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ABSTRACT

Experiment E787 at Brookhaven National
Lanoratory is designed to study the decay <* * U*JU
to i sens i t iv i ty af 2 « 1 0 ' l a . To achieve accept-
able muan reject ion i t is necessary to couple t r a d i -
t iona l methods (range/energy/ma.ientum corre la t ion)
with observation of the n* * u*« , decay sequence

Uje^'ju
in sc in t i1 la tor .

We report on the design and construction of
over 200 channels of re lat ive ly low cost sol id state
waveform d i g i t i j e r s . The distinguishing features
are:

8 bits dynamic range. 500 Wz sampling, zero
suppression on the f l y , deep memory (up to .5 msec),
and fast readout time (100 usec far the ent i re
system). We report an data obtained during tne
February-May 1988 run showing performance of the
system for the observation of the above decay.

INTRODUCTION

The d ig i t i sa t ion of analog signals from
standard high energy physics detector elements has
often enriched our understanding of the devices
generating the signals and frequently improved the
performance of these systems through more thorough
software analysis of the data. In a small class of
experiments (ours included) such d ig i t i za t ion is
v i ta l for extracting physics information unavailable
through other readout means. In future high rate
experiments at col l iders such d ig i t izat ion w i l l p'.ay
a central role 1n pipelined systems necessary for
high speed data acquis i t ion. In this note we
describe a system of 200 channels of 500 Hsample/sec
3-bi ts of dynamic range d ig i t i zers used in
SrooKhaven National Laboratory (BNL) experiment £787
to observe the decay sequence « •• «v in s c i n t i l -

L*e+u«
la to r . The system is extendable to even larger
number of channels and has several features judged
v i ta l to high rate experiments such as zero-suppres-
sion prior to wr i te , deep memory, fast readout in a
standard format (Fast8us) and on-line t r igger ing
capabi l i ty .

PHYSICS REQUIREMENTS

BNL experiment E787 ts designed to study the
decay K * ->vZ to the level of 2 « 10"10 in branching
r a t i o . Figure 1 shows an out l ine of the detector.
Low energy kaons (750 to 800 HeV/c) from a separated
secondary beam are degraded by a Be degrader and
stopped in a 2000 element (of 2 ran each) f iber
ta rget . The charged decay products are momentum
analyzed in a cy l indr ica l d r i f t chamber (ap/p a 2%)
and stopped in a 15 layer , 24 azimuthal sector,
s c i n t i l l a t o r range stack.

A high reject ion photon veto ( l ead -sc i n t i l -
ta tor ) surrounds the detector in both the barrel and
endcap regions. A 10 kGauss solenoidal co i l
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Fig. 1. E787 Detector

surrounds the entire detector and a thick iron yoke
and endcaps provide excellent flux return.

While i t is not the purpose of this note ta
provide a detailed description of the detector, i t
is useful to give a brief outl ine of Background
rejection mechanisms. Roughly speaking the major
backgrounds are Y.* » n*i° and <* * u+« and
K+ » u*vi. The f i r s t is rejected by a combination
of the it0 rejection from the photon veto
(« 5 « 10"6) and by working with charged pions above
the K * ir+»° charge pi on momsntum of 205 MeV/c. The
other two background's rejection depends on a
combination of range/momentum/energy analysis and
the observation of the decay sequence of the stopped
charged track in the range stack. The pion wi l l
decay into a mono-energetic m»on which in turn wi l l
decay Into an electron and two neutrinos, while the
rauon w i n decay direct ly into an electron and two
neutrinos. In order to observe the decay sequence
1n the sc in t i l l a to r one needs a device capable of
d ig i t i z ing the photomultiplier signals with
suff ic ient performance. There are roughly 800
channels and the summing of more than 4 PMT channel1;
Into one d ig i t i ze r is undesirable from the point of
view of background rate and signal degradation. The
parameters of the decay sequence set the performance
scale of the d ig i t izers :

(1) Since the typical signal Is 40 nsec wide
at the base and the pion l i fet ime Is 26 nsec one
needs sampling rate of upward of 300 Msamples to be
able to detect early decays (less than 10 nsec).
The detection of those decays is v i t a j ^ c y ^ v i n g an
overall large acceptance__foij|
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(2) Since the muon lifetime is 2.2 microsec-
onds one needs a memory depth of at least Id micro-
seconds ta insure high efficiency for the detection
af the muan decay.

(3) The energy of the stopping pion ranges
from I to 30 MeV while the decay muon is always 4
MeY in energy. In ordar to observe the muon with
sufficient resolution and. still have a small number
of pion oversows it 1s necessary to have a dynamic
range of it least 7 bits.

(4) The experiment ts designed as a high rate,
high statistics experiment. In order not to
compromise the basic design of the data acquisition
system, one needs a suppression of the large number
of zero points prior to writing. This insures
fas: readout or" the overall system.

We will snow that our final design of tne 500
Msampls 3 Bit system achieves all the above goals.
Figure 2 snows a block diagram of the basic
aigitizing channel. It consists of four pares: the
flasn A/0 converter, the custom data handling chip,
fast ECl 256 < 4 memories and data acquisition
readout protocol electronics.
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Fig. 2. Basic Digitizer Channel

THE FLASH A/D

In choosing the basic digitizing technique
flash A/D's offer a somewhat lower dynamic range
than charge coupled devices (CCD) or analog memory
devices. However, they offer the distinct
advantages of hiving the ability to subtract zeros
prior to wri-ing and of generally faster access to
the data, as we',' as of having large depth of memory
(or pipe). Our choice fur the task was a Tektronix
A/D converter hybrid TKAD508 consisting of a 5(10
Msample/sec Sample-and-Hold circuit and two
interleaved 250 Msample/sec A/D converters. The
hybrid with all 3 tC's comes in a standard 84 pin
flat pack with 7 watt power consumption. Two
differential input ports are provided, both with 50
ohm internal termination. Two separate sets of
reference voltages (posttive and negative) must also
be provided to the hybrid. The driving clock is a
pair of differential 500 MHz square waves. The
output of the hybrid is a pair of interleaved bytes
of data at a rate of 2S0 MHz. One byte is output on
the rising edge of the clock, while the other is

output on the falling edge of the docs. Tne device
is capable of 7 effective bits performance at 90 MHJ
input frequency.

We usa the two analog inputs in d non-standara
fashion. Since our signals are all of one p o U r u y
(negative) we input the analog signal on one side
and a DC level generated by the 12 bit DAC on the
other. This allows to have a software settable
thresnold of .25 mV sensitivity while the digital
threshold cut Is at a fixed count of 7. This
flexibility is necessary since standard PHT signals
are transported on RG8X and RG58 cables and can
acquire small DC shifts. Those small shifts can be
disastrous in tne sense that they push all signals
above the zero suppression cut and cause a huge
increase in the amount of data generated by the
device. OAC level correction to those DC shifts
effectively eliminated this problem as well as
provide an efficient means of online testing and
calibration.

The output rate of the flasn A/0 of two bytes
at 250 HHj renders it difficult to deal with since
no standard memory runs at such a fast rate. Mso,
as mentioned earlier, it is aesiraole to do Jero
suppression prior to writing in memory. We opted to
design a custom IC to handle both tne speed of tne
data and zero suppression, as well as tne various
housekeeping and digital readout duties required in
su;n a device. The IC (BNL737TD) is commonly called
tne Macro-Cell and is described in the next section.

TH- DATA HANOLER (MACRO-CELL!

The custom-designed IC BNL787TD is a time
demultiplexer capable of nanaling input data rates
of up to 400 MHz (it normally runs at 250 MHz) with
power consumption of 12 watts. It is implemented in
Signetics ACE2200 current mode logic technology and
has roughly 2150 gate equivalent. Figure 3 shows a
block diagram of the !C. In operation it has as
input 2 bytes of data and a synchronizing clock
(pair differential). The output is 4 bytes of data
at half the input frequency. In addition the IC
generates two identical sets of a bits of memory
address for controlling the external ECL RAM. The
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Fig. 3. Data handler custom IC block diagram



;ero suppression is achieved by incrementing tne
memory address AFTER at leas t one of trie input oytes
nas a value greater than 7. In e f fect values oelow
? i r e overwr i t ten By the subsequent data wora. In
add i t i on a single input l i n e (EnaOle Suppression!
can, i f held in ECL high s t a t e , force memory address
Incrementing regardless of the dal& value. This is
a useful feature fo r debugging and t e s t i n g . Sines
data is often ove rwr i t t en , a t imer word is necessary
to i den t i f y the sequence or data i n t ime. There i s ,
i n te rna l to the IC, an 8 B i t t imer running at ha l f
input clock frequency, and when i t s value is w r i t t e n
to tne external RAM, can be used to reconstruct the
data in t ime. The t imer i s then capable of
reg i s te r i ng times of up to 2 microseconds. In order
to extend the aepth of memory Beyond 2 usec
a Boundary word is forced i n to the memory every time
the t imer overf lows. In a complete no-data event
tne memory is f i l l e d wi tn boundary woras (256 of
them). The maximum memory deptn m t u cms scneme is
.5 m i l l i second . In add i t ion the K accepts in input
contro l l i ne (Read/Write) tnat i d e n t i f i e s tne s ta te
of data taking- wr i te (ECL low) during analog
d i g i t i i i V . o n <sna read (ECL hign) af ter t r i g g e r i n g
ana during readout By tne data acquis i t ion system.
* word of data is forced in to me memory every time
t n i s l i ne changes state from wr i te to read. Tms
i d e n t i f i e s the t r i gge r time and synchronises a l l
cnannels in d i f fe ren t boards or crates. Since tne
external RAM is used as a las t - in - .Mrs ' . -ou t (LIFO1 ,
a s ing le input (decrement) is used to decrement tne
memory adaress during readout.

THE EXTERNAL MEHORV

The external RAH must Be fast enougn '125 1H:
or 8 nsec) to handle the Macro-Cell output data. We
chose the Hitachi HM10422-7 256 « 4 ECL memory w i th
access time of 4 nsec. The data word widtn is 48
S i t s (32 b i t s of data, 8 b i t s of time and 3 B U S of
f lags to disentangle the 4-PMT-to-one-cnannel sum)
and one needs 12 such memories per cnannel ( t o t a l
power consumption of 12 w a t t s ) . We operated the
memory in a fashion where we do not strose the w r i t e
enable l i n e , rather rely on tne fact tnat the data
ana address l ines a r r i ve at exact ly tne same onase
in order not to corrupt trie memory Dy wr i t i ng to the
wrong l oca t i on . Tnat meant that t i e address l ines
from the Macro-Cell must Be generated witn less "nan
200 pss: s<ew and tne PC Board layout has to insure
s im i l a r performance. To reduce tne load an t i e
address l i ne we organized tne memories in to two
ba-KS Df o memories each (hence tne two * u S " f c a l
ada^ess l i ne sets generated by tne Macro-Cel l) . The
g n - i - j memory system is placed on a sapa'Jte °C
boars wnich is plugged i n t o the mother Board via a
set of connectors. This makes for easier
construct ion and debugging.

OVERALL ORGANIZATION

The system is organized in to six FastBus crates
each supporting up t o 32 channels (see Figure 4 ) .
Each Basic board is a double-width FastBus module
wi th 4 channels. Each FastBus crate also contains a
s ing le board (TDMASTER) which houses the 32 OAC
leve l generators and is used to readout the data .
Because of the bandwidth l i m i t a t i o n and expense of
FastBus, the data is readout by the TOHASTER from
the 32 channels Over a special bus on the a u x i l l i a r y
backplane and t ransfer red to the crate con t ro l l e r on
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f i g . 4. Single crate organizat ion

tne mam -astSus oackplane. The crate of 3 TO
Doaras and the TOMASIER then looks l og i ca l l y to any
c r j t e master as a single Doaru at the geograpnica1

locat ion of TDMASTER and contain ing 32 cnannels of
seconea'y addresses. In addi t ion eacn crate nouses
a 5LAC Scanner Processor (SS3! as a crate master and
two 500 *Mj clock fanout boards. Total power
consumption on the crate is 240 A on tne -5 V, 70 A
on the -2 V, and 40 A on the »5 Volt ana V A each on
t i e »15 ana -15 Volt l i nes . Cooling is acmeved ay
fT-zsi a1 • trirougn watsr.cooled heat exc^ange'-s.
"n« : y p i ; a l local tenss-ature is 25 °Z n«»r i i y af
:ne devices. Trie overal l readout time for t i e crate
's '.30 nicrosecond (witn no software ana lys is ) .

ON-LINE TRIGGER AND OVERALL PERFORMANCE

100 channels of the system were operated
between February and May of 1988. Rougnly 3 m i l l i on
selected decays were recorded on tape. I t is
oernaps useful to show the i b l i g a t o r y typ ica l event
d isp lay . Figure 5 snows a . 'on pulse with tne
suosequent decay muon pulse.

c i?. . 5. Typical Gac-jy 3 u ! s e



There ire essentially two parameters tnat,
character!;e the performance of the system: tne
pion detection eff ic iency and the muan rejection
eff iciency, 8oth numbers are function of the exact
software procedures used to analyze the data. Since
in on-line analysis (done in the SSP) one is farced
into cruder procedures, one might expect that
on-line trigger methodology and eff iciencies to De
different from f inal o f f - l i ne counterparts.

In the on-line analysis muan rejection was
acnieved by comparing the total pulse area (or sum
of all tne digi t ized voltages) to the maximum
digit ized voltage. These ratios can be converted to
pian or muon detection efficiency as a function of
the cut on the ra t i o . Figure 6 shows both
eff ic iencies. In on-line rejection ae obtained a
factor of 7.2 rejection of muons for only a 23% loss
j f plans.
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Fig. 6. Efficiency of the algorithm for pions and
muons as a function of the cut on the extra area

OFF-LINE ftWftLYStj

The of f - l ine analysis naturally aims at a
higher pion detection eff iciency and higher muon
reject ion, albeit at the cost of extensive computing
and reliance on highly complex algorithms. The best
algorithm designed attempts to f i t pulses in the

Stopping counter to two different; nypotneses; tne
f i r s t is tnat of a signle pulse, and tne secono is
Chat of two Dulses of aroitrary si ;e ana time.
Based on tne %~ f i t value one selection or cne otner

is made. If the selection is that of two pulses tne
second pulse time and size are determined. The
pulse time distr ibut ion is stiown in Fig. 7, and
corresponds accurately to the pion proper l i fe t ime.
The reader w i l l note that the algoritnm efficiency
drops for times less than 8 nsec. This is due to
tne combination of rise-time and relat ive pulse
sues conspiring to Blurr the two pulse distinc-
t i on . Figure 8 snows tne second pulse size whicn is
consistent with a monoenergetic muon of roughly i
MeV of Kinetic energy. Figure 9 shows an e»ample of
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Fig. 9. Typical pulses frarc two ends of stooping
counter f i t t e d for bctn u and r hypstieses

a real pulse and the two hyoothesas ' i t s for PHT
pulses on bath enis sf tne counter, i-i -na final
o f f - l ine analysis we achieved an overall muon
rejection of bet te ' tnan 10"*, with rcugily 75" aion
acceptance.
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CONCLUSION

We have constructed ana operated a system of
t r a n s i e n t d i g i t i z e r s capable of detect ing tne decay
* * uu - * i tn 751 eff ic iency and of re jec t ing

u - decays to a level of 1Q"". The features of tne

system mate i t of i n t e r e s t to future high r a t e
collider-type experiments.

ACKNOWLEDGEMENTS

Ms wisn t o tnank t h e members of BNL E787 for
support and a s s i s t ance . We also wisn to tnani;

H. Van Litn 4nO G. Muno: for assistance in
the prototyping and construction of the system. Wa
wish to thank G. Oimmlec of the BNt Instrumentation
•apartment. This researcn is supported in part By
tne U.S. Department of Energy under Contract No.
DE-AC02-76CHQOO16.

\T


