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ABSTRACT 
A new electronics system for time-of-flight 

measurements has been developed to meet the 
performance requirements of the Mark II Detec
tor for operation at the PEP Storage Ring of 
the Stanford Linear Accelerator Center. This 
system incorporates high resolution time meas
urements with the capability to correct sys
temic errors from the scintillator and photo-
multiplier tubes. The correction technique 
involves making three measurements on each 
photomultiplier signal every storage ring beam 
interaction. Two timing measurements are made 
relative to the beam interaction time with 
different discriminator threshold level set
tings. The charge integral of each photomul
tiplier pulse is also recorded. These multi
ple measurements allow computer correction of 
errors dud to discriminator walk with pulse 
amplitude, timing er"ors due to scintillator 
light attenuation and spread, and finite rise-
time limitations of the photomultiplier and 
cabling. The system can he quickly reset af
ter each beam interaction if there is no trig
ger, thus eliminating any need for delay ca
bles in photonultiplier signal cabling. The 
electronics designed tor the new time-of-
flight system is the subject of this paper. 

SYSTEM REQUIREMENTS 
This electronics system is to provide im

proved processing of signals from the existing 
Hark II time-of-flight scintillation counters. 
Figure 1 shows the location of the 48 counters 
which have photomultiplier tubes installed on 
both ends. The tine period to be measured is 
from when the storage ring beams collide in 
the vacuum chamber, to when particles are de
tected by th? scintillators. 

The systen goals include: 
1. High time resolution circuitry so that 

electronic noise is negligible compared to 
the scintillator time resolution, 

2. Provide means to correct for "time walk" 
which is normally observed when input 
pulse shape or amplitude varies. 

3. Simple system calibration, in which cali
bration coefficients (and channel-to-chan
nel variations) are automatically measured 
and applied to the data, 

4. Formatting and linearization of data to 
minimize the required CAHAC transmission 
time (with its accompanying system dead-
time) and host computer processing over
head, and 

5. High density CAMAC system packaging with a 
minimum of reouired cables. 

Figure 1: Isometric view of the Mark II 
Detector 

SYSTEM HARDWARE 
This CAHAC based time-of-flight (TOF) sys

tem, diagrammed in Figure 2, consists of a 
"TOF Strobe Generator" or STROBBR (one single 
width CAMAC module per crate), a "TOF Thresh
old Controller" or THRESHER (one single width 
module per crate), "TOP Discriminator Modules" 
or DISCO's (single width modules wn"ich accom
modate four photomultiplier signals each), and 
a "Brilliant Analog-to-Digital Converter"(l) 
or EXDC autonomous controller, assigned with 
digitizing and processing capabilities (one 
triple width module per crate). 

*Work sunDorted by the Department of Energy 
under contract Cf>AC03-7«SF00515 
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Figure 2: System Block Diagram 

STROBER - Strobe Generator 

The system operation is synchronized to the 
storage ring hear crossing by a "XING" NIH 
logic signal which is generated froti a beam 
pickoff sensor. The STROBES generates a pulse 
of precise width, called "STROBE," from the 
X1HG signal. STROBE is furnished to all the 
TOP Modules from 16 HIM logic outputs. This 
is the reference signal for the timing meas
urements; the leading edge of STROBE enables 
DISCO's to begin timing measurements, while 
the trailing edge terminates their timing pe
riods. 
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Figure 3: STROBER Block Diagram 

The DISCO's are enabled only after beam 
crossing so that they Ignore the cosmic ray 
background counts that occur prior to beam 
crossing. This enabling after XING arrival 
can possibly cause a timing problem. The ve
locity of the XING signal through its cabling 
is only two-thirds that of the beam particles 
velocities, and XING may actually arrive at 
the electronic* after valid scintillator sig
nals. Instead of adding delay cable in the 
scintillator paths, the chosen solution is an 
"ENABLE" signal, generated from the PEP RF 
system, which can be used to begin the STROBE 
period. STROBE'S back edge is the critical 
timlna edqe, therefore it is always timed from 
the hiah precision XING signal. The STROBE 
timing period is controlled by an external ca
ble delay, so that it is adjustable and very 
stable. 

Since w« want measurements only during 
system live-time, we require the TOP system 
"RESET" signal (which originates at the trig
ger logic) to proceed an ENABLE or XING signal 
before a STROBE can be generated. Since RE
SET'S occur only during system live-time, 
STROBE'S are not produced during readout time, 
even though ENABLE and XING signals continue. 
This allows gating circuitry to be avoided in 
the critical XING signal path, and the single 
RESET signal from the trigger logic can con
trol both the measurement and readout modes. 

THRESHER - Threshold Controller 

The THRESHER'S purpose is to take direc
tions from the detector's trigger logic, the 
BADC and/or host computer, and generate the 
necessary signals to control all the DISCO's 
in a CAHAC crate. Figure 4 shows the signal 
paths through the THRESHER. 

Figure 4: THRESHER Block Diagram 

Control from the trigger logic requires 
only one signal, RESET. This NIH logic signal 
which is 250 to 1000 nanoseconds in width, 
must proceed every measurement. The THRESHER 
translates this signal to TTL levels and sends 
it down a CAHAC DATAWAY patch pin to the STRO
BER and all DISCO's in the crate. The STROBBR 
responds by setting a flip-flop to enable a 
STROBE signal generation at the next beam 
crossing, while the DISCO's reset their meas
urement circuits. 

A signal called "SAMPLE" ia also generated 
by the THRESHER. SAMPLE controls the 
track-and-hold section of the DISCO's charge 
integrator. 



Two analog signals are produced which con
trol the DISCO'S "LOW and HIGH THRESHOLD*." 
They are 0 to 10 volt signals fro* CAMAC con
trolled digital-to-analog converters. Patch 
pins on the DATAWAY bus these voltages to the 
DISCO'S where these voltages are inverted and 
divided by 10 to set the actual discriminator 
levels to a 0 to -1 volt range. The voltages 
that are on the patch pins can be gated to the 
TOP analog bus (divided by 2 to fit the BADC's 
input range) by CAHAC commands, so the BADC 
can monitor the threshold voltage*. Using the 
CAHAC patch pins reduces the amount of cabling 
required to control the DISCO's. 

DISCO - Discriminator Module 

The actual time measurement is done by the 
DISCO modules. Each DISCO has four photomul
tiplier (PHT) inputs, and makes one analog and 
two timing measurements o,n each. Time resolu
tion measurements made by this module on pho
tomultiplier signals have a time jitter of 
less than 10 picoseconds RMS, and when using 
clean (NIM level) inputs, 2 picosecond BUS 
noise can be obtained. 

Figure 5 shows the main DISCO functional 
blocks. The timing reference, STROBE, is con
verted from Nil to ECL levels by the sane dis
criminator circuit used for the PHT signals. 
Discriminator time walk due to temperature 
changes (about 12 ps/°C) is therefore largely 
cancelled by compensating the time reference 
to match the signal delay change. An elec
tronic analog thermometer is also provided and 
can be monitored through the BADC for further 
thermal corrections by computer. STROBE and 
buffered THRESHER control signals are bussed 
to all measurement sections, which are labled 
"input circuits" in Figure 5, 
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Figure 5: DISCO Block Diagram 

All measurements can be gated to the analog 

bus called "OUTPUT" under CAHAC control. The 
OUTPUT'S of all DISCO'S and the THRESHER are 
daisy-chained together, and they form the 
BADC's input. To eliminate the reading of 
Disco's that did not receive any PHT signals, 
a CAHAC Q Scan, or 'ACA - Address Scan 
Hode,'(2) can be used. The Q response is gen
erated only when one of the low threshold dis
criminators has seen a 'hit 1. 

DISCO'a Input Stage. The PHT signals are 
inputs to discriminators whose thresholds are 
set from the THRESHER. When a photomultiplier 
signal voltage exceeds the set threshold level 
a "START" signal is produced which begins a 
timing period. A NIM "DISC" output signal is 
available on the front panel for each photo
multiplier channel for possible use in other 
logic. The discriminator circuits are self-
latching so that once they are triggered, the 
time measurement will continue until STROBE 
terminates the timing period regardless of in
put pulse widthB. The conversion of a time 
interval to a voltage is the time-to-amplitude 
converter's function. 
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Figure 6: DISCO Input Circuit Diagram 

Time-to-Amplitude Converter. The time in-
terval is defined as beginning with a START 
from a discriminator and ending with STROBE'S 
back edge, .which functions as a common stop. 
A capacitor discharge circuit. Figure 7, using 
a switched current source generates a voltage 
representative of the time interval. 

The capacitor discharge or rundown circuit 
operates as follows. CI in Figure 7 is pre-
charged to "5V REF" by Q2 during the RESET pe
riod. During the time period to be measured, 
a 10 milliampere current source linearily dis
charges the capacitor. The resultant capaci
tor voltage represents the tine interval. The 
capacitor is buffered by a FET amplifier so it 
perforins as a sample-and-hold circuit that 
holds while the voltages are read and digi
tized. The current source is switched 'on' 
and 'off by a transistor array that forms a 
current-switch tree. This aeries gating tech
nique logically AND's the S T A R T and STROBE 
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Figure 7: Time-to-Amplitude Converter 
Schematic 

signals together. D2 allows CI to be 
discharged, while isolating CI from leakage 
currents during the long readout period. The 
leakage current from the transistor array 
flows through Rl. This resistor has a large 
value, therefore it approximates a snail con
stant current source during rundown, and does 
not add nonlinearity. At the end of a run
down, Rl's current causes the transistor ar
ray's collector voltage to rise to where Dl 
clamps it. Dl's clamp to a fixed voltage is 
important because when the voltage at D2's 
cathode slews, D2's capacitance punps charge 
into CI. In this case, the amount of pumped 
charge is approximately proportional to the 
final rundown voltage, so linearity is pre
served. Ql is needed to quickly discharge the 
parasitic capacitance at D2'B cathode, but it 
causes one operational requirement. At the 
end of RESET, D2's cathode voltage is at 5 
volts and will be ramped to 5.6 volts, where 
Dl clamps it. Unless the tine between RESET 
and STROBE (i.e. the start of tinlng) is long, 
it must be fixed to a few nanoseconds. Hold
ing this interval constant means that the 
snail amount of charge pumped into CI will be 
a constant plus an amount proportional to the 
measurement period, hence tha error is cali
brated away. 

A major circuit problem in this type of 
rundown circuit is the memory effect that is 
caused by the dielectric absorption of the 
rundown capacitor, CI of Figure 7, and all 
stray capacitances that are in parallel with 
Cl. This effect can cause a time measurement 
to vary by over 100 picoseconds, depending on 
the values of previous measurements. Compo
nent selection and layout can reduce this ef
fect (Cl is a polystyrene capacitor in this 
design), but the effect can not be eliminated 
as it is not due to Cl alone. A small total 
capacitance of 100 picofarads is needed to ob
tain the desired time resolution from the 10 
milliampere switched current source. Stray 
capacitances on the printed circuit board, and 
the capacitances of the various silicon de

vices account far one-quarter of the total 
capacitance. Since one has little control 
over the active device dielectrics, and their 
effects can not be made negligible by a large 
passive capacitor, operational techniques must 
complement the circuitry's limitations. 

Three techniques are used to reduce the 
memory problem; common stop operation, fixed 
readout rate, and after readout reset. • These 
operational techniques apply the argument that 
if the undesired memory can not be removed, we 
must control what is remembered, determine 
what the subsequent error is, and then this 
predictable error can be treated as a calibra
tion factor and removed. 

First, a simple description of the memory 
effect is in order. After Betting at a fixed 
voltage for a long period, a capacitor's di
electric comes to a stressed equilibrium which 
is a function of the applied electric field. 
Changing the applied voltage will change the E 
field and a new equilibrium will be estab
lished with a time constant of roughly a few 
milliseconds. Therefore, if we suddenly 
change the voltage on a capacitor from 5 volts 
to 1 volt (like a rundown does) and then iso
late the capacitor (as during a readout pe
riod), the voltage will slowly drift upward a 
small amount (e. g. a 50 millivolt drift that 
settles in one-quarter second). 

The common stop operation was chosen so 
that the capacitor would remember its begin
ning voltage, 5V REF shown in Figure 7. The 
typical duty factor for a discriminator chan
nel is It, and with the common stop operation, 
only a channel that is hit will have a capaci
tor voltage change. Therefore, the capaci
tor's memory "soaks" up the 5V REF level 99% 
of the tine. Because the dielectric time con
stants are long, a quick rundown and reset 
does not change the memory significantly. 
Measurements made with and without a hit {and 
rundown) on the previous beam crossing differ 
by only a few picoseconds. 

With a common start system there would be a 
rundown every bean crossing, so an average 
(time integral) voltage is remembered. Also 
with common start, during each readout period 
a constant voltage is held and that voltage 
becomes remembered. When rundowns again com
mence, the memory begins to forget that con
stant value and starts remembering the new av
erage. This memory change takes several 
milliseconds, so a trigger and a new readout 
will probably start before the memory effects 
have settled, causing an unpredictable drift. 

The common stop operation makes the memory 
drift reproducible. During the readout period 
one would expect most channels to be at 5V REF 
(not hit) and a few to have a voltage about 1 
volt (a hit shortly after crossing) and be 
slowly drifting upward. The amount of drift 
(to a first approximation) is proportional to 
the initial voltage change. The BADC is pro
grammed to read, digitize and store all the 
channels in the same order and at the same 
rate each readout period. This means the 
drift in a particular channel will always be 
the same for the same initial voltage after 
rundown. Hence, when it is read (between 10 



microseconds and a few milliseconds later), it 
will have moved a repeatable drift amount 
which is automatically removed when the cali
bration coefficients are applied. 

During the readout period we still have the 
condition where a few channels are soaking up 
a new memory value. This error is reduced by 
dividing the readout period into two subperi-
ods: DISCO to BADC transfer and BADC to host 
computer transfer. During the first subpe-
riod, the capacitor voltages must be held, but 
during the second subperiod, which is usually 
longer than the first, the capacitors are re
set to 5V REP and held there until the system 
begins taking data again. This is accom
plished by the BADC sending a CAHAC command to 
the T H R E S H E R after all channels have been 
read, causing a long RESET before new measure
ments. 

Charge Integrator. The charge integrator 
is a one transistor circuit approximating a 
voltage controlled current source driving a 
critically damped RLC circuit. Figure 8 shows 
the integrating and buffering circuits. Rl 
terminates the PMT cable in its characteristic 
impedance and the current from the photomulti-
plier is converted to a negative voltage 
pulse. The negative input pulse to Ql's base 
causes its emitter voltage to drop a like 
amount. The voltage across R2 drops so the 
emitter and collector current flows of Ql are 
reduced by an amount proportional to the input 
voltage. Ql's collector load is LI, CI and 
R4. LI app'X'ximates a constant current source 
that equals the quiescent current through Ql. 
When Ql's current drops, some of Ll's current 
then flows into CI, causing Ql's collector 
voltage to rise. This voltage rise is a time 
integral of the input charge. RLC critical 
damping is used as this is the best trade off 
between fast recovery and minimum droop during 
the measurement period. This circuit produces 
a reasonably linear charge time integral for 
input pulse widths of under 25 nanoseconds 
while recovering to the quiescent operating 
point before the next beam crossing (2.4 mi
croseconds later) , 

a peak stretcher. This allows a moderate 
speed track-and-hold to be used at the expense 
of an additional reset switch (03), and a 
slight nonlinearity at low values of charge 
due to variations in (,'2's base-emitter voltage 
drop from changing emitter current*. 

The peak stretcher is followed by a track-
and-hold circuit which captures the integral 
voltage for later readout. The track and hold 
enters the .hold mode at the end of the SAMPLE 
period which is controlled by the THRESHER. 

DISCO Construction. The component la vout 
of the printed circuit board is one of the 
most critical design steps. The large amount 
of circuitry makes the layout dense, while the 
diversity of component types <TTL, CMOS and 
ECL digital IC's as well as high speed IC and 
discrete amplifiers) requires many different 
supply voltages. The high speed circuitry 
used needs 50 ohm transmission lines to pro
duce clean, quite signals. 

The circuit board has four layers. The 
layers are numbered from the component side, 
and their functions are: 

1. Low speed or non-critical signals and 
power bussing, 

2. A -2 volt plane used for ECL termination, 
CMOS supply voltages, a few long runs and 
critical high impedance nodes, 

3. The ground plane, and 

4. High speed signals (50 ohm microstrip 
lines) and critical low speed signals and 
power bussing. 

The four channels are shielded from each other 
by bus bars that also distribute four power 
supplies. 

The single width CAMAC module packaging was 
necessary to house all the electronics that is 
needed for processing the PMT signals coming 
from the Hark II in two crates. Figure 9 
shows the prototype DISCO. 

Figure 8: Charge Integrator Schematic 

C3 couples this signal to the base of Q2, 
an emitter follower. The quiescent emitter 
voltage of Q2 is aliqhtly positive, adjuBted 
by R6, Dl helps cancel the thermal drifts of 
Q2's base-emitter junction. The emitter load 
of Q2 is mainly capacitive, so Q2 functions aB 

Figure 9: DISCO Prototype 



BADC - Brilliant An«loq-to-Digit«l Converter 

All twelve measurement* fro* each DISCO 
nodule can be multiplexed onto an analog bus 
which is common to all the TOF module! in the 
crate. The advantages of this analog bus 
structure is described in reference 3. The 
voltages, which are representative of the 
tines and integrated charges, are Multiplexed 
onto the analog bus, digitized, corrections 
applied and results formatted automatically by 
the BADC. The host computer can then read the 
data in corrected, condensed form. 

The BADC functions as an autonomous crate 
controller for system calibration and data 
readout. Under its control, reference signals 
can be sent to the PHT inputs of the DISCO*a. 
Resultant measurements are then fitted to a 
second degree polynomial model. The polyno
mial coefficients are internally stored and 
applied to the raw data each readout period by 
the BADC. 

After the data is transfered to the host 
computer, or after a beam crossing that did 
not produce a trigger to initiate a data read
out cycle, the trigger system issues a RESET 
and data will be taken at the next beam cross
ing. 

CONCLUSION 

This instrumentation package will be in

stalled at PEP Interaction Region 12 as part 
of experiment PBV 5, in November of 1979. The 
resulting increase in electronic resolution is 
expected to have an important impact on parti
cle speed Measurement and hence particle iden
tification. The multiple measurements will 
extract more information from the scintillator 
signals. This additional information will en
able a computer correction technique to sig
nificantly improve the time-of-flight system 
resolution.. These correction algorithms will 
be the subject of a future report. 
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