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1. INTRODUCTION

1.1 MICROCHANNEL PLATES

A channel electron multiplier (CEM) is a type of radiation detector
which detects and amplifies photons, electrons, ions, and neutral
particles. It is essentially a hollow, nonmagnetic tube currently
fabricated from a lead-doped glass, with an inner diameter of
roughly 1 mm, and a length-to-diameter ratio (L/D) ranging from 40
to 100. It is similar to a discrete dynode photomultiplier tube
(PMT), in that it is able to amplify extremely weak signals by 10°
to as much as 10°, yielding output signals which can be easily
handled by auxiliary electronic equipment. Unlike a standard PMT,
a channel multiplier, which is much more compact, utilizes a
continuous resistive dynode along the inner channel surface rather
than a series of discrete dynodes to obtain an accelerating
electric field. This field acts on the secondary electrons created
at the input by the incident radiation which strikes the channel
wall. It then further accelerates the growing electron cascade as
it moves down the channel. A high voltage is required to establish
this field, and is applied through thin metallic electrodes which
are deposited on opposite ends of the channel. Because the
accelerating field acts throughout the channel, an amplification
factor or gain of 10* (1 mm diameter channel) can be reached before
the high space charge density near the end of the channel limits
further amplification. T e Lo

Parallel clusters of millions of microscopic channel multipliers
can also be fused together to form a microchannel plate (MCP), a
wafer-like electron multiplier able to amplify images or disper-
1sed spectra composed of either electromagnetic radiation, charged
particles, or neutrals. Upon inspection, an MCP appears as a very
thin glass wafer perforated with microscopic holes, and is
basically a parallel array of millions of close-packed hollow glass
capillaries having internal diameters ranging from 4 to 40 microns,
with each capillary being an independent, microscopic channel
electron multiplier. The channel length to diameter ratios in both
CEMs and MCPs range from 40 to around 120, with MCPs having
thicknesses ranging from less than 0.5 mm to 5 mm, in round or
rectangular formats with surface areas as high as 100 cm?’. Like
CEMs, the inner channel surfaces of MCPs consist of a superficial
secondary emitting layer, with an underlying semiconducting layer
which replenishes the emitted electrons and which also establlshes
the accelerating electric field. As with the CEM, a thin metal
electrode is vacuum deposited on the both sides of the MCP wafer.

MCPs are currently made using fiber optics technology. A soluble
core glass rod is inserted into a glass cladding tube, and this
assembly is drawn into a single glass fiber, which is cut and
stacked together with other fibers into a parallel bundle. This
bundle is then fused by the application of pressure and heat, and
drawn down into a solid multifiber, which is once again cut and



stacked into a bundle; the multifibers are then fused under vacuum.
This fused boule is then sliced into thin wafers, which are ground
and polished, and exposed to an acid solution which etches out the
core material. A thin wafer is obtained having millions of
parallel hollow microscopic channels. The channel surfaces are
made semiconducting by exposure to hot hydrogen gas for several
hours, which reduces the lead oxide in the glass to a form of
metallic lead able to support electronic conduction. Thus, when
a voltage is applied across the ends of the channels, an electric
field is established, a small current flows in each channel, and
the channel walls are able to support repeated electron multiplica-
tion cascades by replacing the wall charge lost in the process.

1.2 STATEMENT OF THE PROBLEM

The dynamic range of a radiation detector is one of its most
important characteristics, and is the range of input flux over
which the output count rate is linearly proportional to the input
or signal count rate. The upper limit to dynamic range is the
maximum input flux density which can be linearly amplified by the
detector, and is constrained by the MCP gain falloff as well as
the pulse pair resolution (PPR) and sensitivity of the pulse
counting electronics. The lower limit is determined by the dark
noise count rate, an irreducible background flux which occurs in
the total absence of any input or signal flux.

Prior to this program, the dynamic range of MCPs was on the order
of 10', with the lower limit being about 0.6 cm’s™
(counts/cm’/sec), and the upper limit about 10’-10° cm’’s™ for single
Galileo 12 micron pore MCPs, at temperatures below 70 °C.

1.2.1 HIGH INPUT FLUX LIMITATION

The inability of MCPs to linearly amplify input flux densities
above this upper limit was seen as hindering the development of a
new generation of scientific instruments, which would be used for
high input flux applications. This concern was well illustrated
in the abstract of a recent review article on detectors used for
electron energy loss spectrometry (EELS): "...the possibility of
eliminating the MCP and using an electron-bombarded silicon gain
mechanism..." was seen as very important, due to "...the inabil-
ity of present MCPs to maintain saturation gains at count rates
above 1 MHz mm™" [1].

SATURATION

Figure 1 shows a typical set of curves which relate MCP input
current to output current; these are called gain transfer curves.
They show that linear amplification of input current occurs up to
roughly 10% of the bias current which flows through the channel
walls and which is determined by the bias voltage and MCP resis-
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tance [2]. Beyond this value, the MCP gain begins to drop due to
saturation effects, so that the transfer curve starts to level
out. Since the MCP resistance changes slightly in operation, due
to the presence of a parallel resistive path (the electron
cascade), and possibly due to a slight conductivity enhancement
from electron bombardment, this curve never completely flattens
out. This failure of linearity, or current saturation, as the
output current approaches 10 to 20% of the bias current, can easily
be explained by considering processes that occur on the level of
an individual channel.

As a sizeable electron cascade develops towards the end of the
channel, secondary electrons lost from the channel wall leave
behind a positive wall charge, which must be neutralized before
another electron cascade can be generated. This is accomplished
by the bias current flowing down the channel from the bias voltage
supply. This current also establishes the local axial electric
field, which accelerates the secondary electrons released from the
wall, and which is equal to the local wall current times the wall
resistivity per unit length, in accordance with microscopic Ohm’s
law. Wall charge neutralization must occur at a rate faster than
the input event rate into the channel. Otherwise, the channel will
fail to recover its full gain capability between cascade pulses,
and the overall detector gain will correspondingly diminish.

since the local wall current at the output end is now reduced due
to the neutralization process [3]. This decreases the kinetic
energy gained by secondary electrons after they are emitted,
lowering their collision energies to a value equal to the first
crossover potential, the energy at which the secondary yield equals
unity. At output currents below roughly 10% of the standing wall
current (bias current), there is a linear relationship between the
output and input currents. As the output current increases,
approaching this level, the local field near the input end begins
to rise in order to maintain a constant applied potential, as the
‘local field near the output end diminishes due to the diminished
wall current. Once the output current reaches the 10-20% bias
current level, the local field near the output is reduced to such
an extent that the local gain falls below unity, and the field
depletion region enlarges up the channel - effectively reducing the
fraction of channel length participating in the gain process.
However, as the overall gain begins to diminish, further growth of
this depletion region halts, and it then begins to contract. At
this point, a state of dynamic equilibrium is reached, where the
charge pulse magnitude stabilizes. In practice, the upper limit
of MCP dynamic range is indicated by a shift in the pulse height
distribution (PHD) to lower amplitudes, indicating a falloff in
gain.
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Figure 1. MCP current transfer characteristics. [from Ref. 61]
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DEAD TIME

Nearly all radiation detectors require a minimum time period which
must separate two input events, if they are to be recorded as
separate events. In MCPs, each channel has an associated dead time
due to the finite recharge time of the channel wall after an
electron multiplication event occurs (with the cascade developing
on a nanosecond time scale). This recharge time, typically
milliseconds for standard MCP channel resistivities, can cause
nonlinearities between the measured and actual count rate,
resulting in loss of MCP gain and counting accuracy (i.e., as the
input flux increases, an increasing percentage of input events are
lost). Obviously, the input count rate statistical distribution
can be severely distorted by the MCP dead time.

Another phenomenon involving MCP dead time which can distort the
input signal is the variation of dead time with illumination area
[(4,5,6], presumably caused by interchannel capacitive coupling [7].
As the illumination spot size increases, the lateral capacitance
scales with the spot circumference rather than with its area.
Since the latter is proportional to the number of channels, the
effective channel capacitance decreases, making less charge
available per pulse. This variation in local dead time makes it
difficult to accurately calibrate imaging spectrometers which
operate at high count rates.

ALTERNATIVE APPROACHES

Fortunately, the maximum MCP count rate capability for linear
operation can be extended in different ways.

Smaller channels

One way to increase MCP count rate capability is to fabricate MCPs
using smaller diameter channels with higher packing densities.
This should be viewed as a geometric effect, rather than as an
effective decrease in MCP resistance (channel resistance increases
directly with packing density, while the inverse holds for channel
capacitance, so that RC remains constant for a fixed MCP resistance
and capacitance). Since the channel recharge time remains the same
as the number of channels per unit area increases, the probability
is smaller that a given input event will enter a dead channel
(recharging from a previous event). This will extend the maximum
input flux before deterioration of detector efficiency sets in.
Also, since it is less likely that neighboring channels are
simultaneously activated, interchannel coupling (which increases
dead time) is less likely to occur.

Achieving smaller channels is certainly useful in increasing MCP
dynamic range, and Galileo has recently done significant work in
this area, attaining MCP pore sizes as small as 4 nmicrons. For
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example, assuming a fixed MCP resistance, the improvement using a
4 micron channel as opposed to a 12 micron channel is simply the
square of the channel diameter ratio, roughly an order of mag-
nitude. However, it 1is 1likely that the amount of possible
improvement beyond this is limited. For pore sizes even smaller
than 4 microns (already difficult to fabricate) the voltage levels
needed to attain pulse-counting gain applied across increasingly
thin and fragile wafers moves into the dielectric breakdown region.
Moreover, since saturated gain scales with channel diameter [9],
the noise requirements on pulse-counting electronics designed to
register charge pulses of less than a hundred microvolts would be
unusually stringent.

Pulsed operation

Another method used to extend the MCP linear output range is used
in very high speed photography (for example, X-ray imaging of
laser-produced plasmas), where shutter times of roughly a nanoseco-
nd have been achieved. Here, the MCP bias voltage is pulsed, as
opposed to the photocathode-MCP bias, i.e., gating the extraction
field. However, gating the cathode will not work with UV or X-
ray radiation, which can pass through the cathode into the MCP and
which is continuously in operation.

Rapidly pulsing the MCP bias voltage at very low duty cycles of
less than 0.1% allows a very low resistance MCP to function without
the danger of thermal runaway. For example, a 200 kilohm MCP
dissipating 10 watts at 1000 V will rise in temperature at the rate
of roughly 30-40 °C/second, so that applying an MCP bias voltage
for a period of a few nanoseconds will cause virtually no Joule
heating. If the tiny but finite temperature rise due to this pulse
has sufficient time to return to equilibrium, subsequent pulses can
follow indefinitely.

Recently, for example, a saturated Z-stack MCP composed of low
resistance MCPs, which would normally have a channel recharge time
approaching a few tenths of a second, has been shown to recover as
quickly as 150 microseconds when gated by high voltage square
pulses, with pulse widths of several nanoseconds (L. Giudicotti,
Univ. Padua, private communication, 1989). Although interesting
and quite useful for certain applications, this method of dynamic
range extension will obviously not work for high flux applications
requiring continuous, unsynchronized MCP operation.

Higher bias current

A more promising way to extend MCP dynamic range would be to find
some way to dramatically increase the MCP bias current, thus

dramatically increasing the 10-20% bias current value at the onset
of output current saturation. This would have the attractive
feature of allowing continuous d.c. operation at very high input
count rates. However, increasing MCP bias current by lowering MCP

11



runaway.

Thermal runaway

As MCP resistance diminishes (controllable through processing
schedules), the bias current under high applied voltages increas-
es. This increased current is carried by a thin (~2000 &) semicon-
ducting layer lining the inner channel wall. Like most semiconduc-
tors, this has a negative temperature coefficient of resistance
(i.e., as temperature increases, resistance decreases). When high
voltage is applied, the bias current results in Joule heating (P
= IE = V/R), which must be somehow removed from the MCP since
thermal equilibrium can only be reached if the net MCP heat flow
is zero. As the MCP temperature increases, the resistance
decreases, resulting 1in additional Joule heating. (Use of
voltage- or current-controlled power supplies cannot prevent this
without changing the MCP applied voltage, and thus gain.) If the
heat is not removed quickly enough, thermal equilibrium may never
be reached, and a thermal runaway condition sets in where the MCP
is destroyed.

MCP heat is dissipated predominantly through radiative transfer
from both MCP faces. Since the MCP is very thin, and because of
the low thermal conductivity of the glass, heat conduction
through the electrode connections at the rim is negligible (Figure
2). The temperature increase resulting from Joule heating can be
roughly calculated using the Stefan-Boltzmann law

n’0€(T,'-T,')/2 = V'/R

where d is the MCP diameter, ¢ is the effective MCP thermal
emissivity, T, is the equilibrium MCP surface temperature (°K),
T, is the ambient temperature, and ¢ is Stefan’s constant [10].
The right-hand expression is the Joule heat generated in the MCP
by the applied voltage V across MCP resistance R. The emissivity
of MCPs has never been measured directly, although semiempirical
values of 0.2 for 0° bias MCPs, and 0.4 for 13° bias MCPs have been
given [1l1]. The latter value is higher, due to the larger
effective area of metal electroding resulting from electrode
penetration into the angled channels (i.e., electrode penetration
into a 0° bias channel is simply not as visible). The predicted
equilibrium surface temperature from this simple analysis fails to
take into account the changing wall resistance, and therefore
underestimates the actual temperature rise; obviously an iterat-
ive analysis would be more accurate. Alternatively, one could use
a semiempirical approach to find the actual thermal runaway point
for a given MCP glass (without destroying the MCP). This procedure
was outlined in the Phase II proposal.

12
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Low resistance MCPs

Progress has been made at Galileo in recent years in providing
higher dynamic range MCPs using the high bias current approach.

Galileo introduced the High Output Technology MCP, a low resista-
nce MCP giving a dynamic range increase of two orders of magnltu-
de, as compared with standard production military night vision
plates [12]. MCPs with resistances as low as 5 megohms were able
to be continuously operated without thermal runaway, mainly due to
the higher temperature Galileo Long Life™ glass formulation, which
allowed sustained operation at temperatures as high as 350 °C
(previous MCP glasses could not go much above 200 °C). However,
even at these elevated operating temperatures, where considerable
amounts of heat are being radiated (from the T' dependence), thermal
runaway would inevitably occur below about 5 megohms. Neverthe-
less, this advance in MCP technology has generated considerable
interest for moderately high input flux applications. Many low
resistance Galileo MCPs have already been installed in scientific
instruments, since they are identical in format and mounting
configuration with standard MCPs. Still, the requirement that the
MCP temperature must rise considerably above ambient to radiate the
increased heat load imposes limits on its applicability, par-
ticularly in detectors employing proximity focused photocathodes.

In many MCP applications, a photocathode is used to convert
incident visible or UV photons into photoelectrons, which then
become the primary input radiation to the MCP. However, photoc-
athodes are heat sensitive, and can generate a substantial amount
of thermionic dark noise at the detector output, even at room
temperatures. The photocathode material has a relatively low work
function, so that those electrons in the upper end of the thermal
energy distribution, which also happen to be close to the surface,
escape into the vacuum. This inherent thermal noise is then
multiplied by the full MCP gain, and therefore cannot be distin-
guished from the signal. Also, the photocathode to MCP bias
voltage will further lower the cathode surface potential (analogous
to the Schottky effect), which only worsens the thermionic
emission.

Although the successful use of the low resistance MCP had fulfilled
part of the promise of the high bias current approach to MCP
dynamic range, we felt that this only raised a new challenge: can
MCP bias current be increased even further, while avoiding not just
the thermal runaway problem, but also the MCP temperature rise
problem. In this program, we attempt to solve both these problems.

14



1.2.2 DARK NOISE LIMITATION

When this program was first proposed, the low end of the MCP
dynamic range scale was bounded by irreducible MCP background or
"dark™ noise. This noise was seriocusly limiting the sensitivity
of space-based astronomical X-ray and EUV detectors, where input
flux rates below 1 cm’s™ are often encountered, as well as the
sensitivity of trace isotope mass spectrometry detectors, medical
diagnostic X-ray detectors, and other ultra-low signal applicati-
ons. Although other MCP noise sources had been identified, such
as "hot spots" due to field emitting debris on the MCP input, field
emission from mounting hardware, and outgassing, these were all
controllable wusing appropriate cleaning and preconditioning
techniques. However, even when these noise sources were elimina-
ted, there remained a low gain exponential tail which required
careful setting of discriminator levels, which degraded the signal-
to-noise ratio for very low event rates (~1 cm’s™) to essentially
unusable levels.

At the time of the Phase II proposal, it was not at all clear what
the true cause of MCP dark noise was, although several mechanisms
had been proposed. Indeed, it was not known if it could even be
reduced.

1.3 PHASE II TECHNICAL OBJECTIVES

The overall objective of this program was to greatly enhance MCP
dynamic range, by enhancing the input count rate capability to well
above 10° cm™s™, and by increasing the signal-to-noise ratio for
very low-level input signals (Figure 3). At the time of the Phase
IT proposal, the best approach was felt to be the development of
a two-layer "sandwich™ MCP capable of high temperature (150 °C),
high current operation, with reduced dark noise. By doing this,
the previous current saturation limit would be greatly increased,
through increasing the MCP bias current while avoiding thermal
runaway - the bane of all previous high current MCPs. At the low
end, provided that thermionic emission was not a factor, the
solution of the dark noise problem would involve investigating a
number of postulated causes, including field emission from channel
walls as well as radioisotope decay.

To achieve the necessary degree of thermal control with an MCP
having a negative temperature coefficient of resistance, a
temperature-controlled electrostatic image inverting tube was
proposed having a multianode electrical readout. A specialized
power supply with two independent outputs would be required to
supply controlled currents to the two MCP layers. The temperat-
ure control system would be linked to the power supply circuitry
for purposes of feedback control. The dynamic range of the device
would then be characterized, with life tests of low noise sandwich
MCP’s carried out at elevated operating temperatures.

15
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The statement of work was later clarified, with a number of general
milestones: to determine the source of MCP dark noise, and find out
how it could be reduced; to develop and fabricate a high current
sandwich MCP, having a channel recharge time approaching 10
microseconds (instead of the usual recharge time of up to tens of
milliseconds); to develop and fabricate the power supply and
thermal control system; to develop a high-speed multianode
electrical readout; to develop and fabricate a device enclosure:
and finally, to conduct tests.

After the program was underway, a better approach to the high-end
problem soon evolved which dispensed with the need for a complex
thermal control/power supply system and a laminated MCP, which
would allow room temperature MCP operation at very high currents.
This approach will be described in detail in the sections that
follow.

2. PROCEDURES AND RESULTS

We will present the dark noise reduction results first, since the
bulk of this work occurred during the earlier parts of the program.

2.1 DARK NOISE REDUCTION

In some applications, the residual background of MCPs has diminish-
ed their effectiveness as detectors at very low input count rates
(Figure 4). For several years, a variety of possible noise sources
had been discussed [13-16]. However, unambiguous determination of
the underlying source had proved elusive. As with conventional
discrete dynode multipliers, mechanisms that had been considered
included intrinsic radiocactivity in MCP glass, thermionic emission,
residual gas ions, field emission from hardware, as well as cosmic
ray events. In addition, field emission from asperities or
microcracks in the MCP channel walls was often considered a major
contributor [14-15]. Until as recently as 1987, there was no
clear-cut evidence for the predominance of any one of the postu-
lated MCP noise mechanisms, with results obtained by different
investigators often contradictory. Earlier attempts to fabricate
low noise MCPs at Galileo and elsewhere gave discouraging results,
and the lack of consensus on the chief source of MCP dark noise
halted further progress.

The two most likely candidates causing MCP background noise were
thought to be field emission from channel wall defects, and
radioisotopes in the matrix glass. A survey of the literature
suggested that field emission was the more probable cause, although
the data was inconsistent. Consequently, a decision was made at the
start of Phase II to study the field emission hypothesis first.
If the results of the study turned out to be negative, attention

would then focus on radioisotope decay.
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2.1.1 FIELD EMISSION DUE TO MICROCRACKING

The application of an electric field to a surface being struck by
impacting energetic particles, resulting in secondary electron
emission, facilitates the emission process by 1lowering the
effective work function. For field strengths < 10* Vv cm?, the
enhancement to zero-field electron emission is called the Schottky
effect. For stronger fields, quantum mechanical tunneling begins
to dominate when the surface barrier becomes sufficiently thin.
When this occurs, electron emission is spontaneous, not requiring
an impacting primary event. This process is called field emission.

Since the MCP background noise pulse height distribution (PHD) has
the form of a negative exponential (Figure S5), even at MCP voltages
high enough to give input signals a peaked PHD, a noise source
uniformly distributed along the channel is indicated: those events
originating inside the channel below the input plane would not be
amplified enough to achieve saturated gain levels. If the noise
source were field emission, the most plausible cause would be
defects or microcracks along the inner channel surface. Sharp
edges with tip radii on the order of 10-100 & would give rise to
local fields far more intense than the nominal bias field of 10* V
cmt, If negative ions were adsorbed on these surfaces, these
local fields would then be within the range of field emission, in
a process similar to that occurring in a field emission microscope
(as described by the Fowler-Nordheim equation [171]).

HIGH RESOLUTION SEM MICROGRAPHS

To see if microcracking were actually occurring along channel
walls, a high resolution (30 A) SEM study of an actual MCP channel
was undertaken at Photometrics, Inc., Woburn, MA. A standard
production Long Life™ MCP, which has been shown to have a relative-
ly high dark count of 0.7 cm'’s™ [18] was fractured, and channel
walls were exposed. No microcracks or asperities were seen, even
at the highest achievable magnifications. Although charging
phenomena due to the superficial siliceous layer made imaging below
100 & quite difficult, there was no indication of anything less
than a featureless and uniform channel wall.

2.1.2 RADIOISOTOPES

The concept of reducing MCP background noise ("dark noise") by
fabricating MCP’s from radioisotope-free glass is not new, and has
been discussed in the scientific 1literature for several years
(Figure 6). The first known published mention of internal MCP
glass radioactivity as a possible bacquggng noise sour was

in a paper by Henry et al. [14] in 1977. (Their measurements,
however, suggested that field emission from channel wall defects
was the most likely cause of MCP dark noise.) Radioisotope
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activity was again mentioned as a possible dark noise source in
the initial 1984 proposal for this program (C. Tosswill, NASA SBIR
Proposal #8139191, June 1984).

In 1985, the first published calculations giving strong prima facie
evidence for the radioactivity model were given by Fraser et al.
[19]. Assuming that MCP glasses contain around 5 wt% of potassium,
a count rate due to ‘K decay was estimated which roughly agreed
with experimental data. Pb isotope contamination was also
mentioned as a possible additional noise source (but of considerab-
ly lesser importance than the alkali radioisotopes). Fraser et al.
[20] followed with a publication in 1987 which comprehensively and
rigorously studied the background noise problem. This study
showed, with a high degree of confidence, that “K was the dominant
noise source in well-outgassed, hotspot-free MCP’s fabricated from
MCP glass containing 6.5 wt% potassium from Mullard (Philips
Components Ltd. Mitcham, Surrey, UK), with no heavier alkalis.
Corroborating evidence for the deleterious effect of “K was
presented by Siegmund later that year [21]. A subsequent paper
by the Leicester group (18], which studied MCP’s made from Long
Life™ glass, concluded that *Rb was the dominant source of
radiation in this potassium-free material, further supporting the
internal radiocactivity noise model. At the end of the paper it was
stated that "...investigation of MCP’s manufactured from potassium-
and rubidium-free glasses will be of very great interest."

LOW NOISE GLASS DEVELOPMENT

During the first quarter of the program, we became aware of these
findings on radioisotope activity. We then immediately set out to
develop a new MCP glass formulation with 1) low intrinsic back-
ground noise, 2) superior gain stability, 3) stable high
temperature operation, and 4) strip current stability equivalent
to the best prior art MCP material. Moreover, we would have to do
this using Galileo’s standard manufacturing processes, if timely
results were to be achieved. After carefully choosing the amount
of each glass constituent, based on estimates of the constituent’s
influence on glass properties, a precise glass formulation was
arrived at [64]. Work on a test melt then started.

A 20 kg batch was prepared from high purity raw materials and
melted in a six liter induction heated platinum crucible to prepare
cylindrical glass castings. The castings were then extruded into
tubes which were used to prepare the low noise MCP wafers, using
the standard Galileo MCP production process described in Sect. 1.1.
The core glass was an acid soluble glass of different composition
than the low noise cladding glass, but with matched properties such
as viscosity, thermal expansion, and transition and softening
temperatures, so that no changes to the standard MCP production
process were needed. Also, no efforts to improve channel surface
quality were made (to reduce possible field emission).
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After the MCPs were fabricated, they were tested at Galileo for
gain and strip current, and found to perform about the same as
standard Long Life™ MCPs. A lifetest carried out on a sample plate
(to 3 C cm? accumulated output charge) showed that gain stability
under prolonged electron bombardment was equal to or better than
standard Long Life™ plates.

LOW NOISE MCP TESTING

We then sent the first group of low noise MCPs to two groups of X-
ray astronomers, at the University of California-Berkeley and to
the Leicester group, for thorough dark noise testing. (Since MCP
dark noise is a major concern in X-ray astronomy imaging detectors,
these groups were highly motivated to study this problem.) The
Berkeley group received the plates first, due to shipping delays
to Leicester. Their results were discouraging, and showed that the
MCPs behaved quite poorly:; they noted no improvement in dark noise
characteristics. However, it was later discovered that the plates
had been damaged, invalidating the test results. In marked
contrast, the Leicester group one month later reported that the
MCPs were the quietest plates ever tested, and in all other
performance characteristics, behaved almost identically with
standard Long Life™ MCPs.

Two groups of low noise MCPs were eventually fabricated and tested,
and the test results were published. (A third group of low noise
MCPs is currently being fabricated, but test results on these will
not be available for inclusion in this report.) The remaining text
in this section is a condensation of one of these papers [22], with
the present writer being the principal author.

Dark Noise Figures

MCP background measurements can be presented in two ways. One way
is to plot the background event rate as a function of the counting
threshold d, with the latter specified as a fraction of the model
(most probable) detector gain G.. Due to the negative exponential
noise pulse height distribution, one can then extrapolate to the
zero charge threshold and use the limiting value of the noise event
rate N,(0) as a comparative measure of MCP background.

Another method, perhaps more useful in specifying actual detector
performance, is to give the observed detector background under
optimized conditions of detector signal-to-noise. Optimization
can be achieved by first deriving a signal to noise index S(d4d)
according to procedures outlined in Ref. 24. One then sets the
counting threshold to correspond with the peak of the S(d) curve
(Figure 7). The background event rate N,(d) will be the noise
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figure actually observed in a working (i.e., optimized) detector.
It will typically be three to four times lower than N,(0). Both
noise figures, N,(0) and N, (d), will be given here for a low-
activity detector body (below).

First group of low noise MCPs

In this section summary results are presented of background
measurements made at the University of Leicester on the first lot
of low noise MCPs; these results were first presented in greater
detail at the recent "X-ray Instrumentation in Astronomy" con-
ference (San Diego, 1988) [23]. This group of MCPs was
fabricated from a composition designed to be free of radioisotope
contamination, in particular ‘K and *Rb. The MCPs had dimensions
identical with standard Galileo production plates as shown in Table
1. (Although the average plate resistance for this particular
group was 30 megohms, it should be noted that the characteristic
resistance of prototype low noise MCPs was found to be capable of
ranging over several decades, and could be specially tailored
during processing.)

Table 1
Dimensions of low noise MCPs (first group)
L/D 40
Channel diameter (um) 10
Channel pitch (um) 12
Bias (degrees) 11
Resistance (megohns) 30 @ 1000 V
"Nominal OD (mm) 33
Active dia. (mm) 25

Low noise detector requirements

Due to the relatively high noise level of currently available MCPs,
the background contribution due to radioisotope contamination in
detector components, such as ceramic mounting spacers or blocks,
had never been seriously considered. Indeed, the MCP contribution

always dominated the observed noise. However, during initial tests
of low noise MCPs, it was discovered that radioisotope activity in
ceramic detector components (MACOR, containing about 8.5 wt% of
K,0) was being observed [23]. Accumulated noise images showed a
distinct annular structure of enhanced contrast that could not be
accounted for by the MCP background. When the detector body was
rebuilt using non-radicactive plastic components (Kel-f) instead
of MACOR, this noise feature all but disappeared, with a 40% drop
in the noise count. Consequently, in the design and construction
of future demountable or sealed tube detectors in which the use of

low noise MCPs is contemplated, components having little or no
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Review of noise measurements

The first group of low noise MCPs received no preconditioning
treatments (bakeout or burn-in). Over a two month period, noise
measurements were made on a tandem (two MCPs stacked together) in
a quiet detector body (below) using a graded-density wire readout.
The modal gain G, and the pulse height distribution (FWHM) of the
low noise tandem (V,=V,=1000V, V,=400V) were determined to be 1.2 x
10’ and 140% at the MCP center, using a 14.5 mm’ collimated beam of
C-K (0.28 keV) X-rays. As shown in Figure 8, the average back-
ground rate measured within the central 17mm of MCP active area
and extrapolated to zero charge, was approximately:

N.(0) = 0.07 cm’’s™

For the full 25mm MCP active area, the figure was slightly higher,
approximately 0.09 cm”s™, since it included additional noise due
to one or two ‘hot spots’ (field-emitting debris on the MCP input
face).

This noise level is an order of magnitude lower than an
equivalent tandem made of Galileo’s standard production Long Life™
MCPs, and three times lower than a tandem from Philips (Nn(0) =
0.25 cm™’s™) of nearly identical geometry (12.5 micron pores instead
of 10 microns). The noise count due to internal radioactivity
scales with front plate thickness, hence it is important that this
dimension be specified. For the same set of measurements, the
signal-to-noise index S(d) is shown in Figure 9, yielding a noise
figure:

N.(.8G.) = 0.02 cm’’s™

This value is representative of what would be observed in a
detector having optimized signal-to-noise parameters.

Although these numbers represented a substantial advance over
anything previously measured, they were still four to five times
higher than expected on the basis of the known radioisotope
content of the MCP glass composition. Summing all the known
residual contributions, such as alkali oxide impurities (below)
and the cosmic ray-induced background (.006 cm’s™ @ d=0), at the
time the measurements were reported (August 1988) only 22% of the
observed noise counts could be accounted for. As discussed in Ref.
29, local MCP outgassing, ion feedback, field emission, and readout
noise were all eliminated from consideration when the noise count
was found to be relatively insensitive to controlled changes in MCP
voltage, temperature, and chamber pressure. Due to the relatively
high thermionic work function of reduced lead silicate glass,
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thermionic emission was not considered to be a factor [20,21].
Even though the first group of low noise MCPs was fabricated with
Long Life™ (Rb-containing) rims, and "Rb activity might con-
ceivably cause at least some of the observed background, this
contribution was shown to be negligible, with an attenuation factor
of 10® within the central MCP region where the background was
measured.

Remaining background source

An examination was subsequently undertaken of remaining noise
sources which might be thought to have only a second-order effect.
First, the purity of the raw materials used in the low noise MCP
glass melt was studied. Radioisotope contamination of lead oxide,
the major constituent of MCP glass, has occasionally been suspected
of being a possible background source. Although ordinary lead
often contains low levels of radiocactive contaminants, properly
refined lead is expected to be relatively free of radioisotope
activity. Since no specifications on alpha- or beta-emitting
isotopes or actinide contaminants in the lead oxide were available
from the manufacturer, a mass spectrographic analysis of the lead
oxide raw material was performed. The samples revealed undetec-
table levels of any emitting contaminants except potassium, present
at the negligible level of 10 ppb. However, this did not include
an isotopic analysis of the lead. Therefore, to assess whether
alpha or beta emission was occurring, a counting test was done on
a sample of known mass. The combined alpha and beta count rate
determined from a 16 hour integration was found to be 1.6 x 107
g's™, corresponding to a negligible MCP background count rate of
2 x 107 cm’s™,

The other main constituent of the low noise MCP glass possibly
containing contaminants is Cs,0. The manufacturer’s
specification for rubidium in both standard and high purity grade
CsCO, (the raw material) is, respectively, 3000 and 300 ppm. For
potassium, the levels are considerably less, 500 and 100 ppm. The
first group of plates were made from standard grade CsCO,. A
residual content of rubidium and potassium was calculated for the
final glass.

An assay was performed on an MCP active area, again using mass
spectrographic analysis. This showed a rubidium level in the glass
matrix much higher than the level calculated from the raw material
specification, approximately 10-20% of the amount observed in a
similar analysis on Long Life™ MCPs. Moreover, the presence of
potassium was observed at a similarly elevated level. However,
this analytical method is only accurate to within an order of
magnitude. Still, for comparable amounts of Rb and K, the Rb will
contribute far more to MCP noise, due to the high isotopic
abundance of *Rb, ~28%. Given the accuracy of the assay, these
numbers were consistent with the observed background, which was an
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order of magnitude less than that measured for a Long Life™ tandem
[18]. Consequently, low-level alkali contamination was indicated.

Second group of low noise MCPs

A second lot of prototype low noise MCPs was produced, with the
goal of preventing trace alkali contamination. These plates were
made using low noise glass, in both the rim as well as the active
area. Their dimensions are shown in Table 2 (designed to be
compatible with the Advanced X-ray Astrophysics Facility High
Resolution Camera ([31]). Two new glass melts were separately
fabricated using high purity CsCO, raw material in one melt, and a
selected lot of standard grade CsCO, in the other. First, the raw
material was analyzed for trace contamination.

The standard CsCO, was analyzed for rubidium content with energy
dispersive X-ray fluorescence (EDXRF) using a standardless
technique. Reqular additions of RbCO, were made to the unknown,
and the concentration in the undoped sample was determined by
linear regression. This analysis was repeated seven times to
average out effects of packing variations. The rubidium content
of the undoped sample was measured, and corresponded to ap-
proximately 35 ppm Rb in an MCP made from this material -
equivalent to an MCP background rate of about .001 cm™s™. The
manufacturer’s analysis of the high purity CsCO, lot showed only
trace potassium and a level of Rb comparable to what was measured
in the standard lot of selected material. Comparative EDXRF
analyses of glass made from these materials showed equivalent Rb
peak heights, consistent with the raw material analyses. (However,
quantitative EDXRF analyses of glassy samples was not possible due
to interference effects.) The glass prepared from the high purity
CsCO, was used for the second group of MCPs. Mass spectrographic
analysis of this glass showed a sixfold reduction in Rb content and
a 40x reduction in potassium content, as compared with the first
lot of low noise material.

Table 2
Dimensions of low noise MCPs (second group)
L/D 80
Channel diameter (um) 10
Channel pitch (um) 12
Bias (degrees) 8
Resistance (megohms) 100 @ 1000 V
Nominal OD (mm) 38
Active dia. (mm) 30
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Initial noise measurements

Two different sets of MCPs from the second group were tested at
both Leicester and Harvard, and the initial noise figures were
found to be essentially the same. For consistency, the Leicester
measurements will be reported here. As with the first group of
low noise MCPs, no bakeout or burn-in treatments were carried out
on the second group, and a graded-density wire readout was used.
These initial noise measurements were carried out after only three
days under vacuum, on a tandem with identical 80:1 front and rear
plates housed in a low-activity detector body. However, it has
been ohserved [20] that the MCP dark count rate normally approaches
a plateau after fifty to sixty hours under vacuum, when high
voltage is continuously applied. Hence, the contribution of local
outgassing to the noise figure was expected to have diminished to
insignificant levels. The modal gain and FWHM were 1.0 x 10’ and
130% (V=V,=1200V, V,=400V) using C-K X-rays. The measured back-
ground rate for the full MCP active area was (Figure 10):

N.(0) = 0.10 cm’’s™

This figure is almost identical with the figure given earlier for
a tandem composed of 40:1 plates. The signal-to-noise index shown
in Figure 11 yields an optimized noise figure of:

N.(.9G.) = 0.03 cms™

Assuming that the noise source is uniformly distributed through-
out the thickness of the MCP, this impliesthat the second group of
low noise MCPs was fabricated from a glass which was twice as quiet
as the glass used in the first group. Had the measurements instead
been carried out on a tandem using a 40:1 front plate, the noise
figure would be expected to be roughly one-half the 80:1 value.
The second group of MCPs thus represented an MCP background twenty
times lower than standard Galileo production plates, and up to six
times lower than the quietest plates from Philips. -

Nevertheless, this was a smaller reduction in background noise than
expected from the observed reduction of both the Rb and K content
of the MCP glass, and was still several times higher than the
cosmic ray-induced background. Using the same experlmental
procedures as with the first group of low noise MCPs, outgassing,
field emission, and other noise sources besides radiocactivity were
eliminated from consideration. Additional radioisotope assays of
the matrix glass in finished MCPs from the second set were
underway, when finally the puzzle was solved.
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Experiments had been carried out at Leicester to see if cosmic ray-
induced events were being supplemented by noise events induced from
other sources external to the MCP., A 300 kg lead shield composed
of 5 cm thick bricks was constructed around the detector housing.
This shield provided a considerable degree of attenuation (30:1)
to MeV gamma rays from the environment, yet was relatively
transparent to high energy cosmic ray muons. Although the shield
did not completely cover the detector, when extrapolated to 4w
steradians, the MCP internally-generated background noise was found
to be .02 cm’s™, only twice the cosmic ray background limit. Thus
the second group of Galileo MCPs was virtually noise-free (although
the residual dark count of .01 cm’s™ suggested that an extremely
low level of trace radioisotope contamination was still present).

Interestingly, within the past few months of this writing (June
1989) Philips has also succeeded in fabricating low-noise MCPs;
these were included in the Leicester experiment. Although only
two data points are shown (Figure 12) due to a publication deadline
(SPIE-Paris Conference, April 1989), it appears that the level of
trace rad101sotope in their glass is somewhat less. A third group
of Galileo low noise MCPs are now being made, and samples are being
taken at each processing step. Assays will be conducted on each
sample, to determine the ultimate source of the remaining radioiso-
tope contamination. At such low levels (~10 ppm), rigorous
manufacturing control is very difficult to achieve; even so, the
attempt will be made, and we are confident that totally radioisoto-
pe-free MCPs will soon be available.

Note:

-- It must be noted that latter portions of the low noise MCP work
were internally funded by Galileo, as stated in the quarterly
reports. However, since the stimulus for this work as well as the
basic glass formulation derived from contract fundlng, we feel it
is appropriate to include all results ‘to date in reducing MCP
background.
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2.2 HIGH FLUX ENHANCEMENT

This section describes how the MCP count rate capability was
extended well beyond the upper limit discussed in the Statement of
the Problem section (1.2).

2.2.1 LOW RESISTANCE MCPs

(Due to the proprietary nature of Galileo’s production processes,
certain details must be omitted here.)

Since their introduction, MCPs have been fabricated using glass.
The most stable and widely used MCP glass system has been a lead
silicate glass containing roughly 50 wt$% lead oxide, 5-10% alkali
oxides, with the remainder silicon dioxide. After the MCP array
of millions of hollow microscopic channels is fabricated, the inner
channel walls must be made semiconducting. For lead silicate, this
is done by exposing the channels to hot hydrogen (400-500 °C), which
chemically reduces the lead oxide to a form of metallic lead with
dramatically lowered resistivity. The hot hydrogen treatment is
a thermally activated process where lead oxide is reduced to lead,
with water being the chief reaction product. The activated
surface, extending to a depth of 2000-3000 4, becomes differen-
tiated into essentially two sublayers (Fig. 13 and 14) through
competing processes of reduction, diffusion, and evaporation of Pb
and other constituents [24,26]. The superficial 100-200 & emitting
layer, where the secondary emission takes place, is composed mainly
of vitreous silica. The underlying layer, from about 200-2000 4,
is the conductive layer, and possesses a far higher concentration
of lead. The conduction mechanism is presumably a hopping
mechanism between electronic states associated with Pb atoms [25].

As a result of the hydrogen reduction process, standard 25 mm MCPs
possess an overall (face to face) resistance on the order of 10°
ohms. By varying this process, Galileo has been able to produce
working Long Life™ MCPs with considerably lower resistance values,
about 5 megohms. Moreover, as can be seen in the lower left-hand
corner of Figure 15, very low resistance MCPs with resistance
values below 100 kilohms can also be fabricated -although they have
usually been considered "outliers" and seen as aberrations, since
they thermally self-destruct within seconds when standard bias
voltages were applied, in standard mounting configurations.
However, it is clear that if such low resistance MCPs could somehow
be operated without the occurrence of thermal runaway, the high
bias current approach to MCP dynamic range enhancement could be
exploited. Indeed, this will be our strategy in this progran.
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