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Optical signal coupling in microchannel plate detectors
with a subnanosecond performance

Peter Wurza) and Reto Schletti
Physikalisches Institut, University of Bern, CH-3012 Bern, Switzerland

~Received 6 March 2001; accepted for publication 23 March 2001!

For an application in high-performance mass spectrometry we adapted our recent design of a fast
microchannel plate detector such that the signal output when registering a single particle is realized
via optical impulses which are then forwarded to the data acquisition system. The charge impulse
collected at the anode of the detector is converted to a light impulse using a vertical cavity surface
emitting laser diode. Such an assembly has the advantage that the electrical circuitry at the anode is
very small and thus high signal quality is achieved even in the gigahertz frequency range.
Furthermore, such a detector can easily be operated at high electric potentials without the need for
capacitive signal coupling. ©2001 American Institute of Physics.@DOI: 10.1063/1.1382640#
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I. INTRODUCTION

For high-resolution time-of-flight measurements fast s
nal detectors are needed with temporal widths of the sig
impulse of less than 1 ns when registering a single particl
photon. Typically, microchannel plate~MCP! detectors are
used for that purpose. To obtain such fast signal impu
impedance matching of the geometrical extended anod
the signal transmission line is mandatory. The earliest r
ization of a detector with an impedance matched anode is
conical anode design.1 A more sophisticated version of tha
concept is the ‘‘Apollonius’’ detector.2,3 Most recently, we
introduced a strip line design for the anode4 that will be used
in the RTOF sensor of the ROSINA instrument on t
ROSETTA mission to comet Wirtanen of the Europe
Space Agency~ESA!.5

With shorter signal impulses, i.e., with higher frequen
bandwidth of the signal, one has to pay increasing atten
to parasitic capacitances and inductances in the detector
in the high voltage supply of the microchannel plates. A
though the whole path from the anode to the signal cabl
theoretically perfectly impedance matched, the parasitic
cuit elements still cause deviations from this impedan
match which results in some signal ringing, signal distorti
and even impulse broadening. Impedance discontinu
~e.g., connectors, vacuum feedthroughs! along the signal
transmission line from the detector to the data acquisit
electronics will cause further degrading of the signal. The
fore, we wanted to have the electrical circuitry of the sign
part to be very small. Moreover, we wanted to electrica
isolate the detector from the environment. Being electrica
isolated has the additional advantage that no additional m
sures have to be taken when the detector floats at high
ages, which is often desired in mass spectrometry.

Typically, signal transmission for an electrically isolate
detector is accomplished by using a high-voltage coup
capacitor in the signal line.3,4 A different concept for signa
transmission for an electrically isolated detector is to u

a!Electronic mail: peter.wurz@soho.unibe.ch
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optical transmission. One realization of this idea is to acc
erate the electrons exiting from the MCP into a scintilla
and register the emitted photons with a photomultiplier via
light guide.6 Since the time resolution of the used data a
quisition electronics was 10 ns nothing is known about
ultimate timing performance, but the use of photomultiplie
alone makes it very unlikely that pulse widths of nanos
onds or less could be achieved. In this article we shall int
duce a concept for optical signal transmission: the cha
impulse collected on the anode is converted to a light
pulse using a fast laser diode integrated into the anode
cuitry. The optical signal is then transmitted to the data
quisition via an optical fiber.

The technology we used is adapted from the state-of-
art high speed optical fiber data transmission lines. We
cided for laser diodes to achieve the fast signal speeds
need in our applications. The vertical cavity surface emitt
laser~VCSEL! diodes feature easy operation and reasona
low power requirements. These two points are very imp
tant to us because the detectors are primarily designed
use in space. In this article we report on the realization
such a detector and present the first results.

II. THEORY

When using the current impulse released from a M
stack one has to make sure that the current amplitude is l
enough to overcome the threshold of photon production
the laser diode~i.e., lasing operation!.

The charge released by the MCP stack is given by
modal gain,G, of the assembly. Thus, the output charge
Qout5Gq0 for a single incoming particle, withq0 the el-
ementary charge. The temporal shape of the charge imp
arriving at t0 can be described reasonably well by

I ~ t !5
Qout

sA2p
expS 2

1

2

~ t2t0!2

s2 D ~1!

with the temporal width of the impulseDt52sA2ln2
'2.35s full width at half maximum~FWHM!. In our earlier
5 © 2001 American Institute of Physics
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work we reported that these detectors have typical impu
widths of Dt5500 ps FWHM. Thus, the maximum outpu
current is

I max5
Qout

sA2p
5

Gq0

sA2p
. ~2!

Laser diodes have a threshold forward current that has t
exceeded for lasing operation~i.e., photon emission!. This
threshold is aroundI thr'4 mA for the VCSEL laser diode we
used.7 To assure reliable operation we assume that a cur
impulse ofI max.2I thr'10 mA is sufficient. Note that such
current impulse gives an amplitude of 0.5 V for the volta
impulse on a 50V resistor. From the desired forward curre
through the laser diode we can calculate the necessary m
gain of the MCP stack by

G5
I max

q0

A2ps'
I max

q0

Dt. ~3!

The result is that a modal gain ofG'33107 is necessary. To
obtain such a high gain we need to use a stack of th
MCPs. The power of the photon impulse resulting from t
current impulse is approximately given by

P~ I !'h~ I 2I thr! ~4!

with the slope efficiencyh, which is 0.3 mW/mA for the
laser diode we used.7 Note that the threshold current and th
slope efficiency are temperature dependent. For the ea
example we getPmax51.8 mW. Since our signal transmis
sion only extends over relatively short distances~of the order
of meters! loss of photon power can be neglected. At the d
acquisition electronics we have to convert the photon
pulse back to an electric signal. This is done by a fast opt
converter~model AD-200, Newport!. The electrical impulse
is thenUmax5APmax with A the conversion gain of the use
converter. At the wavelength of our VCSEL diode of 850 n
the conversion gainA5180 V/W. Thus, we obtain a voltag
impulse at the input of the electrical signal acquisition
Umax'0.3 V not considering any transmission losses. Suc
signal can be detected without problems by state-of-the
electronics.

III. DETECTOR

The design and the electrical performance of the dete
used in this study have been presented in detail before.4,8 In
Fig. 1 we show an impulse recorded with an analog 1 G
analog oscilloscope~Tektronix, model 7104, 7A29 plug-in, 1
GHz bandwidth!. The detector was setup with a stack of tw
MCPs in matched pair configuration~Photonis, model G6-
25-SE/ST/6/A!. The front MCP was biased to22700V and
the anode to 0 V. This way, the signal coupling conden
which is part of the original design, could be omitted. No
that the exit side of the MCP stack is biased to approxima
2600 V by a Zener diode to accelerate the released elect
toward the anode. Since the whole circuitry along which t
fast signal propagates~from anode to signal acquisition elec
tronics there are typically distances of meters! has disconti-
nuities in the impedance matching an overshoot and s
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ringing after main impulse result.4 The signal height of the
main peak ofUmax5248 mV corresponds to a current o
I max520.96 mA, which is too low to trigger the laser diod

Therefore, some adaptations to the detector were nee
for the present experiments and the modified electric circ
is shown in Fig. 2. First, instead of a matched pair of cha
nelplates we used a stack of three plates for reasons
cussed earlier, which each had a plate resistance of 200V
~Galileo, model 1396-1815!. Second, the signal couplin
condenser on the anode was removed from the anode t
able to apply a direct current~dc! bias to the laser diode. Th
anode signal was directly coupled into a 50V coaxial cable
and connected to a 50V vacuum feedthrough. The outpu
signal could then be analyzed either electronically~oscillo-
scope, pulse-height distribution analysis! or coupled into a
high speed fiber optic laser~VCSEL! diode to ground~model
HFE4080-322/XBA, Honeywell!. Without the signal cou-
pling condenser it is not possible to float the anode volta
and we have to assure a near ground potential on the an
However, once the laser diode is integrated in the dete
and directly attached to the anode, the signal is then gui

FIG. 1. Electrical performance of the original MCP detector with a match
pair of channel plates~Photonics, model G6-25-SE/ST/6/A! and without a
spacer ring between the two plates. The measurement was made usin
GHz analog oscilloscope with the horizontal scale being 500 ps/div and
vertical scale being 10 mV/div. The front MCP voltage wasUMCP

522700 V and the anode was at ground potential.

FIG. 2. Schematics of the detector electronics accommodating the
diode. Details of the circuits have been given before~see Ref. 4!.
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via an optical fiber vacuum feedthrough, which imposes
limitation on the detector potential or the anode potentia

Since the laser diode has a threshold for photon emis
a dc bias current may be useful to overcome this thresh
and optimize the performance for signal transmission.
that purpose we measured the voltage–current relationsh
the laser diode for a large current range. The result is sh
in Fig. 3 and it can be seen that the forward current i
strong function of the applied voltage. The voltage–curr
relationship of the laser diode can be described by the u
exponential relationship plus a series resistor

UAK~ I F!5UTlnS I F

I S

11D 1I FRS ~5!

with UAK the anode–cathode voltage applied on the lead
the diode for an applied forward currentI F . From the fit to
the measured data of the VCSEL diode we obtained a s
ration current ofI S59.3310214 A, a thermal voltage of
UT50.060 V, andRS517.6 V. Unlike for other diodes, the
series resistanceRS is not negligible for this type of lase
diodes. The simple model given by Eq.~5! fits the measured
data very well~solid line in Fig. 3!. Only for low forward
currents the model deviates from the measurements~dashed
line in Fig. 3!. This deviation can be explained by an add
tional parallel resistor between the leads of the laser dio
which can be either of intrinsic or of extrinsic nature. Equ
tion ~5! is then modified to

UAK5~ I F1I S!RP2
UT

11RS /RP

3Product lnF I S~RS1RP!

UT

e@ I FRP1I S~RS1RP!# /UTG .

~6!

FIG. 3. Symbols give the measured voltage–current relationship of the
VCSEL ~model HFE4080-322/XBA, Honeywell!. The current was mea
sured with an electrometer~Keithley, model 6517A!. The solid line is a fit
with the usual exponential relationship and a series resistor@Eqs. ~5! and
~6!#, and the dashed line is the extension to lower currents where the m
does not fit the measured data. The dash-pointed line gives a fit wit
additional parallel resistor.
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The fit to the data~dash-pointed line in Fig. 3! yields a value
for the parallel resistor ofRP52.6131010 V. With the ex-
tended model we find a lower value forI S53.8310214 A;
otherwiseRP is of no concern for this application.

The pulse height of MCP pulses varies from impulse
impulse. Typically the width of the pulse height distributio
ranges between 80% and 120% of the nominal gain. Thu
considerable amount of impulses may fall below the pho
production threshold of the laser diode. By floating the ano
and thus the laser diode with a small voltageUbat of up to 1.5
V we can change the effective threshold for impulses to
transmitted~lasing starts around 1.6 V!. Depending on the
bias voltage a bias current will flow through the laser dio
~see Fig. 3!. If this current is kept low it can be supplied b
a small battery integrated in the detector assembly with
the need for an external power supply.

IV. MEASUREMENTS

A. Single impulses

The gain of the original detector clearly was too low f
the intended application~see Fig. 1! and we had to improve
on that. Even with a stack of three microchannel plates s
ficient gain was only found at high MCP voltages. F
UMCP523800 V the output impulses we obtained we
around 300 mV as shown in Fig. 4~with occasional impulses
up 500 mV!, which is at the lower limit to trigger the lase
diode.

We could significantly increase the modal gain with t
usage of two spacer rings~45 mm Cu–Be annular rings!
between the three MCPs. This gain increase is because
electrons exiting from a channel plate will disperse latera
and the electron cloud will distribute over more channels
the next plate than without such a spacer ring. Thus, s
limiting of a microchannel becomes less likely.9 Self-limiting
occurs when the number of electrons extracted from
MCP wall causes significant positive charging of the wa
resulting in a relatively small amplification even when a hi
MCP bias voltage is applied to the plates. With three MC
and spacer rings in between signal heights of typically to 1
could be achieved at a considerably lower overall voltage

ed

el
an

FIG. 4. Electric impulse at the anode recorded with a 1 GHz analog oscil-
loscope at 50V input resistance with the horizontal scale being 500 ps/
and the vertical scale being 100 mV/div. The detector configuration is: th
micro-channel plates, no spacer rings,UMCP523800 V,Ubat50 V.
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UMCP522900 V compared with the previous runs. Such
low voltage leaves ample reserve for voltage increase
compensate aging effects of the plates. These high vol
peaks were even high enough to trigger the VCSEL dio
without any dc bias current.

Having sufficiently large impulses from the detecto
with or without spacer rings, we can investigate the opti
signal transmission. We connected the VCSEL diode~model
HFE4080-322/XBA, Honeywell! to the output from the an
ode, where a variable biasUbat between 0 and 1.5 V wa
applied. The photon signal was routed to the optical c
verter using a 50mm optical fiber with ST connectors at eac
end ~model 2xST-50-125 5m-mg-4313-02, Honeywell!. The
optical converter~model AD-200, Newport, bandwidth 2.
GHz! is directly attached to the oscilloscope and converts
optical signal back into an electrical signal. Typical outp
impulses for this signal are shown in Fig. 5. Note that
wave form of the signal using the optical transmission
different from the wave form of the original electrical sign
~see Fig. 1!, in particular the overshoot and the ringing a
much smaller. The overshoot and the ringing from origin
electrical signal are suppressed since these amplitudes
too small to trigger the VCSEL diode. Further, note that
anode circuitry was designed to completely absorb an e
trical wave going into the detector,4 thus the impedance mis
match of the laser diode to the 50V anode circuit will not
cause ringing. The little ringing seen after the optical tra
mission is only due to the nonperfect wave form of the o
tical converter.10 In a more detailed analysis of the perfo
mance we find that for an electrical impulse at the anode
Umax520.55 V on average we obtainUout50.17 V on av-
erage after the optical transmission. According to the e
mates given in Sec. II we should obtain an output impu
amplitude ofUout50.37 V. The difference can be attribute
to a large part of the impedance mismatch between
VCSEL diode and the anode, and the remaining differenc
caused by insertion and transmission losses. The VCSEL
ode has a dynamical impedance of about 25V whereas the
anode stripline is built for 50V.4

FIG. 5. Optical impulse after the optical converter~Newport, model AD-
200! recorded with a 1 GHz analog oscilloscope with the horizontal sc
being 500 ps/div and the vertical scale being 10 mV/div. The detector c
figuration is: three MCPs, no spacer rings,UMCP523800 V,Ubat51.5 V.
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B. Pulse height distributions

Next to the temporal response of the detector we are
course interested in the pulse height distribution~PHD! of
the signal. For this measurement we directed a 20 keV1

ion beam onto the detector. We analyzed both the electr
signal directly from the anode and the converted optical s
nal from the optical converter. To measure the PHD we a
plified the signal and shaped it with a timing filter amplifi
~Ortec, model 454!. The timing filter amplifier converts a
signal impulse to a broad impulse of;10 ns width, broad
enough for the multichannel analyzer~MCA!, with an am-
plitude proportional to the total charge of the signal impul
For the measurement with the optical fiber, the timing fil
amplifier was also used to invert the polarity of the electro
signal provided by the optical converter. The amplificati
was selected to use the full scale of the MCA. The thresh
of the MCA was215 mV for all measurements. The ga
was selected as small as possible to integrate only
charges belonging to the impulse. This setting was, howe
not critical, since the raw signal was of good quality~see
Figs. 4 and 5!. The PHD measured with the MCA was re
corded with a digital oscilloscope.

The measured PHDs for the electrical signal and for
optical signal at several bias voltagesUbat are shown in Fig.
6 for a setup using three MCPs, the spacer rings, and a M
voltage ofUMCP522900 V. The top panel in Fig. 6 give
the PHD of the electrical signal on the anode. The width
the PHD is 10.7 pC FWHM corresponding to 192% FWHM
which is rather wide and results from the use of three MC
The PHD is reproduced very well by a Gaussian funct
with its maximum at 5.58 pC, which gives a gain ofG
53.483107. The lower three panels in Fig. 6 show the o
tical signal forUbat51.5, 0.8, and 0 V, respectively. One ca
clearly see that the input signal to the laser diode has
exceed a certain threshold value to be transmitted via
optical link. This threshold can be adjusted by the bias vo
ageUbat. Note that the horizontal axes of the lower panels
Fig. 6 are shifted to indicate which part of the original ele
trical signal is transmitted via the optical link. From the me
surement of the optical signal atUbat51.5 V one can deduce
a width of 5.23 pC FWHM, which is narrower than the wid
of the PHD of the electrical signal because of the thresh
operation of the laser diode. For the same reason the pea
the PHD of the optical signal is located at a lower value
1.05 pC. For the lower bias voltagesUbat50.8 and 0 V we
only get a part of the falling slope of the distribution. Th
can be improved by increasing the MCP voltage since
larger part of the PHD of the electrical signal will exceed t
threshold of the laser diode. For example, withUMCP

523000 V we doubled the MCP gain and obtained a pea
PHD already for a bias voltage ofUbat50.8 V.

V. DISCUSSION

With this work we demonstrated that optical transm
sion of a fast signal registered with a MCP detector can
realized in a fairly simple fashion. Originally, we only aime
at single particle detection. However, the PHDs indicate t
multiple ion detection, e.g., operation of the detector in a

n-
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log mode, should be possible by optimizing the VCSEL b
voltage and the MCP voltage. So far our design of the de
tor is not fully optimized for the operation with laser diode
In addition to finding optimal operation settings, we st
have to design an anode which is matched to the dynam
impedance of VCSEL diode of 25V.

The bias voltage for the laser diode can be supplied b
battery accommodated in the detector structure. Thus,
would indeed have a small circuit and no external electr
connections would be necessary.~Only the high voltage for
the MCPs is supplied externally. However, the charge for
fast impulses is provided locally by the capacitorsC2 and
C3 , which also establish the return path for the signal pro
gation.! Using a battery means that the bias current drawn
the laser diode may not be too high, otherwise the battery
time will be very limited. From size and weight conside
ations one can estimate that a battery charge of 500 mA h
be accommodated in the detector. At a voltage bias of 0.
the forward current is 231028 A ~see Fig. 3! and the battery

FIG. 6. PHD for the electrical and optical signal output. The detector c
figuration is: three MCPs~Galilleo!, 45 mm spacer rings,UMCP522900 V.
Top panel shows the electrical signal on the anode, the lower three p
show the optical signal forUbat51.5, 0.8, and 0 V, respectively. The vertica
axes are not to scale. Note that the horizontal axes are shifted to ind
which part of the original electrical signal is transmitted via the optical lin
s
c-
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charge would last for about 3000 years, e.g., we are o
limited by the self-discharge of the battery which is about
years. However, at a voltage bias of 1.2 V the battery cha
would only last for 2.9 years, which is somewhat short co
pared to the durations such a device would have to work
space application. At a voltage bias of 1.5 V the cha
would last only for 14 h, which is much too short for usef
operation even in the laboratory.

The threshold behavior of the laser diode causes a s
stantial background suppression since the MCP noise ha
exponential falloff with increasing pulse height. Thus, suc
detector with the described optical link can be made virtua
free of background arising from the MCPs themselves.

The temporal widths of the electrical impulses increa
when going from amplification by two MCPs to three MCP
and also when adding the spacer rings. The original dete
has a measured pulse width ofDt5550 ps~see Fig. 1!, with
three plates but without the spacer rings the pulse width
Dt5700 ps~see Fig. 4!, and with three plates and two spac
rings the pulse width isDt51100 ps. All these pulse width
measured with a 1 GHz analog oscilloscope. This increase
pulse width is solely caused by the electron amplification a
propagation in the MCPs and cannot be improved by a be
anode design. Fortunately, because of the threshold beha
of the laser diode, the original signal width is restored af
the optical link~see Fig. 5!.

We anticipate that we will be able to make at least t
optical part faster once VCSEL diodes operating in the inf
red ~IR! wavelength range become available. Recall tha
measured rise time of 380 ps with a 1 GHz analog oscillo-
scope corresponds to a ‘‘true’’ rise time of'150 ps3,4 which
corresponds to a signal bandwidth of 2.2 GHz. The pres
VCSEL diodes operating at 850 nm have a bandwidth o
GHz but the optical converter for this wavelength has onl
bandwidth of 2.5 GHz. Therefore, an acceleration of the
tical part, in particular using the faster optical converters
the IR range may help to push rises time below 150 ps.
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