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Optical signal coupling in microchannel plate detectors
with a subnanosecond performance
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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. @001 American Institute of Physic§DOI: 10.1063/1.1382640

I. INTRODUCTION optical transmission. One realization of this idea is to accel-
erate the electrons exiting from the MCP into a scintillator
For high-resolution time-of-flight measurements fast sig-and register the emitted photons with a photomultiplier via a
nal detectors are needed with temporal widths of the signalght guide® Since the time resolution of the used data ac-
impulse of less than 1 ns when registering a single particle oguisition electronics was 10 ns nothing is known about the
photon. Typically, microchannel plaéCP) detectors are yltimate timing performance, but the use of photomultipliers
used for that purpose. To obtain such fast signal impulsegione makes it very unlikely that pulse widths of nanosec-
impedance matching of the geometrical extended anode tends or less could be achieved. In this article we shall intro-
the signal transmission line is mandatory. The earliest rea'duce a Concept for 0ptica| Signa| transmission: the Charge
ization of a detector with an impedance matched anode is thignpulse collected on the anode is converted to a light im-
conical anode desighA more sophisticated version of that pulse using a fast laser diode integrated into the anode cir-
concept is the “Apollonius” detectdr® Most recently, we  cuitry. The optical signal is then transmitted to the data ac-
introduced a strip line design for the anédeat will be used quisition via an optical fiber.
in the RTOF sensor of the ROSINA instrument on the  The technology we used is adapted from the state-of-the-
ROSETTA mission to comet Wirtanen of the Europeanart high speed optical fiber data transmission lines. We de-
Space AgencyESA).” cided for laser diodes to achieve the fast signal speeds we
With shorter signal impulses, i.e., with higher frequencyneed in our applications. The vertical cavity surface emitting
bandwidth of the signal, one has to pay increasing attentiopaser(VCSEL) diodes feature easy operation and reasonable
to parasitic capacitances and inductances in the detector ansly power requirements. These two points are very impor-
in the high voltage supply of the microchannel plates. Al-tant to us because the detectors are primarily designed for
though the whole path from the anode to the signal cable igse in space. In this article we report on the realization of

theoretically perfectly impedance matched, the parasitic cirsuch a detector and present the first results.
cuit elements still cause deviations from this impedance

match which results in some signal ringing, signal distortion,
and even impulse broadening. Impedance discontinuitieg. THEORY
(e.g., connectors, vacuum feedthrougladong the signal
transmission line from the detector to the data acquisiton When using the current impulse released from a MCP
electronics will cause further degrading of the signal. Therestack one has to make sure that the current amplitude is large
fore, we wanted to have the electrical circuitry of the signal€nough to overcome the threshold of photon production of
part to be very small. Moreover, we wanted to electricallythe laser diodéi.e., lasing operation
isolate the detector from the environment. Being electrically ~ The charge released by the MCP stack is given by the
isolated has the additional advantage that no additional me&oodal gain,G, of the assembly. Thus, the output charge is
sures have to be taken when the detector floats at high volRou=Gdo for a single incoming particle, witfy, the el-
ages, which is often desired in mass spectrometry. ementary charge. The temporal shape of the charge impulse

Typically, signal transmission for an electrically isolated arriving att, can be described reasonably well by
detector is accomplished by using a high-voltage coupling 2

or IS plished By us : Quut 1 (t—to)

capacitor in the signal ling* A different concept for signal 1(t)= exp( S ) )
transmission for an electrically isolated detector is to use o\2m 2 o?

with the temporal width of the impulsédt=20+2In2
dElectronic mail: peter.wurz@soho.unibe.ch ~2.35 full width at half maximum(FWHM). In our earlier
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work we reported that these detectors have typical impulse
widths of At=500 ps FWHM. Thus, the maximum output
current is

| _ Qout _ qu
max O'\/E a2

Laser diodes have a threshold forward current that has to be
exceeded for lasing operatidine., photon emission This
threshold is arountl,~4 mA for the VCSEL laser diode we
used’ To assure reliable operation we assume that a current
impulse ofl > 21 1~ 10 mA is sufficient. Note that such a
current impulse gives an amplitude of 0.5 V for the voltage
impulse on a 5@ resistor. From the desired forward current

through the laser diode we can calculate the necessary mod@. 1. Electrical performance of the original MCP detector with a matched
gain of the MCP stack by pair of channel plategPhotonics, model G6-25-SE/ST/6/And without a
spacer ring between the two plates. The measurement was made using a 1
[ I GHz analog oscilloscope with the horizontal scale being 500 ps/div and the
G= " O o~ 1At (3)  vertical scale being 10 mV/div. The front MCP voltage whkyce
do do =—2700 V and the anode was at ground potential.

)

The result is that a modal gain 6f~3x 10’ is necessary. To
obtain such a high gain we need to use a stack of thrednging after main impulse resultThe signal height of the
MCPs. The power of the photon impulse resulting from themain peak ofU,=—48 mV corresponds to a current of
current impulse is approximately given by I max=—0.96 mA, which is too low to trigger the laser diode.
P(1)=~ 71 —14) 4) Therefore, some gdaptations to the d(_at_ector were nged_ed
" for the present experiments and the modified electric circuit
with the slope efficiencys, which is 0.3 mW/mA for the is shown in Fig. 2. First, instead of a matched pair of chan-
laser diode we usedNote that the threshold current and the nelplates we used a stack of three plates for reasons dis-
slope efficiency are temperature dependent. For the earli@ussed earlier, which each had a plate resistance of 200 M
example we geP,,,=1.8 mW. Since our signal transmis- (Galileo, model 1396-1815 Second, the signal coupling
sion only extends over relatively short distan¢efsthe order  condenser on the anode was removed from the anode to be
of meters loss of photon power can be neglected. At the datable to apply a direct curretdc) bias to the laser diode. The
acquisition electronics we have to convert the photon im-anode signal was directly coupled into a 80coaxial cable
pulse back to an electric signal. This is done by a fast opticadnd connected to a 5Q vacuum feedthrough. The output
converter(model AD-200, Newpoit The electrical impulse signal could then be analyzed either electronicédigcillo-
is thenU .= APpa With A the conversion gain of the used scope, pulse-height distribution analys@ coupled into a
converter. At the wavelength of our VCSEL diode of 850 nmhigh speed fiber optic las€vCSEL) diode to groundmodel
the conversion gailh= 180 V/W. Thus, we obtain a voltage HFE4080-322/XBA, Honeywell Without the signal cou-
impulse at the input of the electrical signal acquisition ofpling condenser it is not possible to float the anode voltage
Umax=0.3 V not considering any transmission losses. Such and we have to assure a near ground potential on the anode.
signal can be detected without problems by state-of-the-atowever, once the laser diode is integrated in the detector

electronics. and directly attached to the anode, the signal is then guided
Ill. DETECTOR lons

The design and the electrical performance of the detecto ‘
used in this study have been presented in detail béfohe. mery 2222277,

Fig. 1 we show an impulse recorded with an analog 1 GHz  mcr,, NN _
analog oscilloscopéTektronix, model 7104, 7A29 plug-in, 1 MCP3 [/ 7 7 T Unmce
GHz bandwidth. The detector was setup with a stack of two ‘

. . . . . (111 PR R 1
MCPs in matched pair configuratigihotonis, model G6- e _l T Cp z T Cs
25-SE/ST/6/A. The front MCP was biased te 2700V and i
. . . Electrons 1 ()
the anode to 0 V. This way, the signal coupling condenser, v 50 Q =
T+

which is part of the original design, could be omitted. Note

that the exit side of the MCP stack is biased to approximately
—600 V by a Zener diode to accelerate the released electron
toward the anode. Since the whole circuitry along which this VCSE-
fast signal propagatdfrom anode to signal acquisition elec- =

tro_n_ics Fhere are typically diStam_:eS of mejeras disconti-  Fig. 2. Schematics of the detector electronics accommodating the laser
nuities in the impedance matching an overshoot and soméode. Details of the circuits have been given bef@ee Ref. #

; Stripline Anode
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LT A ) FIG. 4. Electric impulse at the anode recordedwat1 GHz analog oscil-
0.0 Lvemtt Dt oo vl v il vl o il el loscope at 5@) input resistance with the horizontal scale being 500 ps/div
1018 10" 10° 107 10°% 0.001 0.1 and the vertical scale being 100 mV/div. The detector configuration is: three
I (Al micro-channel plates, no spacer ringk,cp=—3800 V,U =0 V.

forward

FIG. 3. Symbols give the measured voltage—current relationship of the use@he fit to the datddash-pointed line in Fig.)3yields a value
VCSEL (model HFE4080-322/XBA, Honeywell The current was mea-  for the parallel resistor oRp=2.61x 10" Q). With the ex-

sured with an electrometéKeithley, model 6517A The solid line is a fit . _ —14 .
with the usual exponential relationship and a series resjfigs. (5) and tended model we find a lower value fog=3.8x 10 A,

(6)], and the dashed line is the extension to lower currents where the mod&therwiseRp is of no concern for this application.
does not fit the measured data. The dash-pointed line gives a fit with an  The pulse height of MCP pulses varies from impulse to
additional parallel resistor. impulse. Typically the width of the pulse height distribution
via an optical fiber vacuum feedthrough, which imposes nganges between 80% and 120% of the nominal gain. Thus, a
limitation on the detector potential or the anode potential. considerable amount of impulses may fall below the photon
Since the laser diode has a threshold for photon emissioproduction threshold of the laser diode. By floating the anode
a dc bias current may be useful to overcome this thresholdnd thus the laser diode with a small voltddg, of up to 1.5
and optimize the performance for signal transmission. FoV we can change the effective threshold for impulses to be
that purpose we measured the voltage—current relationship tfansmitted(lasing starts around 1.6)VDepending on the
the laser diode for a large current range. The result is showhias voltage a bias current will flow through the laser diode
in Fig. 3 and it can be seen that the forward current is dsee Fig. 3. If this current is kept low it can be supplied by
strong function of the applied voltage. The voltage—curreng small battery integrated in the detector assembly without
relationship of the laser diode can be described by the usu#éie need for an external power supply.
exponential relationship plus a series resistor

IV. MEASUREMENTS

Uak(lg)=Uqln A. Single impulses

e
41
I's

with U« the anode—cathode voltage applied on the leads of The gain of th_e o_riginal de_ztector clearly was t(.)O low for
the diode for an applied forward curreit. From the fit to the intended applicatiofsee Fig. 1 and we had to improve

the measured data of the VCSEL diode we obtained a sat®" that. Even with a stack of three microchannel plates suf-
ration current oflg=9.3x10 % A, a thermal voltage of icient gain was only found at high MCP voltfages. For
U;=0.060 V, andRs=17.6 Q). Unlike for other diodes, the Umcp= —3800 V the output impulses we obtained were
series resistancBs is not negligible for this type of laser 2round 300 mV as shown in Fig.(4ith occasional impulses

diodes. The simple model given by E@) fits the measured up 500 mV}, which is at the lower limit to trigger the laser
data very well(solid line in Fig. 3. Only for low forward iode. N . L
currents the model deviates from the measuremglashed We could 5|gn|f|canﬂy increase the modal gain V\."th the
line in Fig. 3. This deviation can be explained by an addi- Y539€ of o spacer ringg5 um Cu-Be annular rings

tional parallel resistor between the leads of the laser diode,t?etween the_ _three MCPs. This gain Increase 1S because the
which can be either of intrinsic or of extrinsic nature. Equa_electrons exiting from a channel plate will disperse laterally
tion (5) is then modified to and the electron cloud will distribute over more channels in

the next plate than without such a spacer ring. Thus, self-

+1:Rg 5)

Ut limiting of a microchannel becomes less likéIgelf-limiting
UAK:“F“S)RP_m occurs when the number of electrons extracted from the
sTP MCP wall causes significant positive charging of the walls
|s(Rs+Rp) resulting in a relatively small amplification even when a high
X Product In—————-¢l'FRe*IsRs*Rp)1/Ur ) MCP bias voltage is applied to the plates. With three MCPs
Ur and spacer rings in between signal heights of typically to 1 V

(6) could be achieved at a considerably lower overall voltage of
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B. Pulse height distributions

Next to the temporal response of the detector we are of
course interested in the pulse height distributi®D) of
the signal. For this measurement we directed a 20 kéV N
ion beam onto the detector. We analyzed both the electrical
signal directly from the anode and the converted optical sig-
nal from the optical converter. To measure the PHD we am-
plified the signal and shaped it with a timing filter amplifier
(Ortec, model 454 The timing filter amplifier converts a
signal impulse to a broad impulse ef10 ns width, broad
...I - enough for the multichannel analyzéMCA), with an am-
......... plitude proportional to the total charge of the signal impulse.
o For the measurement with the optical fiber, the timing filter
FIG. 5. Optical impulse after the optical convertétewport, model AD- ~ amplifier was also used to invert the polarity of the electronic
200 recorded wih a 1 GHz analog oscilloscope with the horizontal scale signal provided by the optical converter. The amplification
being 500 ps/div and the vertical scale being 10 mV/div. The detector conyy a5 selected to use the full scale of the MCA. The threshold
figuration is: three MCPs, no spacer fingfyce=—3800 V\Up=1.5V. ot the MCA was—15 mV for all measurements. The gate
was selected as small as possible to integrate only the
) . charges belonging to the impulse. This setting was, however,
Uncp=—2900 V compared with the previous runs. Such anet critical, since the raw signal was of good qualigee
low voltage leaves ample reserve for voltage increase t&igs. 4 and 5 The PHD measured with the MCA was re-
compensate aging effects of the plates. These high voltagérded with a digital oscilloscope.
peaks were even high enough to trigger the VCSEL diodes  The measured PHDs for the electrical signal and for the
without any dc bias current. optical signal at several bias voltagéds,, are shown in Fig.
Having sufficiently large impulses from the detector, 6 for a setup using three MCPs, the spacer rings, and a MCP
with or without spacer rings, we can investigate the opticalvoltage ofUycp=—2900 V. The top panel in Fig. 6 gives
signal transmission. We connected the VCSEL digdedel  the PHD of the electrical signal on the anode. The width of
HFE4080-322/XBA, Honeywellto the output from the an- the PHD is 10.7 pC FWHM corresponding to 192% FWHM,
ode, where a variable bidd,, between 0 and 1.5 V was which is rather wide and results from the use of three MCPs.
applied. The photon signal was routed to the optical conThe PHD is reproduced very well by a Gaussian function
verter using a 5@um optical fiber with ST connectors at each with its maximum at 5.58 pC, which gives a gain Gf
end (model 2xST-50-125 5m-mg-4313-02, Honeywellhe — =3.48X 10’. The lower three panels in Fig. 6 show the op-
optical convertemodel AD-200, Newport, bandwidth 2.5 tical signal forUy,=1.5, 0.8, and 0 V, respectively. One can
GHg) is directly attached to the oscilloscope and converts thélearly see that the input signal to the laser diode has to
optical signal back into an electrical signal. Typical output€xceed a certain threshold value to be transmitted via the
impulses for this signal are shown in Fig. 5. Note that theoptical link. This threshold_ can be adjusted by the bias vo_It-
wave form of the signal using the optical transmission is298Unar- NOte that the horizontal axes of the lower panels in
different from the wave form of the original electrical signal F19- 6 are shifted to indicate which part of the original elec-
(see Fig. 1 in particular the overshoot and the ringing aretncal signal is transmitted via the optical link. From the mea-

much smaller. The overshoot and the ringing from originalsun_ament of the optical signal _thﬁttzl'5 V one can dedupe
width of 5.23 pC FWHM, which is narrower than the width

electrical signal are suppressed since these amplitudes a{i"‘}athe PHD of the electrical signal because of the threshold

too small to trigger the VCSEL diode. Further, note that the® . fthe | diode. Eor th th K of
anode circuitry was designed to completely absorb an eledperation ot the 1aser diode. or tne same reason the peak o

. T . . the PHD of the optical signal is located at a lower value of
trical wave going into the detectdithus the impedance mis- 1.05 pC. For the lower bias voltagek,.=0.8 and 0 V we
match of the laser diode to the 8D anode circuit will not o P 98%ac Y.

cause ringing. The little ringing seen after the optical trans-Only get a part of the falling slope of the distribution. This
wse nnging. 9ing P can be improved by increasing the MCP voltage since a
mission is only due to the nonperfect wave form of the op-

tical tel0 | detailed sis of th ; larger part of the PHD of the electrical signal will exceed the
cal converier.” 'n a more detared analysis of the pertor- }hreshold of the laser diode. For example, withycp

mance we find that for an electrical impulse at the anode of. _ 5555 v/ \we doubled the MCP gain and obtained a peaked
Umax=—0.55 V on average we obtald,,=0.17 Von av- o already for a bias voltage tf,,=0.8 V.
erage after the optical transmission. According to the esti-

mates given in Sec. Il we should obtain an output impulse

amplitude ofU,,=0.37 V. The difference can be attributed V. DISCUSSION

to a large part of the impedance mismatch between the With this work we demonstrated that optical transmis-
VCSEL diode and the anode, and the remaining difference ision of a fast signal registered with a MCP detector can be
caused by insertion and transmission losses. The VCSEL drealized in a fairly simple fashion. Originally, we only aimed
ode has a dynamical impedance of about(R&vhereas the at single particle detection. However, the PHDs indicate that
anode stripline is built for 5@.* multiple ion detection, e.g., operation of the detector in ana-
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10* charge would last for about 3000 years, e.g., we are only
10° limited by the self-discharge of the battery which is about 10
" years. However, at a voltage bias of 1.2 V the battery charge
€ 10? would only last for 2.9 years, which is somewhat short com-
s pared to the durations such a device would have to work in a
10 _ Ty space application. At a voltage bias of 1.5 V the charge
1.0 E.Ie(.:m?al.o?tp.u".u?a'.=?'O.V. el e would last only for 14 h, which is much too short for useful
] 040 5 10 15 20 25 operation even in the laboratory.
The threshold behavior of the laser diode causes a sub-
10° [ stantial background suppression since the MCP noise has an
£ 102 exponential falloff with increasing pulse height. Thus, such a
3 3 detector with the described optical link can be made virtually
10 [ free of background arising from the MCPs themselves.
© Optical output, U, =15V ST The temporal widths of the electrical impulses increase
10 L T S S-S S— when going from amplification by two MCPs to three MCPs,
10% and also when adding the spacer rings. The original detector
10° i has a measured pulse width &f=550 ps(see Fig. 1, with
” 3 three plates but without the spacer rings the pulse width is
€102 [ At=700 ps(see Fig. 4, and with three plates and two spacer
3 rings the pulse width idt=1100 ps. All these pulse widths
10 2 measured wit a 1 GHz analog oscilloscope. This increase in
- Optical output, U, =08v . . e .
1ol e pulse width is solely caused by the electron amplification and
100 18 -10 -5 0 5 propagation in the MCPs and cannot be improved by a better
anode design. Fortunately, because of the threshold behavior
10° 3 of the laser diode, the original signal width is restored after
£ 102 i the optical link(see Fig. 5.
8 : We anticipate that we will be able to make at least the
0L § optical part faster once VCSEL diodes operating in the infra-
jo [ Optealoutpt U, =00V B red (IR) wavelength range become available. Recall that a
-20 -15 -10 -5 0 measured rise time of 380 ps wia 1 GHz analog oscillo-

C.)out [pC] scope corresponds to a “true” rise time sf150 p$* which
corresponds to a signal bandwidth of 2.2 GHz. The present
FIG. 6. PHD for the electrical and optical signal output. The detector con-\/CSEL diodes operating at 850 nm have a bandwidth of 6
figuration is: three MCP¢Galilleo), 45 um spacer ringsl) ycp=—2900 V. Hz but the optical converter for this wavelength has only a
Top panel shows the electrical signal on the anode, the lower three pane|s . .
show the optical signal fod,,= 1.5, 0.8, and 0 V, respectively. The vertical .andW|dth. of 2-5. GHz. Therefore, an acce!eratlon of the op-
axes are not to scale. Note that the horizontal axes are shifted to indicatécal part, in particular using the faster optical converters in

which part of the original electrical signal is transmitted via the optical link. the |R range may help to push rises time below 150 ps.
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