the laboratory
reconstruction of a moving image is shown in Figure 22.23.

Figure 22.23: Image reconstruction of a moving image (from Giaretta et al 1993).
a) Integrated image made from the raw time-tagged data of a portion of an Air Force test
target while it was moving across the detector. b) Reconstructed image made by dividing
the time-tagged data of the moving target into 0.1 s frames and centroiding each frame
before co-adding. c) Flat-fielded image of the stationary Air Force target.

This technique was used to correct the jitter and gyro drift of a sounding rocket
during FUV imagery of the galaxy NGC 6240 using a 256× 1024 pixel MAMA
detector system, by using star images within the field of view as references (Smith
et al 1992). The raw and corrected images can be seen in Morgan et al (1990). An
excellent example of the ability to select the optimum integration time with time-
tag imaging is speckle interferometry, as described by Horch et al (1992). Some
of the results of this technique are described by Horch et al (1999). The ultimate
application for this technique is the ability to determine the spectra of the different
pulses from a pulsed source. A specific example of this is the recording of the FUV
spectra of the Crab pulsar pulses over the wavelength range from 160 nm to 320 nm
using STIS (Gull et al 1998), as shown in Figure 22.24.

The future

Over 30 years ago conventional PMTs were considered, at best, obsolescent,
and more likely obsolete. Yet today, thousands of these devices are in use. Similarly
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Figure 22.24: Crab pulsar profile spectra versus pulse phase from 160 nm to 320 nm
(from Gull et al 1998). The data do not indicate any wavelength dependence of the pulse
profile.

today, the major emphasis is on solid-state devices such as the CCDs and CMOS
arrays, including the development of electron-multiplying CCDs with the goal of
producing photon-counting arrays (see Chapter 23, Waltham 2013). However, the
unique capabilities of MCPs and MCP stacks, plus their vast use in night-vision
applications and particle detection (Wüest et al 2007), suggest that science-quality
lead glass MCPs will be available for a long time to come.

The requirements for photon-counting, large-format detectors for future NASA
UV astrophysics missions, particularly those devoted to spectroscopy, have been
recently defined; specifically, arrays with high-QE (> 50 %), low noise per pixel
(< 10−7 s−1), large-format (> 2000× 2000 pixels), operating at wavelengths from
100 nm to 400 nm or broader (http://cor.gsfc.nasa.gov/technology/).

Recent developments have attempted to find a superior MCP material than the
lead-based glass, principally because of the conductivity limitations caused by the
negative temperature coefficient of resistance. The development of silicon-based
MCPs using lithographic techniques, which eliminate the multi-fiber spatial errors
has been in progress for some time (see, for example, Siegmund et al 2004; Tremsin
et al 2004). However it has not yet proved possible to obtain adequate gain from
these MCPs, and the development of silicon MCPs does not appear to be actively
pursued at this time. Developments to produce aluminum oxide MCPs are also
under way at this time (Delendik et al 2003; Drobychev et al 2009). However, to
date no working MCPs have been demonstrated.

Given the very high success rate in space of many different MCP detector
systems over the past 25 years, it seems clear that the lead-glass MCPs have the
capability of fully meeting the future requirements. This assumes that, for long-
term space missions, it is possible to move the image or spectrum across the active
area of the MCP in order to mitigate the effects of localized charge depletion by very

http://cor.gsfc.nasa.gov/technology/
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bright features. However, given the finite amount of charge that can be extracted
from the lead glass, and the highly undesirable effects of very-high voltages in the
space environment, an optimum MCP photon-counting detector system requires
the following characteristics from the MCP:
1. A required gain of 106 or less.
2. A maximum operating voltage of 2000 V or less.
3. A single high-gain MCP, with highly effective suppression of ion feedback, to
both improve the lifetime and to reduce the size of the charge cloud at the output.

In this regard, a recent development merits note. Namely, the production of
the resistive and secondary emission layers by an atomic layer deposition (ALD)
process (Ritala and Leskalä 1999). First, MCPs have been fabricated using hollow
borosilicate tubes (Siegmund et al 2011). The tubes are then activated by an ALD
process. Initial results are promising except for strong “chicken wire” effects at
the multifiber boundaries. Second, nano-engineered conduction and emission layers
have been deposited on conventional lead-glass MCPs (Beaulieu et al 2009, see also
www.arradiance.com). The initial results appear highly promising.

The most critical development area is that of producing stable high quantum
efficiency solar-blind photocathode materials. Currently the most efficient photo-
cathode materials for use at wavelengths below about 150 nm are opaque alkali
halides (CsI, KBr, and NaBr) (see, for example, Siegmund et al 2007). These pho-
tocathodes must be protected from the ambient atmosphere, but can be operated
stably in the open-structure mode in space.

One material that currently shows great promise is p-doped GaN (Norton et al
2003; Dabiran et al 2009; Siegmund et al 2010; Ainbund et al 2012). These negative-
affinity photocathodes have very low sensitivity above about 350 nm and, in an
opaque form, a high QE at wavelengths below about 300 nm. They also appear to
be stable with time.

A number of MCP detector systems with different readout systems are now
under development for future space missions (see, for example, Wilkinson et al
2012; Diebold et al 2012; Uslenghi et al 2012).

Whatever the results of these developments, there will always be a requirement
in UV and X-ray astrophysics instruments for solar-blind, photon-counting imaging
detector systems, which are radiation tolerant and which do not require cryogenic
cooling.

Notes

The references to commercial organizations in this chapter are for technical
purposes only and do not represent any endorsement on the part of the author, the
editors, or the publisher.
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