
REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 72, NUMBER 3 MARCH 2001
Fast microchannel plate detector with an impedance matched anode
in suspended substrate technology
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Fast particle detectors with subnanosecond pulse widths are key elements in modern time-of-flight
mass spectrometers. Typically, an impedance matched transmission line from the extended anode to
the coaxial cable is necessary to obtain fast pulses. We present an approach using a planar geometry
for the transmission line. Thereby, the impedance match is realized with a transition from a 50V
suspended substrate microstrip line to a coaxial 50V line. A prototype with an active area of 1.8
cm diameter including a strategy to reduce peak ringing was built and tested. The mean pulse width
measured with a 1 GHz analog oscilloscope was 520 ps~full width at half maximum! with a rise
time of 380 ps. The robust, compact, and low-weight design of the detector is well suited for an
application in space, where weight, space, and power consumption are very limited resources.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1344601#
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I. INTRODUCTION

Fast single particle detectors are key elements in tim
of-flight ~TOF! mass spectrometers. Quite often the m
resolutionm/Dm is limited by the timing performance of th
detector. Therefore, careful design of the detector and de
tor’s electronics within the instrument is required. Addition
stringent limitations are imposed on instrumentation
board a spacecraft, where small size, low weight, and
power consumption are important issues. Microchannel-p
~MCP! detectors meet all these requirements and al
for fast timing. Therefore, they are frequently integrated
spaceborne plasma sensors.

Short rise times of detector pulses are required by ins
mentation triggering on the leading edge for time to digi
conversion. To increase the timing accuracy, constant f
tion discriminators are typically used to compensate for
intrinsic variability of the pulse heights originating from
MCP detectors. Such a timing strategy is used for TOF sp
trometers based on the carbon foil technique1 commonly
used in space plasma research. Thereby, the time a s
particle of known kinetic energy needs to travel a cert
distance is measured. The mass of the particle is then der
from its velocity. Timing information is obtained from de
tection of secondary electrons emitted by the particle w
crossing a thin carbon foil and from a stop pulse genera
by the particle in a detector at the end of the flight path. T
mass resolutionm/Dm5t/2Dt of these linear TOF instru
ments is limited by energy straggling and angular scatte
of the particles in the carbon foil to&30 for particle energies
in the range 1 keV/nucleon to 1 MeV/nucleon. More soph
ticated instruments, called isochronous TOF spectrome
circumvent this problem and achieve resolutions ofm/Dm

a!Electronic mail: wurz@soho.unibe.ch
1630034-6748/2001/72(3)/1634/6/$18.00
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up to 100.2,3 Thereby, ions leaving the carbon foil are d
flected in an electrostatic field, which results from a h
monic potential, such that the TOF remains independen
the energy and direction of the ion. The remaining limitin
factors are nonideal field configurations and time measu
ment. For high sensitivity of these sensors, large area de
tors are needed. With large area detectors, the capacit
between the anode and the MCP becomes significant
introduces a low pass filter reducing the bandwidth of
electronic circuit.4 This has to be considered in the design

Even if only short rise times are needed for exact timin
ringing of the peak might alter measurements with electr
ics allowing for multiple hits. Also, false triggering after
dead time of the electronics will occur if the pulse arriv
just before the TOF window is opened. This leads to gh
peaks in the spectrum. Another positive aspect of sh
pulses is that larger signal amplitudes are obtained due to
same total charge being collected on the anode in a sho
time. Better signal to noise discrimination is then possi
and thus an improvement in the instrument sensitivity
sults.

Gas and material analysis is a research area where
instrumentation is employed more and more in recent ye
This results in continuous demand for better performa
which means also faster detectors with high fidelity sig
transmission. In these applications the fast pulses are
only used for timing, but the pulse form is digitized with th
peak area giving a measure of the number of registered
in the recorded peak. Such an application is the RTOF se
on the ROSETTA mission where a multireflection TOF ma
spectrometer is used to investigate the chemical compos
of the comet P/Wirtanen.5 The present detector was deve
oped primarily for an application in the RTOF sensor. T
pulse form and amplitude analysis can also be used to id
tify ion species according to the number of released seco
4 © 2001 American Institute of Physics
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ary electrons upon collision with a converter surface.6

In laboratory experiments, the electronics is usually
cated outside the vacuum chamber. For instrumentation
board a space platform, the detectors are usually located
high voltage terminal and the TOF electronics is at spa
craft potential. In both cases, the MCP detector and the e
tronics can be separated by considerable distances w
makes a transmission line necessary for pulse propaga
Since laboratory oscilloscopes, amplifiers, and discrimina
usually have 50V input resistances, signal transmission
realized with a 50V coaxial cable. To minimize distortion
and reflections of the pulse, an impedance matching an
configuration and a broadband electronic circuit are requ
for transmission of short pulses.

Good results have been obtained in the past with con
transmission lines to match impedance from the exten
anode into a coaxial line.7 A sophisticated modification o
the conical anode is the ‘‘Apollonius’’ detector,8,9 where the
length of the transition from the anode to a SMA connec
could be significantly reduced while maintaining good tim
ing performance for large detector areas. Size and weigh
the detector could thus be reduced considerably.

The basic idea for the new detector was to inject
electron current from the MCP directly into a broaden
transmission line from the side, as is shown in Fig. 1.
wave packet will hereafter travel along the line in both
rections. One end of the line is terminated with a 50V re-
sistor to absorb the arriving pulse without reflections. T
other side of the line carries the information to the rem
measuring instrumentation. The transition from a large in
conductor serving as anode to a coaxial cable was to
realized in the sense of the Apollonius detector but in a p
nar geometry using a microstrip line. This concept helps
alleviate two problems encountered with cone matched
odes concerning the stray capacitance between the anod
the MCP. First, this capacitance introduces a low pass fi
which limits the bandwidth of the electronic circuit an
broadens the pulses. Second, a reflected wave from an
pedance discontinuity somewhere on the whole transmis
line will charge this capacitance. A second wave will
launched upon discharge of the capacitance and invoke
ringing, even if the line is terminated on both sides with a
V resistor. In the new concept, this capacitance is integra

FIG. 1. Working principle: The electron current from the MCPs is injec
directly into a 50V transmission line. From there, the electric signal prop
gates along the line in both directions with a wave resistance of 50V. The
wave that propagates toward the terminating 50V resistor is fully absorbed
there. The other part propagates toward a remote amplifier and from the
the timing electronics. If parts of the wave are reflected at impedance
continuities they will be damped at the terminating resistor. No ringing
the pulse will take place, if there is not more than one discontinuity pre
in the transmission line.
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in the transmission line such that no extra capacitance
present.

In microstrip transmission lines, which are widely us
in integrated microwave applications, the strip widthW
scales with the thicknessD of the substrate for a given line
impedance. For example, with an Al2O3 substrate, theW/D
ratio is about unity for 50V. This fact does not allow for
anodes with dimensions of several centimeters. However,
use of suspended substrate technology allows for consi
able largerW/D ratios.

II. THEORY

The propagation of a transverse electromagnetic~TEM!
wave of frequencyv in a lossless transmission line is cha
acterized by10

V~x!5Z0I 0~v! eivt~e2 ikx1eikx! ~1!

with the impedanceZ0 , the wave numberk, the voltage at
any location along the lineV(x), and the amplitudeI 0(v) of
the oscillating current. The impedance, the wave numb
and the phase velocityvp are defined as

Z05AL8

C8
, k5

v

vp

, vp5
1

AL8C8
5

c

Ae r

, ~2!

whereL8 andC8 are the inductance and the capacitance
unit length of the line,c is the speed of light, ande r is the
relative dielectric constant of the media. The wave pro
gates in both direction of the transmission line with a pha
velocity independent of the frequency of the wave. An init
current pulse

I 0~ t !5F 21@ I 0~v!# ~3!

is transferred without distortion to the amplifier if noR–C–L
filter is introduced which would change the amplitude a
the phase of the harmonic wave components.

The well known solution for the impedanceZ0 of a co-
axial transmission line is

Z0,coax5Am0

e0

1

2pAe r

logS D

d
D , ~4!

whered is the inner andD the outer diameter of the coaxia
line, e r is the relative dielectric constant of the insulation
between,e0 the vacuum permittivity, andm0 the vacuum
permeability. The impedance along the line remains cons
if the ratio of the outer to the inner conductor remains t
same. Thus, the diameter of the inner conductor can be
larged to fit the size of the MCP area if the outer diamete
enlarged, respectively. The collected electrical current pu
from the MCPs propagates then according to Eq.~1!. This is
the strategy followed by conical matched anodes, where
inner and the outer conductor have a conic shape, and o
Apollonius detector mentioned in Sec. I. For large area
tectors, the diameter of the outer conductor may become
large for a specific application.

The concept of impedance matching can be transfe
to a planar geometry using a suspended substrate micro
transmission line with side walls, for which a cross section
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1636 Rev. Sci. Instrum., Vol. 72, No. 3, March 2001 Fast microchannel plate detector
shown in Fig. 2. A conductor of widthW is printed on a
dielectric substrate of thicknessD1. The distinction between
a suspended substrate and a microstrip line is the gapG1
between the substrate and the ground plane. The lin
shielded from the outside by two sidewalls and a top pla
also at ground potential. The sidewalls have to be taken
account for calculations ofZ0 . The heightt of the printed
conductor can be neglected, if small compared toW.

The propagation mode supported by a microstrip l
can not be a pure TEM wave, since the part traveling in
substrate and the part traveling in the vacuum have diffe
phase velocities.10 However, forD1!l ~the wavelength of
the wave!, the fields arequasi-TEM and Eq.~2! translates to

vp5
c

Ae r ,eff

, ~5!

where e r ,eff is the effective dielectric constant and has
value between 1 ande r . This effective dielectric constan
describes the fraction of the wave traveling in the vacu
with respect to the fraction traveling in the substrate. Sin
the capacitance is proportional to the dielectric constan
the material homogeneously filling the region around
conductor

e r ,eff5C8/C08 , ~6!

whereC08 is the capacitance per unit length of the line w
e r set to 1~vacuum!. The impedanceZ0 of the stripline is
then

Z05AL8

C8
5

Ae r ,eff

c C8
5

1

c AC8C08
, ~7!

and can be calculated fromC8 andC08 only.
The capacitance of a two-dimensional electric field c

be calculated solving Poisson’s equation with help of
conformal mapping technique. This method was used in R

FIG. 2. Cross section of a suspended substrate microstrip transmissio
with sidewalls. The dielectric substrate has a thicknessD1 and a relative
dielectric constante r . The difference compared to a microstrip line is th
gapG1 between the dielectric and the backplane. The walls, at distanceG2
and G/2, respectively, are all electrically conducting and screen the s
line from the outside. They have to be taken into account for calculatio
the impedanceZ0 of the transmission line. The heightt can be neglected in
calculations ift is small compared to the widthW.
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11, where the even- and the odd-mode capacitance
coupled suspended substrate lines was calculated. The
tribution of the sidewalls~E walls! to the capacitance can b
simulated using the odd-mode capacitance of two lines se
rated by a distance which is twice as large as the wall d
tance. The totalC8 is

C852Cp814Cfo8 , ~8!

where

2Cp85
e0W

G2
1

e0W

G11~1/e r ! D1
~9!

is the parallel component and the fourCfo8 are the fringing
odd-mode components of the capacitance. The value ofC08 is
calculated accordingly. The impedanceZ0 of a suspended
substrate can therefore be interpreted as function

Z05 f ~W,G1,D1,G2,G,e r !. ~10!

If D1, G2, G1W, ande r remain constant along the tran
mission line, the impedance is a function of the widthW and
of the gapG1 only. These two parameters can be modifi
very easily along a strip line.

III. DESIGN

We designed a prototype of a detector for the RTO
sensor of the ROSINA5 instrument on the ROSETTA mis
sion of the European Space Agency~ESA!. The detector was
designed with a floating anode, since the front surface of
MCP stack was required to be at a given high voltage. T
dimensions of the detection unit~lengthL and widthG1W
of the anode housing! were given by the available space
the RTOF sensor, as well as by the size of the MCPs.

The MCP stack is built with two MCPs~Photonis G6-2S
SE/6,L/D555, 6mm pores, 25 mm outer diameter, 40 MV
each,610% matched! in matched pair configuration. A high
transmission grid~95%, etched Mo, Au plated! terminates
the anode housing at a distance of 2 mm from the back
face of the second MCP. An acceleration potential of 600
is set up between the MCP exit and the grid, to accelerate
electrons over this short distance. The grid was included
cause the gapG2 had to be chosen large enough to allow f
a large widthW of the line. A long accelerating path for th
electrons would broaden the peak due to differences in e
tron TOF. The anode potential is supplied directly throu
the terminating 50V resistor~see Fig. 3! and equals the grid
potential as well as the potential of the inner walls of t
housing. The space inside the housing is therefore field-
and no deflection of the electron trajectories takes place

As dielectric substrate we used a 1-mm-thick Al2O3

(96%) ceramic plate because of its ultrahigh vacuum co
patibility. The anode metallization is gold plated copper. T
terminating resistor is a surface mounted device~SMD! type
soldered onto the metallization and onto the housing str
ture. The capacitive decoupling of the signal was realiz
using a discrete SMD high voltage condenser~440 pF, KD
Components!. Lower values of this capacitance imply
higher cutoff frequency of the high pass filter defined by t
condenser and two 50V resistors, which leads to deforma

ine

p
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1637Rev. Sci. Instrum., Vol. 72, No. 3, March 2001 Schletti et al.
tions of the peak shape due to phase shifts. Its value~as low
as possible! was selected from transient analysis of the el
trical circuit shown in Fig. 3 using Berkeley SPICE3.12 The
high frequency performance of the decoupling conden
~the capacitance is needed only at low frequencies! is assured
by the small size of the SMD component and the absenc
inductive supply wires. The connection to the coaxial li
is realized with a 50V subminiature-A~SMA! connector
~MACOM! integrated in the anode housing. The housing
several functions. It provides the supporting structure for
MCPs, the grid, the anode, and the SMA connector. Furth
more, it acts as external conductor of the transmission
and as an electronic shield. Since the inside of the housin
biased to anode potential, the ground return has to
coupled capacitively~see Fig. 3 capacitorC4). All these
requirements were achieved using a housing manufacture
30% glass filled polyetheretherketone~PEEK!, which is a
semicrystalline, high temperature engineering thermopla
metallized inside and outside. The housing cover, suppor
the MCPs is made of aluminum. In the flight version t
housing cover is made of Au plated titanium, as well as
anode backplane.

During operation, high voltage breakdowns can dam
sensitive electronic components like preamplifiers. Such
event occurring on board a space platform may rende
whole instrument unusable and is often the cause for se
failures. The MCP power supply circuit~see Fig. 3! helps to
protect the subsequent electronic devices, notably the
amplifier, due to decoupled signal and HV supply circu
introduced by the anode housing biased to HV.

As seen in Eq.~10!, the impedance of the transmissio
line is a function ofW andG1 only if the other parameter
remain constant. The total width (G1W) and the total
lengthL were given by the available space in the sensor.D1
and e r were given by the chosen substrate. We first cal
lated a set for the parametersG1max and G2 to yield an

FIG. 3. Schematic of the electronic circuit of the detector. The elect
current pulse from the MCP is collected on the anode. The anode pote
is supplied directly by the terminating 50V resistor inside the housing. Th
decoupling capacitanceC1 , the termination resistor, and the 50V resistor
of the amplifier define a high pass filter. The value ofC1 has to be chosen
not to limit the bandwidth of the circuit. The resistance of the MCP stac
.80 MV. The acceleration potentialUZ5600 V between the MCP back
side and the grid is supplied with two Zener diodes in series. The cap
tanceC2 is needed to replace the charge released from the MCP by
electron avalanche and to keep the potential of the MCPs constant d
the pulse. The capacitorsC3 andC4 , which is built up by the anode housin
dielectrics, ensure for proper HF signal return.
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impedance of 50V in the center of the detector with a widt
W of the anode corresponding to the diameter of the M
stack just above it. The full parameter set is shown in Ta
I. We set the gapG1min50 at the boundary of the substra
~microstrip line! to interface the SMD components.

The transition of the gapG1, from G1max to G1min was
chosen to follow

G1~ x̂!5G1maxH x̂3~23x̂14! for 0< x̂<1

~22 x̂!3~3x̂22! for 1, x̂<2
, ~11!

wherex̂52x/L is a normalized coordinate. This function ha
three points of inflection~where first and second derivativ
vanish!, namely atx̂50, at x̂51, and atx̂52. The equation
for the impedance

Z0@W~ x̂!,G1~ x̂!#25050 ~12!

was numerically solved forW( x̂) using Newton’s method.
The solution is shown in Fig. 4. The shape of the ano
metallization~Au! printed on the Al2O3 substrate is shown
together within the boundaries of the anode housing. T

n
ial

s

i-
e

ng

TABLE I. Parameter set for the prototype MCP detector.

Parameter value unit

Z0 50 V
e r 9.5
D1 1.0 mm
L 60.0 mm
G2 7.0 mm
G1W 36.2 mm
Wmax 19.6 mm
G1max 10.0 mm
Wmin 1.0 mm
G1min 0.0 mm

FIG. 4. Schematics of the anode~upper panel! and of the backplane~lower
panel! of the detector. The top panel (x–y plane! represents the Al2O3

substrate~light gray! and the printed Cu/Au anode inside the anode hous
~figure axes!. The MCP area is indicated with a dotted circle. The low
panel (x–z plane! represents the Ti–6Al–4V backplane~dark gray! as cal-
culated from Eq.~11! and the Al2O3 substrate on top of it~light gray!. A
SMD terminating 50V resistor is placed at one end of the printed ano
and a SMD capacitance followed by a SMA connector at the other end
 license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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1638 Rev. Sci. Instrum., Vol. 72, No. 3, March 2001 Fast microchannel plate detector
size and the position of the MCP stack are indicated by
dotted line. The lower panel shows the backplane (G1) fol-
lowing Eq. ~11!.

In Fig. 5 we plot the value of 1/Ae r ,eff as a function of

x̂, which represents the ratio of the phase velocity of
quasi-TEM wave to the speed of lightc. In the center of the
detector, its value is 0.84c, indicating that a large fraction o
the field lines of the wave is located in the vacuum. Here,
effects of the side walls are not negligible. This implies
design which integrates the grid into the housing to maint
a constant gapG2. At the end of the transmission line, whe
the gapG1 is small and the line becomes more and mor
microstrip line, most of the field lines are concentrated in
dielectric substrate. The speed of the wave decrease
0.4c. The propagation time of a wave from one end of t
anode to the other is 300 ps~integrated from Fig. 5!. Note
that the wave speed is higher at the location where the ch
falls onto the stripline. This results in a low transient tim
spread of;30 ps full width at half maximum~FWHM!.

A photography of the constructed prototype is shown
Fig. 6. The weight of the whole assembly is only 94 g.

FIG. 5. Relative phase velocityvp /c5(e r ,eff)
21/2 of the quasi-TEM wave

along the transition from the suspended substrate line~in the center! to the
microstrip line atx50 andx560 mm for the prototype detector.

FIG. 6. Photograph of the integrated prototype. The front MCP is visible
well as the Zener diodes and the condenserC2 ~right side! andC3 ~left side!.
The PEEK housing, metallized inside and outside, provides the return
pacitorC4 . On the right side, the SMA connector can be seen.
Downloaded 04 Jul 2001 to 130.92.9.57. Redistribution subject to AIP
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IV. MEASUREMENTS

The measurement setup consists of an analog osc
scope~Tectronix, model 7104! with a bandwidth of 1 GHz
and a rise time of 350 ps. The detector was connected in
the vacuum with a 1 m Tisemirigid coaxial cable~Kaman!
to a 50V HF coaxial vacuum feedthrough. Outside, a 50V
coaxial cable~Huber and Suhner! was connected to the 50V
input of the oscilloscope. Figure 7 shows the trace of a se
of pulses recorded with the analog oscilloscope.

The measured pulse width was 520 ps~FWHM! and the
rise time was 380 ps. A significant fraction of the pul
width9 has to be attributed to the limited bandwidth of th
oscilloscope, which introduces a low pass filter into t
transmission line. The real signal rise time can be appro
mated with

t rise,real'At rise,meas
2 2t rise,scope

2 '150 ps. ~13!

The raw pulse width obtained with the Appollonius detect9

with the same analog scope was 580 ps. The pulse w
after correction of the bandwidth of the measurement e
tronics of the conical detector7 was 750 ps. The electrica
performance is influenced by some critical elements in
design. The placement of the condenserC2 andC3 as well as
the return condenserC4 , which is integrated in the housing
influence the peak shape to some extend. Especially the
cillations after the peak are sensitive to the placement
these elements. The decoupling condenser and the Ze
diodes are of minor importance for these effects. Details
the electrical performance parameters such as pulse he
distributions, gain, background rates, and thermal charac
istics, are presented in Ref. 13.
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FIG. 7. Oscilloscope trace of a set of pulses recorded with a 1 GHz analog
oscilloscope.
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