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The quantum detection efficiency (QDE) of a three stage microchannel plate (MCP) image intensifier was calculated for X-ray
photons in the energy range used in diagnostic radiology, i.e. 10-150 keV. The device studied used an MCP, made from glass
with high atomic number constituents, as the primary X-ray absorber and photon-to-electron converter. The calculation of the
QDE was based on a dosimetric approach, utilizing Fano’s theorem. The QDE is defined as the probability of detecting an
incident photon, and although the probabilities of absorbing the X-ray photon and of detecting the secondary electron each
were strongly energy dependent, the product, i.e. the QDE, was found to be quite independent of energy in the range
30-150 keV. This was confirmed by experimental measurements with monoenergetic photons, which failed, due to the nature
of the light pulse amplitude spectrum, to yield information on the absolute value of the QDE. The calculations indicated a
QDE of about 8% for the device studied. The theoretical model was used to estimate potential improvements of the QDE
by changes in the geometry and glass composition of the MCP.

1. Introduction

A microchannel plate (in the following abbrevi-
ated MCP) is a closely packed array of small in-
dependent electron multipliers. Each multiplier
consists of a small, hollow glass cylinder with a
resistive, secondary emissive inner surface. There
may be on the order of 10°-10° such channels per
cm? in an MCP.

When an electron enters a channel and strikes
the wall with sufficient energy, several secondary
electrons are emitted. If a voltage is applied along
the length of the cylinder, these electrons are ac-
celerated down the channel. They will strike the
wall and more electrons will be released. This pro-
cess is repeated a large number of times along the
channel. Thus an avalanche of electrons is ejected
at the end of the cylinder as a result of one elec-
tron having entered the channel. Under certain
conditions, the avalanche does not continue to
grow indefinitely but will be limited by space
charge effects. In this pulse saturation mode the
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electron avalanches tend to be of the same order
of magnitude.

Detailed discussions of MCP operation are avail-
able in the literature'-?), as are descriptions of var-
ious designs using MCPs for image intensification
in the region of visual®) and ultraviolet light as
well as X-rays*®). These include evaluations of
MCEP intensifiers in diagnostic radiology®®). This
potential application of MCP X-ray image intensi-
fiers depends on their performance in comparison
with electro-optical devices. One of the most im-
portant performance specifications is the quantum
detection efficiency (QDE), which we define as the
probability that a photon incident upon the MCP
will initiate a detection event. i.e. an output pulse
in at least one channel. Other characteristics that
determine the potential usefulness of the MCP for
X-ray imaging applications are the resolution and
the noise.

The object of the study reported here has been
to determine typical values of the QDE for X-rays
of 10-150 keV which can be achieved with MCP
devices of different designs. Originally, it was
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planned that an experimental measurement of the
QDE would serve as a normalization point for a
computational model. This model would be used
to study the variation of the QDE with the
geometry and composition of the glass matrix, in
order to assess improvements of the QDE by opti-
mizing the design. However, to determine the
QDE experimentally on an absolute scale turned
out to be impossible, at least with the device we
had available, because of the nature of its pulse
distribution. This difficulty will be described in
more detail below. Consequently, the theoretical
calculation became more crucial and the model
was refined in a number of aspects.

An estimate of the QDE of an MCP for X-rays
in the range from 50 keV to 1 MeV has previously
been made by Adams’). Our calculation differs in
basic approach to that of Adams and is more de-
tailed.

2. Experimental MCP design

Although the theoretical model is quite general,
it was developed for the purpose of comparisons
with a 40 mm diameter, three stage, prototype X-
ray image intensifier, available in our laboratory*.
In this device, shown in fig. 1, the first micro-
channel array is used as the photon-to-electron
converter. This implies that electrons produced
when the X-ray photons are absorbed in the glass
walls of the channels may start the multiplication
process directly. This principle has been described
by other investigators’*).

In order to achieve a high multiplication, the
conversion MCP is followed by two additional
stages, the function of which is only to multiply
the electron avalanche from the conversion stage.
To reduce the possibility of afterpulsing by ion
feedback, the three stages are coupled in a chev-
ron arrangement?), i.e. with the channel directions
deviating about 15° between successive stages.
The electrons exiting from the channels are ac-
celerated by an electric field onto an output phos-
phor screen, where they create the visible image.

The conversion MCP is 0.66 mm thick and has
channels 15 um center-to-center separation. The
minimum septal thickness between two channels
is thus 4 um, and the fractional open area of the
input surface is 0.57. The glass in the conversion

* The MCP X-ray image intensifier was constructed by Ga-
lileo Electro-Optics Company (formerly Bendix Corporation,
Electro-Optics Division), Sturbridge, Massachusetts, U.S.A.
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stage contains 519% by weight PbO to increase the
probability of photon interactions. The thickness
of the amplification stage is 4.4 mm with the joint
approximately in the middle. The three MCPs are
Joined together with random alignment of chan-
nels.

3. Calculation of QDE
3.1. GENERAL DERIVATION

The QDE is defined as the probability that a
photon, incident upon the MCP device, will cause
an output pulse in at least one channel. The phy-
sical process underlying this event starts when the
photon is absorbed and gives rise to a primary
electron. This primary electron travels some dis-
tance, losing energy along its path by ionization
and excitation. Secondary electrons, mainly of low
energy (<50 eV), are produced directly by the ion-
izations and as Auger electrons. If the primary
electron traverses a channel, secondary electrons
may enter the channel and start the multiplication
process. In the calculations described here, we as-
sume that a primary electron that crosses a chan-
nel always initiates a detection event. This simpli-
fication is not inconsistent with experimental va-
lues on secondary electron emission®).

If a beam of parallel, monoenergetic photons of
fluence I, is incident perpendicularly upon the
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Fig. 1. Schematic diagram (not to scale) of the prototype X-ray
image intensifier. The thicknesses of the MCPs and other
geometric data are discussed in the text. The voltages indicat-
ed are those used for the measurements of QDE.
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MCP, the photon fluence at depth x (cm) is
I'(x) = I'y "™ photons/cm 2. (1)
Since the channels are small and not parallel to
the direction of the photons, this expression as-
sumes that the lateral variation of the fluence ac-
ross the MCP can be neglected. The average linear
attenuation coefficient i is given by the mass at-
tenuation coefficient for the glass matrix, u/p,
multiplied with the average density p of the MCP
structure.

When the photons are absorbed in the glass,
primary electrons of different energies are generat-
ed as photoelectrons, Auger electrons and elec-
trons from Compton interactions. These electrons
can be produced by any one of the several chem-
ical elements in the MCP glass. This influences
their energy. Most important in this regard is the
lead, added to increase the probability of photon
absorption.

The electrons are divided into subpopulations
according to the element they originated from, by
which process and with what energy. Each such
group of electrons is indicated by an index i in the
formulae below. For instance, one such group of
electrons consists of K photoelectrons produced in
the lead atoms in the glass, another of K photo-
electrons produced in the silicon atoms, etc. Other
groups are the corresponding Auger electrons. The
Compton electrons, which in principle could have
been included in the model, were neglected since
they contribute little to the QDE. This approxima-
tion will be discussed below.

The calculation of the resulting electron fluence,
for a group /, is seemingly complicated by the var-
iation of density between the glass matrix and the
channels. However, this problem can be overcome
by the use of Fano’s theorem!?). This theorem
states that for a medium of uniform composition,
but of non-uniform density, in which the local
source strength density (electrons/cm?) is propor-
tional to the local density, the total fluence (elec-
trons/cm?) is uniform and the same as in a hom-
ogeneous medium of the same composition with a
uniformly distributed source of the same strength
per unit mass.

Charged particle equilibrium must be present for
the theorem to be valid, but this requirement is
fulfilled for those photon energies used in diag-
nostic radiology because of the short range of the
electrons. To apply this theorem to the MCP, the
volume within a channel, which actually is vacu-
um, is considered to have the same chemical com-
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position as the surrounding glass but zero density.
In this manner, Fano’s theorem makes it possible
to state that the primary electron fluence ¢, (elec-
trons/cm?) does not vary across the MCP but only
with the depth x. Furthermore, the fluence is the
same as would result if the MCP were of uniform
density p (the average density of the MCP struc-
ture), and with a source strength per unit mass

characteristic of the actual case. This source
strength is
P;(x) = I'(x) a;/p electrons/g, (2)

where I'(x) is the photon fluence, and o,/p the
component of the mass attenuation coefficient
that can be attributed to the process resulting in
electrons of type i.

For instance, for K photoelectrons from lead,

‘'0;,=1xm, where 1y is the linear attenuation coef-

ficient for photoelectric absorption in the K-shell
of lead and m is the mass fraction of lead in the
glass matrix. For K-shell Auger electrons from
lead, o,=1t¢mn, where n is the Auger electron
yield.

The uniform volume of density 5 that we use
for the application of Fano’s theorem thus con-
tains an electron source strength, which per unit
mass is given by eq. (2) and per unit volume is

pi(x) = I'(x) 6; p/p = I'(x) &; electrons/cm?. (3)

Fom this source strength density, the fluence @,
of electrons within the uniform volume can now
be calculated, and is, according to Fano’s theorem,
equal to the fluence in the non-uniform structure.
This calculation is a simple volume integration,
provided we assume that the electrons

1) are emitted isotropically;

2) move in straight paths; and

3) all have a range R,(cm) in the material of

density p.

The fluence is under these assumptions:

¢i(x) = pi(x) R; electrons/cm?. (4)

Knowing this fluence, one can proceed to calculate
the number of electrons entering each channel.

The fluence of eq. (4) is also present at the sur-
face of a channel. Since at each point on the
boundary surface half of the electron fluence is di-
rected into the channel, the number dN,(x) of
electrons which enter the channel at depths be-
tween x and (x+dx) is

dN;(x) = $¢;(x) 27a dx, (5)

where a is the channel radius.
This equation, integrated from x =0 to x = 1. 7 be-
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ing the thickness of the conversion plate, and us-
ing egs. (1), (3) and (4), then gives the total num-
ber of electron of type /i that traverse the observed
channel

N; = na (1—e~ ™) (6,/i) R, T . (6)

However, some of these electrons have already
passed through some other channel. According to
our definition, the QDE is concerned with the
number of electrons detected. An electron passing
through more than one channel must, therefore,
only be counted once. A correction factor W, is in-
troduced (and will be estimated below) which re-
lates the number of electrons n, which have not
previously passed through a channel to the total
number of traversing electrons N,

n; = W;N;. (7)

Finally, since there are 4 channels per unit area in
the MCP, the total number of electrons of type i
detected per unit area is

An; = naA (1—e™) (5,/7) R;W; T, . ®)

For simplification, it is observed that &/ is equal
to o,/u for the glass material, and the contribution
to the QDE by electrons of type i is

Qi = Anyl'y = maA (1—e ™) (o;/u) R, W,. )

The total QDE is the sum over all types of elec-
trons, i.e.

QDE = nad (I1—¢™™) 3 R, W, o)/ (10)

3.2. ELECTRON RANGE

For the calculation of the QDE based on eq.
(10), we have used 0.6R, for the range R. R, is
the extrapolated range. The extrapolated range was
calculated using a semi-empirical formula devel-
oped by Tabata'l).

The choice of R =0.6R, is somewhat arbitrary.
The rationale is based on the concept of the pro-
jected range <r>, defined by
<">=J r p(r)dr, (1

0
where the quantity r is the straight line distance
from the origin of the electron, and p(r)dr is the
probability that the electron will come to rest at a
distance between r and (r+dr).

Contrary to the extrapolated range, which ap-
proximates the average path length'?), the project-
ed range accounts for the scattering in the electron
path. If p(r) were constant from r=0 to the extra-
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polated range R, and zero beyond, the projected
range would be 0.5R,. This underestimates the
projected range. Spiers'’) used a projected range
equal to 0.7R, to predict the dose near an inter-
face for exposure to X-rays. However, this value
of 0.7 is weighted to account for the higher energy
transfer, and thus dose, at the end of the electron
path and is an overestimate of the projected range.
Consequently, we have used

R =(ry=~06R,. (12)

3.3. CORRECTION FOR MULTIPLE CROSSINGS

The correction factor W is defined as the frac-
tion of the number of electrons crossing a channel
that do so without having crossed another channel
previously. Consequently, W =1 means that no
multiple crossings occur, while W <1 otherwise.

The value of W depends upon the relationship
between the range R and the minimum septal
thickness S, i.e., the minimum distance between
walls of adjacent channels. Notice that R is the
linear range in the MCP of average density p. It
is obvious that if Rp<Sp, multiple crossings are
impossible and W =1. Here, p is the density of
the glass matrix. Of course, this expression pre-
supposes that the electrons move in straight lines,
all with ranges of exactly Rp (g/cm?).

When Rp>Sp, a lowest possible value of W can
be estimated by considering a hypothetical set of
electrons which have the projected range reduced
by the minimum septal thickness. The fluence of
this set of electrons is then ¢, =p[R—S(p/p)], in
analogy to eq. (4). In this case, the factor
W=(0-¢./0)=Sp/Rp. This is a lower limit to
the correction factor W, since the septum varies in
thickness and because of the erratic paths of the
electrons. Consequently,

SpIRp < W < 1. (13)

Using these two limits for W, an upper and
lower limit of the QDE can be calculated. This ap-
proach has been used below.

3.4. NUMERICAL CALCULATIONS

The upper and lower limits for the experimental
MCP described in section 2 were calculated using
eqs. (10), (12) and (13) for photon energies in the
range up to 150 keV. The results are shown in fig.
2, curves A. The dashed curve was calculated with
W =1 and represents an upper limit of the QDE.
The solid line is based on the W =Sp/Rp.

In eq. (10), the factor (1 —e™#7) is the fraction of
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Fig. 2. The upper and lower limits of the QDE (curves A) of
the MCP X-ray image intensifier as a function of incident
photon energy. Experimental values are shown at 28, 60, 81
and 140 keV. Curve B is the probability of a photon interac-
tion producing an energetic electron. Curve C is the probabil-
ity of that electron entering a channel. Curves A and C are
shown with and without correction for multiple channel cross-
ings.

photons absorbed of those incident. The energy
dependence of this factor is included in fig. 2 as
curve B. The remaining factor of eq. (1),

ﬂ:a‘Alzi l/Vl 01/# )

is the probability that the process which leads to
the absorption of a photon leads to the detection
of an electron. The energy dependence of this fac-
tor is also illustrated in fig. 2 as curves C for the
two W values.

4. Experimental measurements

An effort was made to determine the QDE ex-
perimentally using well collimated, monoenergetic
photon beams from selected radionuclides (**°I,
28keV; *'Am, 60keV; '3Xe, 81keV; *"Tc,
140 keV). The absolute numbers of photons per
unit time in the beams from these sources were
determined with a Nal scintillation detector and
pulse counting equipment.

The known photon beam was then directed
onto the MCP device, and the number of light
scintillations per unit time on the output screen of
the image intensifier was determined with a phot-
omultiplier and the pulse counting electronics. In
principle, the QDE is the pulse rate, divided by
the number of incident photons, corrected for the
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attenuation by the entrance window of the MCP
image intensifier. Originally, it was anticipated
that the MCP device could be driven into the
pulse saturation mode?), so that the number of
output light pulses for a given photon fluence
would be unambiguously determined. However,
the pulse height distribution of the light scintilla-
tions turned out to be nearly exponential. At the
low amplitude end, light scintillations could not be
distinguished from photomultiplier noise. Further-
more, the number of net counts was not uniquely
determined but ‘was a function of the voltage com-
bination applied to the MCP. The reasons for
these conditions are not clear. Afterpulsing was
observed but does not seem a sufficient explana-
tion of the effect. A discriminator setting was
chosen to exclude photomultiplier noise pulses,
but due to the presence off the very large number
of low level light scintillations, the number of
which varied with the voltages applied to the
MCP, the measured values of the QDE were
strongly dependent on this discriminator setting.
All of the experimental values of the QDE were
measured using the same equipment settings and
can be compared relative to one another but can-
not be assumed to represent absolute values of the
QDE.

The fact that all of the light scintillations used
to determine the QDE values were due to photon
interactions in the conversion MCP and not in the
amplification plates was confirmed by turning off
the voltage to the conversion plate but leaving the
other voltages unchanged. Under these conditions,
no light scintillations could be counted.

The measured relative values of the QDE have
been included in fig. 2. The data were normalized
so that the point at 140 keV falls between the cal-
culated estimates of the QDE.

5. Discussion of calculations and measurements

The absorption of photons in the MCP is ex-
tremely energy dependent, as shown by curve B in
fig. 2. The calculated probability that an electron,
once produced, enters a channel is also very de-
pendent upon the photon energy (curves C). The
product, i.e. the predicted QDE, is remarkably
constant for photon energies above 30 keV. Notice
for instance the discontinuity in the curves at
88 keV, the K-edge of lead. The increased proba-
bility of photon absorption above the K-edge is
off-set, since the electrons receive less kinetic en-
ergy, by the decrease in the probability that the
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electrons arising from the absorption process will
enter a microchannel. The predicted QDE value is,
therefore, not greatly affected by the existence of
the K-edge discontinuity.

The results of the measurements with monoen-
ergetic photons confirm the prediction of the cal-
culations that the QDE is practically independent
of energy. On the basis of this agreement, we con-
clude that the theoretical model forecasts the en-
ergy dependence of the QDE correctly. Conse-
quently, the same computational approach can be
used for an analysis of the changes in QDE that
can be expected if the geometry or the composi-
tion of the MCP are changed. Such changes are
the subject of the following section.

It should be noted that it is possible to operate
some cascaded MCPs so that space charge limits
the size of the electron avalanche near the output
end of the channel?). Such operation results in a
more uniform pulse height distribution with all
detection events resulting in light scintillations of
nearly the same amplitude. The experimental de-
vice available to us could not be operated in this
pulse saturation mode but future MCP intensifiers
should be designed to achieve this to reduce im-
age noise. The possibility of extracting information
about the absolute value of the QDE from our
measurements were thoroughly reviewed but the
ambiguities associated with the abundance of light
pulses of low intensity make any such conclusion
impossible.

Several approximations and simplifications were
made in the theoretical calculations. As can be
seen from fig. 2 an error in the estimate of the
correction factor W for multiple crossings does not
have a great influence on the overall accuracy.

Adams’) included in his calculation the probabil-
ity that a photon may go through an an MCP
channel without hitting the matrix material. He
was working with an MCP of considerably coarser
geometry than the one considered here, since it
had channels that were 220 um in diameter by
1 cm long. For our prototype MCP, the channels
in the conversion stage are 15 um in diameter by
660 um long and tilted 5° from the normal to the
front surface. A photon that enters a channel will
leave it at most 170 um from the entrance, which
is 1 of the thickness of the conversion plate. The
effect of the channel structure on the photon ab-
sorption is therefore negligible, once the density of
the structure has been adjusted to account for the
channels.
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Compton electrons were not included in the cal-
culations. The reason for this approximation was
that Compton scattering is relatively rare at the
photon energies considered and that the energies
of these electrons are low. However, separate cal-
culations were made to estimate the consequences
of this approximation. The Compton electrons
were assumed to be isotropically emitted, and un-
der this assumption the calculated QDE is low by
a factor of at most 1.05 at 140 keV and 1.01 at
100 keV.

The calculations included all electrons produced
by photoelectric interactions with all elements in
the MCP matrix. However, it turned out that the
lead dominates in determining the QDE due to its
high atomic number and mass fraction relative to
the other elements in the glass. The computed va-
lue of the QDE would not be greatly affected if
only photon interactions with the lead had been
considered. Furthermore, lead Auger electrons are
of little importance relative to photoelectrons since
K-shell Auger electrons are emitted for only 4%
of the K-shell ionizations and since L-shell Auger
electrons have a low energy, less than 13 keV.

The estimate of the electron range and the re-
lated problem of electron scattering could conceiv-
ably lead to errors in the calculated QDE. It seems
unlikely that this error is very large. A greater
concern is the assumption that an avalanche starts
every time a primary electron goes through a
channel. Measurements of secondary electron
emission directly applicable to the material on the
inside of the channels have not, to our knowledge,
been reported. As mentioned in the introduction,
the assumption used does not seem unrealistic
considering that the electron interacts with the
wall twice.

Unfortunately, while Adams’) reported results
of experimental measurements for an MCP, the
details of these experiments are not reported and
it is not possible to compare them to our calcula-
tions. The calculations reported by Adams are
considerably different from our approach. We have
used Fano’s theorem while Adams has used a
geometrical analysis of the probability that an elec-
tron would enter a channel.

6. Evaluation of various MCP X-ray image

intensifier designs

Since the prototype device was not optimized for
sensitivity, an effort has been made to assess the
effects of various geometric changes in the con-








