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Abs tract

The 1.1 kton Soudan 2 detecto- is read out by 156K
anode wires and 32K cathode strips. Preamps from each
wire or strip are bussed tagether in groups of 8 to
reduce the number of ADC channels. The resulting 6144
channels of fonization signal are flash-digitized
every 150 ns and stored in RAM. The raw data hit
patterns ate contlnually compared with programmable
trigger multiplicity and adjacercy conditions. The
data acquisition process ls managed in a system of 24
parallel crates each coataining an Intel 8086
nlcroprocessors, which supervises a pipe-lined data
conpactors, and allows transfer of the compacted data
via CaA¥AC to the host computer. The B086's alsn
manaze the local trigger conditions and can perform
some parallel processing of the data, Due to the
scale of the system and multiplicity of identical
channels, semi-custom gate array chips are used for
ruch of the loglc, ucellizing 2.5 micron CMOS
technology.

Tatroduction

The Soudan 2 nucleon decay1 experiment is a
rultinational collaboration of Argonne Natiomal
Laboratory, the University of Minnesota, Tufts
University, Oxford Universlty, and the Rutherford-
Appleton Laboratory. The detector will be located in
the Soudan iron mine in northern Minnesota, 1t will
be 707 neters below the surface to reduce the cosmic
ray backgrou~?. The detector will have a total active
mass of 1.2 Ktons and will be surrounded on all six
sides by proportional tube veto shield walls which
will produce signals for through-going cosmi: rays or
coszic ray interactions in the rock walls.

The main detector consists of 256 modules (lm x
1a x 2,5z high), each welghing 5 tons. Most of the
wass of the detector comes from corrugated steel
sk2ets (1.6 om thick) which are stacked vertically to
slve a hexagonal close-packed srray of holes. 1In each
of these holes is a lm long resistive Hytrel plastic
tube {16 mn diametey) which is insulated from the
steel by wylar sheets. The tubes nhave electric
potentials applied to them via narrow copper strips
producing a graded electric field inside the tube
going from -10 kV at the middle to ground at the two
ends. Each module is mealed and has high purity
srgon-CO, gas flowing through it. lonization produced
by particles traversing the tubes drifts (with a
velocity of 1 em/usec) up to 50 em down the tubes as a
resylr of the graded electric fleld. Here the
fonization {s cnplified at vertical anode wires, and
the si{znal 1s read out from :hese wires and from
boerizontal cathode stripa behind the wires. The
detector will have a track resolution of 15 and 10 wum
for anode and cathode resdouts, respectively, and 2 om
for the dimension along the tubes.

Thus, the detector will have excellent
topological tracking capabilities for low energy
ckarged particles =znd electromagnetic showers expected
froo candidate nucleon decays and neutrino background
events. In addition, the energy of particles observed
Is sufficfently low that they will strp inride the
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detector, The measuvement of the lontzation deposited
as a function of track length allows the determinatlon
of track direction and yie’ds information on the
particle type.

Overview of Electronic Readout Systewm

This section gives an ovi rview of the electronle
readout system to be used with Soudan i. Figure 1
contains a biock diagram of the malor system
conponents,
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Fig. 1. Block schematic of Soudan 2 readout.

The end of the stack of hytre! tubes and steel
sheets faces an orthogonal array of proportional wires
and cathode busses, to provide X-Y Iinformation about
the charge drifting down the tubes., The third
orthogonal coordinate Z is obtained by a relative time
measurement of the drifting charge. The proportional
wire and cathode signals are amplified by thick film
hybeid preamps, and preaap outputs {which appear as
current sources) are bussed on twisted pair of length
32 meters. Elght preamps are coanected to each bus,
in a acheme which avoids ambfguities. The events of
interest are highly localized. This effectively
multiplexes the readout of the detector and reduces
the mumber of electronic channels by a factor of
eight. The twisted palir summing busses drive
conditioning-shaping smplifiers, and the outputs of
these amplifiers are carried differeatially om ribbon-
twisted pair cable analog cards which nerform
digitization and storage.

The analog cards reside Iin 24 HULTIBUS data
crates. Each analog card accepts 16 Input signals.
For each data channel there is an input buffer
amplifier, a six-bit CHOS flash encoder (RCA 3300),
and & CMOS static RAM (Hitachi 6118) of lemgth 2048
locations, Thus, this system is capable of storing
300 usec of lonization history when clocked at
150 ns. Each analog card also has five CHOS gate
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arrays containing approximately 5500 gates of trigger
logic and the necessary gating loglc t> tie to the
MILTI3US backplane, Each data crate acceptz 16 analog
cards giving a total of 256 digitization channels per
tracte,

Each data crate 1is managed by an 8086
arocessor, which is {mplemented currently as an

2izrzo

35775 card (Diversified Technology or Harris),

sf~zle board microprocessor. The 8086 interac s with
rhe zrate through the Pl bus on the MULTIBUS
Sazwplane.

Tach dzta crate has a compactor carxrd which, in
ad+{t{on to providing the data compactiom, also
s>zovides a ZaMAC port to a CAMAC module which serves
the purpose of DMA's, interrupts, and program data
tzansfets toffrom the host, a VAX 11/750 with a Jorway
.1l TAMAC serlal branch highway Interface. A 4K by
2_-%it FIFO is used to buffer data transfer to/from
the host through the CAMAC port. The anticipated
occupaney is less than 1% data stored in the RAM's on
2 anaalog card,

D

ES The compactor card contains a fast
{130 i1sec clock) pipe-lined mlcro-sequencexr which
s:a~s each analog card with the operations: address,
fe::h data, compare to a preset threshold and place
ovar-threshold DMy data and address into the FIFO.

Within each data crate there {s a calibration
caz2 which, under local processor control, can be used
ra> calibrate all the analog channels and verify the
trigger logic within the date crate. Each dats crate
aiso has a trigger communication card to suppor:
co=~unication with the trigger processcor crate, The
trizgzer cosnunicztion card, in addition to sending
trlzger reguests to the trigger processor, provides a
1:-bit data bus with a 4X FIFO for data transfer
ta/from the trigger processor. The trigger
co==unizations card also provides a slave programmable
iazerrust controller (B2C59) to facilitate inter-
»Tocessor conounications and synchronlzation control
barzveen 3 data crate and the trigger processar crate,

Tn the data crates, communication between analog
card; conmpactor card, callbraticn card, and trigger
cozunication card 1Is acconplished by use of the P2
bus. The Pl bus 1s used only for communicating by the
precessor, which offers several advantages; for
exa2ple, the data crates may have other cards which
fazetact only with the processor (floating point
processor, additional memory, disc controller,
etc.). Data acquisition, compaction, DMA to the host,
etc. all may proc:ed without interference with the
local procussor, except to the extent *hat the local
processor must be involved.

Analog Card

In this section, we present a more detailed
diszussion of the analog card. It is {mplemented on a
six-layer MULTIBUS format PC board slightly oversized

i3 wide, Ve have lmplemented it in CMOS to minimize
the power consumption,

With each of the 24 data crates, ther= arte 16
an2log cards, each of which accepts 16 channels of
atalog Information from the anode wire/cathode bus
sizaal paths. At the analog input, there are
dif{ferential buffer-amplifiers to reject common mode
nolse from the ribbon twisted-pair cables. These
a=plifiers noninslly have a gain of 1; however, the
galn oay be lncreased as h’gh as 10 by externai
ju=pers. The amplifier output drives a zero crossing
aoplifier end also goes vo a 6-bit CMOS flash encoder
which 1s clocki{ng with 150 ns pa:riod, corresponding to
2 =2 in the drift dimension. The flash encoder output
is written in CYOS static RAM every 150 ns. The RAM

space may be either 512 or 1024 addresses under

sof tware control of the local processor, RAM address
is provided for dats acquisition from P2, and the
flash encoder clock .s derived from the least
significant address bit.

The zero cressing amplifier in each channel
provides a loglic level which is a logle 1 1f there {s
a pulse in the channel largzr than the reference level
supplied to the zero crossinn amplifier. These 16
signals serve as laput to four custom designed CMOS
gate arrays (PDK-1000) each of which has approximately
1100 gates of logic devoted to timing and latching

live channels. Each PDX-1000 gate array has within {t
the following:

1. Live chsunel xegister. A four-bit reglster, the
bits of which determine v.ilch channels shall be
live for trigger purposes, This reglster may be
used to gate off molsy channels and for trigger
logic verification purposes.

2. Trigger active time register, An efght-bit
reglster, the contents of which apecify the
resolution time of trigger requests produced from
this card.

3. Active channel latck. A four-bit latch which,
after a trigger, contains latched information of
which channels are active, efther before or after
trigger time by an amount of time called latch
active time.

4. Latch active time register., An eighc-bit
register which contains the word defining the
latch active time.

5. The loglc to performing the timing functions
relating to trigger and latch active timing,

All the tegisters and latches in the PDK-1000
gate array may be written/read from the local
processor. The PDK-1000 produces four outputs which
represent the active state of four live channels and
serve as four of the 16 ivputs to the trigger logic
gate array PDK-2000,

The custom-designed PDK-2000 gate array provides
all the loglc relating to generation of trigger
requests in response to patterns of actlve channels.
The PDX-2000 has an adjacency matrix which determines
the maximum number of live adjacent channels and
produces an encoded word representiag that
adjacency. There are two multiplicity encoders, one
of which uses partfal suns across card boundaries.
There are two multlplicity registers and an adj-cency
register and comparitors for multipiicity and
adjacency. The PDK-2000 gate array provides three
trigger requests, two of which represent multiplicity
and oue adjacency, which are wire GR'ed ovar the F2
backplane and transferrzd t> the trigger processor
through the trigger communication card. The trigger
processor, when It sees a trigger raquest level raised
by & data crate, knows only that at least one of the
16 analog cards in that data crate has had its trigger
criterion satisfied by the pattern of input active
channels,

In addition to the trigger loglc embodied in the
PDK-2000, there is5 an empty socket which has Iinputs
identical to those of the PDK-2000, but has four
trigger request outputs to four wire OR'ed busses on
the P2 backplane. This extra socket may be used at a
later date for "afterthoughts™ to provide trigger
requests for active channel patterns other than those
imp!caented in the PDK-2000.



Compactor Caxd

The compactor card is in reality 2 six-layer
MULTIBLS cards, because the logic would not f£it on one
card. The compactor has an address reglster which
srovides address to the RAM's on the analog cards
auring data acquisition and compaction., In additfon,
there is a card poilnter which is used during
coapaction to address an analog card. During
soapaction, the RAM address and data returned on the
22 data bus are latched for the data comparitor at the
sale time that the next address Is sent on the P2
address bus to the enmabled analog card. The logic
stips a eycle of the compactor clock when addresses
corresponding to page boundarles are pointed to by the
address bus to allow data to become valid. When the
data crate 1s not in data acquisition or compactlon
aodes, the CMOS memories ou the analog cards may be
cenory mapped by the local processor and addressed
through Pl bus for diagnostic routines. The
conpaction card has an interrupt register which
interacts with the 8259 PIC on the 36C05 card through
7 of the 8 interrupt lines on the Pl backplane, the
eizhth line being reserved for the slave PIC on the
trigger communication card, A 16-bit crate status
register is provided on the compactor card, the bits
of which conflgure the hardware and/or Indicatz status
of various aspects of the crate. For example, bits 0
and 1 determine whether or not the FIFO is memory
2apped, whether Its Input comes from the compactor,
CAMAT, or the local processor and whether its output
goes to CAMAC or the local processor. A smapshot of
the crate status register may be read through CAMAC by
the host at any time.

A number of registers ate provided on the com-
pactor cavrd for various purposes. A word count reg-
ister indicates the number of words existing in the
FITO at any time. A trigger timeout reglster provides
a word which is counted down upon recelpt of a trig-
geT, to permit information which is still drifting
down the hytrel tube to be recorded. A compactor ref-
erence register provides a reference to the compactor.

Trizger

Each analog card in the data crates has seven
trizger request lines tled to seven wire OR'ed lines
oa the MULTIBUS P2 backplane. Three of the lines
represent adjacency and multiplicity conditions within
the PDK-2000 gate arrays on the analog cards. The
other four are reserved for future trigger requests
coalng from the open socket. If any of the trigger
conditions are met within any of the gate arrays on
20y of the analeg cards, the correspondine trigger
zegquest lines(s) will be pulled down on the backplane
of that crate.

The trigger communication card picks up the seven
lines from the P2 btackplame and sends them on a bus
called the trigger bus to the trigger processor
crate. At the trigger processor crate, these seven
trigger request signals are received on data
conmunlcation cards and interfaced to wire OR'ed lines
on the trigger processor crate MULTIBUS P2
backplane. Seven lines are allocated to trigger
requests originating in anode data crates and seven to
trigger vequests origimating in cathode data crates.
Cards may lLe allocated to the anode or rathode trigger
request busses under software control. Trigger
requests my be latched an these cards by the irigger
so that by polling the data communication cards the

trigger processor can determine which data crates met
the trigger conditions,

These 14 trigger requests are carried in two
subsets of seven to the trigger logic card., Past

logic which has been written into the trigger iogfc
card from the local processor in the trigger processor
accepts these 14 inmputs, and operatesa on them
logically to produce an output, This output is the
logical variable which is the global trigger for the
sxperfment. This signal ia carried on a lice on the
trigger processor MULTIBUS P2 backplane Lo each datas
comaunication card in the trigger processor, and then
over each trigger bus back to the trigger
communication card in each data crate. Trigger is
carried on the MULTIBUS P2 backplane to the compactor
card where it begins the trigger countdown sequence
prior to compaction. It is also unecessary to
ifnterrupt the 8086 at the time trigger timecout is
complete, There 1s a slave 8259 lmterrupt processor
{(PIC) on the trigger communication card to allow
var{ous other foterrupts to be served, for such things
as global abort, external interrupt, ete.

Operation

In this section, we describe the operatiou of the
readout system and, in particular, the detalls of the
8086 nlcroprocessor software. Trigger Information is
made available from the 24 data crates In patallel to
a central trigger processor., A fast hardware trigger
matrix decides on the basis of channel ad)acency and
nultiplicity whether the event £{s of sufficient
interest to store in the analog card RAM's and later
compact and readout, The analog board digitization
proceeds asynchronously in each of the 24 data crates
in a zanger that RAM's are & circular data buffer.
When a trigger decision !s positive, the digitization
{s continued for an additional 50 microseconds beyond
trigger time. Thus a complete history from 50
microseconds before the trigger to 50 microseconds
after the trigger 1s stored for each channel.

A program has been written for the 8086
microprocessor which services the readout and
compaction of data from the analog cards. The program
supezrvises the operation of the hardware¢ compactor and
synchronizes CAMAC I/0 activity with the host. The
program hes been implemented as a set of Interrupt
service routines which handle conditions occurring in
the compactor hardware. Host access to the FIFO
buffer is controlled with the Compactor Gate Array
Register (CSR). A speclal software protocol has been
set up for exchange of wvariable length messages and
data between the 8086 and the host via TAMAC,

The heart of the program is the trigger Interrupt
service routine. Upoun recelpt of a trigger, this
routine first clears the FIFO buffer and them places
sone event ldentification at the top of the FIFO. It
then address each of the 16 cards in the crate and
reads a latch which indicates which channels on the
card contain data, If a channel contains data,
coppaction Is started on that channel and the program
then halts pending recelpt of one of two interrupt
conditions, compaction done or FIFO full, If
coopaction I{s done, the next active channel 1is
coopacted. If the FIFO fills, the host must be
notified to read out data before compaction can
resune. The FIFO full interrupt service routine is
called to set the CSR to allow the host access to the
FIFO and then wait until the FIFO has been emptied
before returning control to the trigger service
routine. When compaction has completed on all cards
in the crate, the host is again granted access to the
FIF0 buffer and the program polls the CSR to determine
wvhen the FIFO is empty. At this time, the trigger
pending condition is cleared, aid the logic is enabied
to accept another trigger.

The 8086 architecture Imposes the constraint that
an interrupt service toutine can itself only be




iatercuptad by an iaterrupt of equal or higher

ariority, Thus the following interrupt hlerarchy was
chosen:

1. FIFQ full

2. Compaction done

3. Trigger

4. CAMAC 0

5. CAMAC 1

The use of the first three levels was discussed in the
sraceding paragraph. The CAMAC 0 and CAMAC 1

.:te rupts are used in the following way: A CAMAC 1
terrupt, generated by the host with an F30%A0 CAMAC
~and, alerts the 8086 that the host wishes to cend
essase so that the microprocesser clears aud

Slzs the FIFO, The host thea writes to the FIFO

M an Fil6%A0 CAMAC .ommand. Meanwhile the 8086
it
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s for a CAMAC O interrupt which Indicates end of

. This interrvupt is generated by the *nst with an
A3, Upon recelipt of this {nterrupt, the 8086

gran will Interpret the message and take the
ooTopriate action.

B oot
N

A sinple protocol has been defined to control
exzhanze of data between the 8086 and the host. Each
nessage consists of a varlable number >f 24-bit words,
The fivst word in the message contains the message
waTd count in the first 16 bits and tie message 1D in
tha next 8 bits. The remalning words contain the
nessage. The megssage byte may be elther positive or
n2gative. A positive message number indicates data
transfer from the 8086 to the host while a negative
cessage nuaber indicates data transfer from the host

to the 3055. Five types of messages have been defined
so IaT:

Messaze ID: 1 - Compacte: data header
2 - Compacted data
-128 - COM/Analog reglster initialization
-124 - Varliable reset
-120 - Program restart

The register initialization message 1is typically
us2d to set the comnactor threshold, set the trigger

tineout and set trigger conditions on the analog
cards. The variable treset message is used to assign a
crate ID and the program restart uessage 1s used to
traunsfer control to code which allows the 8086 program
to tTecover from error conditions.

The host level data acquisition and control
sof tware is MIDAS®, which Interacts with the data
crates via a serizl € JAC highway uring a Jorway
Corporation 411 CAMAC to UNIBUS interface., Data from
a MULTIBUS data crate Is transferred ic DMA mode via
5-MHz byte serlal CAMAC highway. Typlcal event sizes
expected for Soudan 2 are 12 Kbytes and the
anticlipated deadtine Is of the order of 40 msec. The
MIDAS system provides Interactive event display, data
nonitoring, and storage for offline processing.

A complete set of diagnostic scftware has been
written to provide hardware debugging tools for most

of the major subsystems within the data acguisition
elecirounics.

Je have constructed a 3 data crate system for use
in the quality cont2l testing of the manufac‘ure of
the 5-ton Soudan ? Jetector modules. This is
currently operating with an external cosmic ray
trigeger system. We are currently comstructing and
testinz the internal trigger for operatiomn with the
Soudan 2 detector.
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