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ABSTRACT

A microcomputer-based pneumatic controller for neutron acti-
vation analysis was designed and built at the Savannah River
Laboratory. In this system, commercially available microcomputer
logic modules are used to transport sample capsules through a
network of pressurized air lines. The logic modules are inter-
faced to pneumatic valves, solenoids, and photo-optical detectors.
The system operates from programs stored in firmware {(permanent
software}. It also commands a minicomputer and a hard-wired
pulse height analyzer for data collection and bookkeeping tasks.
The advantage of the system is that major system changes can be
implemented in the firmware with no hardware changes. This re-
port describes the hardware, firmware, and software for the elec-
tronics system.
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MICROCOMPUTER-BASED PNEUMATIC CONTROLLER
FOR NEUTRON ACTIVATION ANALYSIS

INTRODUCTION

The National Uranium Resource Evaluation (NURE)} is a program
by the United States Energy Research and Development Administra-
tion to locate potential supplies of uranium ore to supply the
future needs of the country. Under this program, large numbers
of geologic samples are acquired from the entire country, and the
samples subsequently are analyzed by radiochemical spectral tech-
niques. The Savannah River Laboratory is responsible for the
NURE program in the eastern United States.

A pilot-scale neutron activation facility has been developed
by Savannah River Laboratory to analyze the NURE samples with
minimal manual operations. The NURE Activation Facility! con-
sists of a control center meodule (CCM) trailer, a pneumatic trans-
port system, and a reactor irradiation chamber (RIC). The CCM
houses the pneumatic control system, detectors and spectra aqui-
sition equipment, and half of the pneumatic system valving. The
reactor irradiation chamber is mounted against the moderator
tank wall of a production reactor at the Savannah River Plant.
The other half of the pneumatic system valving is in the reactor
tank service area near the RIC. The CCM is located immediately
outside the reactor building and is connected to RIC pneumatic
piping. The transport time of sample rabbits (or between the
CCM and RIC) is approximately 1-1/2 seconds. Samples are con-
tained in devices called rabbits for rapid movement into and out
of an irradiation field.

An electronic control system was required to control the trans-
portation of sample rabbits from a leading port, through a series
of irradiation cycles in several reactor tubes, through counting
intervals at one of two counting ports (Dl and D2), and to an un-
loading port at the end of the tests (Figure 1). Four activation
regimes are defined in Table 1. Figure 2 shows a photograph of
the controller. Design criteria for the controller were:

e The system could operate all necessary control valves to trans-
port the rabbits through a schedule of radiation-count cycles
defined in Table 1. The regime schedule of any given sample
rabbit could be modified based on analysis results of some
previous cycle.



e The system could trace a rabbit through various cycles, iden-
tify its location at any time, inform the operator if a rabbit
fails to reach a programmed destination, and identify the pres-
ent location.

® Two analyzer systems, a PDP-9 minicomputer system and a Can-
berra 8100 multichannel analyzer, could be controlled by hand-
shaking techniques.

TABLE 1

Definition of Regimes

Regime Deseription

A One short irradiation and one short gross
activity measurement. When gross activity
exceeds limits, the sample is prevented
from receiving further analysis.

B Several cycles of short irradiation and
short counts.

C One long irradiation and one intermediate-
length count.

D No irradiation, but one intermediate-length
count for each rabbit not rejected in
Regime A. Counting is done in off hours
separately from analyses of Regimes A, B,

and C.
Loader Loader
Regime D
L < !
Regi
pl | RIC .:E:
g 01 D2
Regime B §
01 RIC 8
- .EJ’
& %
E = - Unloader
=
Regime C
B 01 3 —=  RIC
n|
&
FIGURE 1. NURE Regimes
Unloader Dz




A digital system incorperating state-of-the-art technology
was designed for the slectronic control system, called the NURE
Rabbit Controller. The base for the programmable electronic
controller is & commercially svailable modular microcomputer
system,® These nmodules include a second-generation microprocessor,
the Intel #080,7 as its central processor. This central processor
is a large-scale-integration integrated-circuit component that
contains the central processing cirvcuitry found in a small, 8-bit
paraliel computer. A digital interface connects the microcomputer
to various input and cutput devices associated with the NURE
prewmatic and analysis equipment, Operating programs for the NURE
Rabbit Controller are stored in erasable programmable read-only
memories {(EPROMs) that constitute the system firmware,

B

FIGURE 2. NURE Rabbit Controller



SYSTEM DESCRIPTION
Hardware

A block diagram of the major hardware components for the
NURE Rabbit Controlier is shown in Figure 3. M-Series logic
modules from Control Logic, Inc. (plug-in, printed circuit cards)
were used in designing the microcomputer (Table 2). The basic
commercial system was modified to provide additional signals at
the input/output (I/0) connector. The I/0 terminal is an ASR-33
Teletype (Registered trademark of Teletype Corp.) used for input
commands and output messages to the operator. A 256 x 8-bit
random access memory (RAM) provides temporary storage for the
systems programs., A 3.5K x 8-bit EPROM contains the firmware for
the NURE Rabbit Controller.

A digital interface was designed to connect the microcomputer
to process peripherals of the NURE pneumatic rabbit system. Sig-
nals from the I/0 connector (Table 3) were connected to binary hexi-
decimal-to-decimal decoder modules to produce 16 system input sig-
nals, IN 2¢-IN37, and 32 system output signals, OUT 4¢-0UT 57 and
QUT 1P@-OUT 117 (Figure 4). These I/0 signals are used for the.
various operations required by the pneumatic rabbit controller,
the PDP-9 computer, and the Canberra 8100 analyzer (Table 4).

CONTROL TERMINAL MICROCOMPUTER SYSTEM MEMORY

* Teletype Corp. M-Series system 256 x 8-bit RAM
ASR-33 Control Logie, Inc. 3.8K x 8-bit EPROM

J

PUP-3 COMPUTER DIGITAL INTERFACE CONTROL AND DISPLAY

Digital Equip. Corp. Savannah River Laboratory 1 FANEL

PULSE ANALYZER
Canberra 8100

PREUMATIC RABBIT SYSTEM
NURE - SRL °
15 Photodetectors
11 Limit Switches
32 Solengid Valves

FIGURE 3. Block Diagram of Major Hardware for the
NURE Rabbit Controller
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TABLE 2

M-Series Logic Modules in Hardware for the NURE Rabbit Controller

Guantity Model Deseription

1 MCP-893 Central processing unit

1 MIM-894 Memory and input/output control
1 MDM-895 Data bus - multiplexer

1 MPI-810 Priority interrupt control

1 MCC-814 Console control

2 LDD-503 Device decoder

1 LTI-513 Teletypewriter Interface

1 LRC-531 Real time clock

1 LRM-597 256-byte RAM

8 LRM-596 512-byte EPROM

5% LRM-598 1K-byte RAM

1 CGI-540 System instrument cage (powered}

a. Used only during system development. Not permanently
installed.

TABLE 3

Microcomputer Signals

Signal Name Deseviption

APP - AlS Address bus, 15 bits, 64K address
DI¢ - DI7 Input data bus, 8 bits

109 - 1017 1/0 select lines, 16 bits, each line

to select a group of 16 I/0 pulses

ouTS Low pulse when output instruction
is being executed

IN Low pulse when input instruction is
being executed

g - D7 Output data bus, 8 bits

- 11 -



r,_w__n___-,> 4:16

System Input
| Signals
Decoder | IN2-IN37
T .
NS o
1/0 Address L)
Ap-A3 ¥ 4:16
System Output
Decoder Signals
ouT 40 - OUT 57
192 .
oUTS
; 4:16
‘ System Output
Decoder > Signais
ouUT 108 - OUT 117
194 -

FIGURE 4., Input/Output Decoders
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TAB

LE 4

Input/Qutput Commands

Signal Name

IN
IN
IN

IN

IN
IN

IN

IN

29
21
22

23

24
25

26

27

IN 3§ - IN 37

ouT
ouT
ouT
ouT
ouT
ouT
ouT

ouT

ouT

ouT
ouT
OouT
ouT
ouT
ouT
ouT
OuT
ouT
ouT
ouT

ap
41
42
43
44
45
47

58

51

52
53
54
55
57
199
191
12
183
194
1p5

- OUT 46

- OUT 56

Program
Ingtruction
Mnemonie

2p

IN

IN 21
IN 22

IN

IN
IN

23

24
25

IN 26

IN 27

our
ouT
ouT
our
ouTt

ouT
ouT
ouT

ouT
ouT
ouT

our
ouT
our
ouT
ouT
ouT
ouT

49
41
42
43
44

47

5

51

52
53
54

57
1p9
1M
1p2
193
194
1p5

Degsoeription

Inputs 8-bit word FD1 (photodetector status)
Inputs 8-bit word PD2 (photodetector status)

Inputs 8-bit status word, LS3 (status of
limit switches for diverter valves)

Inputs 8-bit status word, LS4 (status of
limit switches for loader and umloader)

Inputs 8-bit word STW5 (PDP-9 Canberra status)

Inputs 8-bit word PDT1 from PLA (photodetector
test) '

Inputs 8-bit word PDT2 from PLA (photodetector
test)

Inputs 8-bit word TBL (abort status)

Spare input pulses

Outputs pulse CLPD1 to clear PDl status word
Outputs pulse CLPD2Z to clear PD2 status word
Outputs pulse CLTBL to clear TBL status word
Outputs starting address to PLA register
OQutputs pulses to solenoid driver latches
Spare output pulses

Qutputs PI (program interrupt} at D1 to PDP-8;
PID]1 pulse

Outputs PI at irradiation chamber to PDP-9;
PIRIC pulse

Outputs PI to PDP-9 at the beginning of Regime C;
PIC pulse

Outputs PI to PDP-9. Chamber full - PIF pulse
Auxiliary PI to PDP-9

Outputs pulse to panel light

Spare output pulses

Qutputs clear pulse to PDP-9 interrupt flags
Sets real time clock frequency

Outputs pulse SD2C to start D2 counter to collect
Cutputs clear pulse CLD2 to D2 memory

Qutputs pulse to panel wait indicator lamp
Cutputs pulse SD2I0 to start D2 I/0 mode
Qutputs 5D2DS to start D2 display mode



Transporting rabbits to various locations in the system re-
quired the activation of 32 pneumatic valves controlled by elec-
trical solenoids. The firing order of the valves had to be easily
programmable in the prototype system. Six 256 x 8-bit EPROMs were
connected in a programmable logic array (PLA). The address input
to the PLA is latched into an 8-bit register when the output in-
struction OUT 43 is executed by the microcomputer program (Fig-
ure 5}. Output data from four EPROMs in the PLA provide central
signals to 32 flip-flops that drive the solenoids. The solenoids
are activated by an OUT 44 instruction in the program (Figure 6).
The remaining two EPROMs of the PLA provide two 8-bit status words,
PDT1 and PDT2, that are input to the microcomputer during the IN 25
and IN 26 instructions (Figure 7). These status words constitute
a testing sequence to trace the rabbits through the system with
photodetectors.

32-Bits;

‘:>Soleno1'd

. Drivers

Output 8-Bit EPROMs

Data Bu:_:> Latch Lx) Intel 8702 :::> 8-Bits:

b@-07 : v PDTI
8-Bits;

:> PDT2

oUT 43

FIGURE 5. Programmable Logic Array

32 D Signals :> F1ip-Flops
Type D

from PLA with Solenoid

Drivers

32 24-volt
32 bits > Drive Signals
[ to Solenoid

ouT 44 ELK o

Signals from
Manual Control
Panel

FIGURE 6. Output from Solenoid Drivers
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PDT? i INPUT GATES

(8 bits)

IN 25 ————

! i/0 Input Bus
. o1g - nI7

POT2 M INPUT GATES

{8 bits)

IN 26

FIGURE 7. 1Input for the Photodetector Test

Two additional 8-bit input status words LS3 and LS4 are read
by the microcomputer during instructions IN 22 and IN 23; they indi-
cate the positions of pneumatic switches in two diverter boxes
(Figure 8}. As the rabbit is transported through the tubes, photo-
detectors transmit pulses that are latched in twe 8-bit flip-flep
registers (Figure 9}. The photodetector status words PDl and PD2
are read by IN 2§ and IN 21 instructions; the registers may be
cleared by OUT 4§ and OUT 41 instructions.

Several conditions in the process — low air pressure, loss of
power, high temperature, etc. — call for an abort operation. An
8-bit status word TBL is read by the program with IN 27 instruc-
tions. The TBL latches may be cleared with OUT 42 instructions
(Figure 10).

The NURE Rabbit Controller was interfaced to the PDP-9 com-
puter that functions primarily as an analyzer at detector position
D1 in the pneumatic process. Also, control signals were connected -
to a Canberra 8100 analyzer at detector position D2. An 8-bit
status work STWS is read by IN 24 and cleared by OUT 57 (Figure 11}.
The microcomputer sends four program interrupt requests to the
PDP-9; these must be acknowledged by the PDP-9 before the controller
can continue its logical sequence (Figure 12}, Four output signals
command the modes of the Canberra analyzer (Figure 13); its status
is tested by the microcomputer in STWS.

-~ 15 -~



A manual control panel overrides the automatic functions in
the NURE Rabbit Controller (Figure 14)., Status indicator lamps
aid in troubleshooting faults in the system.

signals
FLIP=Fi.OPS
from INPUT
Limit OC LATCHES
Switches GATES
{L53)

Signals 1/0 Input Bus
from —_— _4 olg ~ DIV

Manual In 22 :>
Contrel Panel ’

X

. Signals FLIP-FLOPS ‘ INPUT
from DC LATGHES :> SATES
Limit p:

Switches 8 bits
(1L54)
IN 23-————————————-5
FIGURE 8. Input for Limit Switches
F

Input FLIP-FLOPS

Pulses

frem 8 Type D

Photo-

detectors 8 bits INPUT
GATES

ouT 49_5"*‘__.., (PD1)

Manual Switches ! 1/0 Input Bus
from IN 29 ; DIg - DI7

Cantrol Panel

FIIP-FLOPS
INFUT
8 bits GATES

) Y L. (PD2)

woa— ¥

FIGURE 9. Input for Photodetectors



FLIP-
Abort Signals LIP-FLOPS
from Process DC LATCHES
0 Input
Bus
OUT 42 CLR (TBL) GATES ::::::::::: DIg - D17
Signals from
Manual Control —————®=
Panel
IN 27——*
FIGURE 10. Input for Abort Status
4 Status
Signals 1> FLIP-FLOPS
from POP-
TYPE D
? Status ) INPUT 170 Input
u .
Signals > 6 bits ::::::::) GATES ::::::::::>>Bus
from Can- (STWS) DIp - DI7
berra 8100
ouT 57 —CLR |
IN 24 CLK .
) ]
Signals from
Manual Contraol IN 24

Panel

8100 Analyzer

FIGURE 11. Status Input from PDP-9 Computer and Canberra

]
OUT 47 PIDI
OUT 5p PIRIC LATCH PDP-9
—i v
=
OUT 51 PIC 5 bits :> - Computer
o o 1t
[=,]
]
OUT 52 PIF S
—| o
OUT 53 AUX
S
T Clear PI
FIGURE 12. Program Interrupt Connections to PDP-9 Computer
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ouT I S02¢

g ‘ SRV ¢ - 3 1713
ouT g2 oLp? ) CA;?EORA bits to
- S TH
OuT 184 Sp2Ig - ANALYZER STHS
OUT 188 SRS

FIGURE 13. Connections to Canberra 8100 Analyzer

I wdereem o

BTy

TR ETE T
=

FIGURE 14. Control and Indicator Panels on NURE Rabbit
Controller
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Firmware

The M-series microprocessor that forms the hardware of the
NURE Rabbit Controller operates from programmed instructions in
the form of either software or firmware. For full operation,
the controller must operate from firmware to prevent power fail-
ure or unintentional operator commands from inadvertently alter-
ing instructions.

In ‘the controller firmware program (Appendices A and B), sub-
routines perform basic operations such as checking photodetectors
for sample rabbit passage or accelerating or decelerating a rab-
bit. These basic operations are called by more specific subrou-
tines (such as moving a rabbit from one location to another),
These subreoutines are ultimately called by the main program,
which provides for a particular type of analysis.

Because the mechanical and pneumatic aspects of the system
require much more operating time than do the electronics of the
controller, program tests of limit switches and photodetectors
acknowledge that mechanical motions have been completed. How-
ever, if some operation should fail to complete within a certain
time, the action is assumed to be incomplete., Timing sequences
in the program provide for malfunction messages, status regis-
ters, and pointers if the system should fail.

The time base in the system is changed under program control
to be compatible with the use, whether the program is timing a
mechanical motion or waiting for irradiation times to elapse.

The NURE Rabbit Controller, when started, identifies itself
and enters a Wait routine which identifies itself as shown below:

NURE RABBIT CONTROLLER
WAITING
004 012

The numbers on the third line show the location within the
program from which the Wait subroutine was called. With a program
listing, the operator can determine the location of the next in-
struction to be executed if the Wait subroutine should execute a
normal return instruction. In this case, the instruction would be
page 4g location 12g. These numbers are obtained by a stack dump
subroutine (SPD) which extracts the information from the processor
pointer stack. Because the pointer SPD is also a subroutine, it
must go back two subroutine pointers in the stack to obtain useful
information. It uses global Teletype handlers to output the in-
formation.

J



The message routine which types the word messages on the
Teletype is a general-purpose routine which requires only the
location in memory where the message 1s stored. As the routine
types the message, it searches for an end character to terminate
the operation.

The Wait routine is a general-purpose routine which forms
the operating system of the NURE Rabbit Controller. With it,
parameters for system operation are set, working registers are
zeroed, and the various operating modes of the controller are
executed. Parameters, such as number of samples and cycles in
an analysis sequence, are entered as decimal numbers after the
parameter to be entered is identified with a one or two character
command ,

One function of the Wait routine is to specify which irradi-
ation tubes are being used. The reactor irradiation chamber has
six irradiation tubes. The control center module is designed to
be connected to any four of these tubes. The NURE rabbit con-
troller program alsc permits the use of any number of the four
tubes to which it is connected; therefore, the system can con-
tinue operation if some of the tubes are not functioning. ’

The subroutine BCD (binary coded decimal) converts decimal
numbers entered as parameters to binary numbers as used in the
controller. BCD will convert any decimal integer up to 9999 to
a 2-byte binary number (8 bits/byte). Once entered, this sub-
routine will attempt to load a decimal number until a valid number
is loaded. That is, if an illegal character, such as a letter,
or too many numbers such as 5 digits, are entered, that load is
aborted. A question mark is typed, and the subroutine starts over
to await the correct number.

The main subprograms of the NURE Rabbit Controller are:

Regimes A, B, and C

Regime D

Examine Tubes

Examine Counters

Single Sample Irradiation and Count

Regime A generally controls the movement of the sample, in-

cluding loading a sample from the loader tube, moving it to the
reactor for a short irradiation, and returning it from the reac-
tor to determine the presence of an undesirable high radiocactivity
level (Figure 1}. The PDP-9 MOSES system (Monitoring Online Sys-

tem for Elemental Separations) determines radicactive content of
samples. The PDP-9 then notifies the NURE Rabbit Controller to

- 20_



either reject the sample as toc radioactive or continue the
analysis with Regime B. A radioactive sample is immediately dis-
charged to the unloader where it is shielded from operating
personnel.

Regime B consists of longer irradiation times and shorter
count times repeated for a number of cycles. The PDP-9 computer
determines radicactive content of samples. At the end of Regime
B, the sample rabbit is returned to the reactor for a prolonged
irradiation of Regime C. The irradiation time is governed by
operating parameters such as number of cycles in Regime B and
the number of tubes in use. This results from the rabbit being
left in the reactor until all tubes have been used, a rabbit
has been deposited in each, and the need to use the tube again
arises. Regime C is terminated by moving the rabbit to a Can-
berra 8100 multichannel analyzer and leaving the rabbit there to
be counted while the next new rabbit is started through its analy-
sis. When the Canberra is again needed, the rabbit is unloaded,
and the next one is placed in the Canberra analy:zer.

After Regimes A, B, and C, Regime D is separately executed
for long counts on the previously analyzed rabbits. The radio-
active samples from Regime A are 1n the unloader tube with the
other rabbits, and the operator does not sort the samples.

Regime D is capable of operating either or both detector
stations. Before this regime can begin, information is required
concerning which detectors will be used and how many samples
will be analyzed. The regime then operates with the PDP-9 to
transport rabbits and operate the Canberra analyzer, as programmed.
The Canberra must have the appropriate count time preset before
Regime D can begin., If a sample was too radioactive to complete
Regimes A, B, and C, the PDP-9 notifies the NURE Rabbit Controller
to immediately unload the sample rabbit.

The program to examine the tubes is designed to test all
parts of the system by moving a rabbit to and from all points
in the system. The NURE Rabbit Controller completely controls
this operation.

During the program to examine the counters, a known source
rabbit is moved from the loader to the PDP-9; it is counted and
then moved to the Canberra analyzer. The Canberra analyzer de-
termines the radiocactive level in the standard source, and the
rabbit is unloaded.

The single sample irradiation and count program is structured
to determine irradiation capabilities of the system. Known rabbit
samples are irradiated for operator-determined intervals and
counted by either the PDP-9 or the Canberra analyzer. These rab-
bits are then unloaded.

- 21 -



At the end of each of the main programs, control is returned
to the operating system WAIT of the NURE Rabbit Controller from
which any program can be excecuted or any parameter can be changed.

The octal debugging technique program supplied by Control
Logic, Inc., also resides in the firmware. Some of its general
handlers are used by the NURE Rabbit Controller, and the octal
debugging technique itself is used to troubleshoot any program
changes and some hardware problems,

Bagic Operating FPrinciples

The following basic criteria were used in designating the
NURE Rabbit Controller: all valves will, in their normal posi-
tion, provide for proper cooling of the system without undue ex-
penditures of compressed air. Dual photodetectors are used in
the transport of rabbits to and from the reactor to ensure de-
tection and to allow operation after the failure of one of the
pair. The actual transport of the rabbit consists of a primary
firing action to move the rabbit from its origin to the photo-
detectors at its destination. The photodetectors are positioned
a short distance from the end of the tubes. When the rabbit
passes these photodetectors, a braking action slows the rabbit
to cushion its impact at the end of the tube. After a preset
time, all transport valves are returned to their normal position
to complete the four-step transport cycle. This cycle includes
a step to position diverter paths,

Photodetector check points are used to determine rabbit po-
sition. At the reactor irradiation chamber and at the PDP-9 de-
tector station D1, photodetectors are dual assemblies., All other
points are single assembiies. The routines PDK1 (reactor irradi-
ation chamber) and PDK2 {central control module) use the pro-
grammed logic array to determine the proper detectors to be checked.
The routine then checks the photodetector register for a nonzero
condition which shows whether a rabbit has passed a photodetector.
If this does not occur within 5 seconds after the routine is
entered, the system assumes a failure, dumps all photodetectors
and 1imit switch registers.

If the nonzero condition does occur within & seconds, the
routines must determine whether the proper photodetectors were
triggered. Because the photodetectors are constructed in line with
the transit tubes, the rabbit takes a period of time between pass-
ing the first and second one. The detector routines must allow for
this time lapse before determining whether the rabbit position is
correct, If the photodetectors are not all correct, the condition
of the photodetector at the time of departure from the routine is
stored to be dumped at the end of the rabbit transit.

e
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Transport subroutines are used to handle the actual movement
of the rabbits by the NURE Rabbit Controller. The system has two
basic areas: the RIC and the CCM. Three basic paths exist for
Tabbit movement:

CCM + RIC T21
! RIC + CCM T12
CCM + CCM T22

The CCM > CCM path is handled by Subroutine T22. This sub-
routine is used for loading rabbits, moving rabbits to counters,
or unloading rabbits. A transport sequence consists of four steps
for valve actuation: position, start, cushion, and stop. The
transport routine obtains sequence address locations, clears the
photodetector register, and activates the first valve sequence.
The first sequence positions the diverter path and verifies the
diverter positions. The second sequence moves the rabbit. The
routine then verifies departure of the rabbit by calling the
appropriate photodetector routine. After departure is verified,
the routine must allow the trailing end of the rabbit to clear
the photodetector assembly before further action is taken. Then,
the photodetector register is cleared to await arrival of another
rabbit, the transport sequence address is incremented to set
valves to be actuated for braking, and the photodetector routine
is called to watch for the rabbit. When the rabbit arrives, the
braking is initiated, and the rest of the sequencing is concluded.
After the rabbit is halted, the transport routine checks the
photodetector error registers and, if an error has occurred, dumps
error information in the following form:

DP1 PD2 PD2

i
XX XXX XXX

where XXX is the octal representation of the 8-bit photodetector
register.

2

PDl is the photodetector register made up of photodetectors
in the RIC., PD2 is made up of photodetectors in the CCM. PD2
indicates the first time in the CCM, and PD2, indicates the second.
For example, with Subroutine T22, PD2; is the departure and PD2;
is the arrival.

Transport Subroutine T21 is used to transpert rabbits from
the CCM to the RIC. 1In this case, PDl is arrival and PDZ1 is de- -
parture. Likewise, in Subroutine T12 (RIC + CCM), PD1 is departure
and PDZ, is arrival. Any register which was correct for the trip
is indicated by a zero register.

- 23 -



The T12 and T21 subroutine in the reactor irradiation chamber
automatically notify the PDP-9 of a rabbit entering or leaving the
RIC. The program interrupt PIRIC is issued after the rabbit passes
the RIC photedetectors,

Tables for Determining State of NURE Rabbit Controller

The following tables are useful for determining the state of
NURE Rabbit Controller from the front panel.

Table 5: Operation Table. STAD, the mnemonic for the PLA
address register, identifies the operation being attempted or
most recently completed. STAD numbers in the table are the octal
representation of the 8-bit register on the controller panel.

The format of the table and PLA is such that for a given address
the state of all solenoids is defined. Usually in blocks of four
states each, the table can be interpreted as follows: STAD 27,
Address 27 provides information to position the diverters for a
path from reactor irradiation chamber tube W to Geli detector DI.
EA is the path for diverter one as specified in the vendor docu-
mentation; EC is the path for diverter two. The state of the
diverter limit switches is identified by PLA word 5. STAD 30°
identifies which solenoids must be activated so that the rabbit
can be moved. PLA word 5 now identifies the photodetectors which
should actuate. STAD 31 identifies solenoids to operate for
cushioning-after the photodetectors formatted in PLA 6 are acti-
vated. STAD 32 returns all solenoids to their normal positions
to stop the rabbit propulsion.

Table 6: PLA Bit States. Table 6 is the actual bit speci-
fications to achieve the proper solenoid operation. Table 6C
also determines whether PLA words 5 and 6 are to be used as test
words with Iimit switches or photodetectors. Table 6D specifies
{in octal) the coding for the internal PLA EPROMs.

Table 7: Status Word Bit Descriptions. The status word bit
descriptions are listed in Table 7. PD is an acronym for photo-
detectors, LS is for limit switches, and PS is for pressure switches,

Table 8: Status Words and Program Interrupts in External
Electronics, Table 8 lists the input signals from the PDP-9 and
Canberra analyzers which are input with STW5. The program inter-
rupts to the PDP-9 are also listed.

Table 9: Canberra Commnications. The microprocessor sig-
nals to and from the Canberra are listed in Table 9.

Table 10: Input/Output Commands. Input/output commands, as

added to Control Logic M-Series processor, are listed in Table 10,
Acronyms used in the program listing comments are ildentified.

- 24 -



Table 11t L6336 Card Jumpers. Table 11 identifies firmware
PROM cards as to where pages are located.

Table 12: Reactor Irradiation Chamber Cross Reference.
Table 12 is a cross reference between the 6 reactor tubes and
the 4 tubes that the NURE Rabbit Controller handles. Any one of
the reactor tubes can be used for any one of the 4 controller
tubes, This permits spare tubes to be connected to the needed
positions,

Table 12 allows correlation between identification W, X, Y,
and Z from the NURE Rabbit Controller to the reactor irradiation
chamber and identification of RT1, RT2, RT4, RT5, and RT6 from
the actual hardware tube.

Table 13: Manual Operations. Table 13 is a chart to permit
manual operation of the pneumatic system. Each four-way diverter
has two solenoids. In this table, the solenoid states for a
desired path are shown, the function of necessary valves are
defined, and the necessary valve states to move a sample rabbit
along the chosen path are given. Figure 15 is a layout diagram
which will aid in selecting the proper sequences.

TABLE 5

Operation Table

Path for Path for
Diverter Diverter
STAD Operation Path One Two
0 Normal position of all solenoids X X
1 Load leader X ED
2 Unused X X

3 Position diverters L+ D1 X ED

4 Send L->D X ED

5 Cushion L~+D1 X ED

6 Stop L-+D1 X ED

7 Position Dl + RICW EA EC

10 Send Dl + RICW EA EC
11 Cushion D1 + RICW EA EC
12 Stop DL ~ RICW EA EC
13 Position D1 + RICX EB EC
14 Send N1 » RICX EB EC
15 Cushion D1 + RICX EB EC
16 Stop DI » RICX EB EC
17 Position D1 -~ RICY EC EC
20 Send D1 + RICY EC EC
(continued)
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TABLE 5, continued

STAD

21
22
23
24
25
26
27
30
31
32
33
34
35
36
37
40
41
42
43
44
45
46
47
50
51
52
53
54
55
56
57
60
61
62
63
64

Operation

Cushion
Stop
Position
Send
Cushion
Stop

Position

Send
Cushion
Stop
Position
Send
Cushion
Stop
Position
Send
Cushion
Stop
Position
Send
Cushion
Stop
Positicen
Send
Cushion
Stop
Position
Send
Cushion
Stop
Position
Send
Cushion
Stop
Open

Close

26

Path

D1
D1
D1
D1
D1
D1

3>

>

-+

.

-

-5

- RICW

RICW
RICW
RICW
RICX
RICX

RICX
RICX

RICY
RICY
RICY
RICY
RICZ
RICZ
RICZ
RICZ

D1
D1
D1
D1
D2
b2
D2
D2
D1
D1
D1
D1

+ o+ ¥

-+

-

.

.

-+

-3

.

RI
RI
RI
RI
RI
RI
-
>
>
-

-+

-

-

-

.

D2
D2
D2
Dz
D1
D1
D1
D1
U
u
U
u

CY
CcY
CZ
cz
CcZ
cz
D1
D1
Di
D1
D1
D1

D1
D1

D1
DI
Dl
D1
D
D1
DI
D1

UNLOADER
UNLOADER

Pqth for
Diverier
One
EC
EC
ED
ED
ED
ED
EA
EA
EA
EA
EB
EB

EB
EB

EC
EC
EC
EC
ED
ED

m m
o o

PR . T -

Pgth for
Diverter
Two
EC
EC
EC
EC
EC
EC
EC
EC
EC
EC
EC
EC

EC
EC

EC
EC
EC
EC
EC
EC
EC
EC
EA
EA
EA
EA
EA
EA
EA
EA
EB
EB
EB
EB
EB
EB



TABLE 64

PLA Bit States

PLA 1

31

Xb

XA X X

WD

Wi wE W

33 34 36 @8 a7 38

32

S74p

10
11
12

13
14

15
16
17
20

21

22

23
24

25

26

27

30
31

32

33
34

35

36

37
40
41

4z
43
44
45

a6
47

S0
51

52

53
54

85
56
57

60
61

62
63
64
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TABLE 68

PLA Bit States

FPLA ¢

PLA

Y4

D1E  D2A D2 SPR1  SRP2

D14

ZA ZB 0 D

¥z

YET W

. &AD

e

10
11
12
13
14
15
16
17
20
P2

22

23

24
25

26
27
30
31

32

33
34
35
36
37

40
41

42

43
44
45

46
47

50

51

2

53

54
55

]
57

60

61

62
63
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TRBLE 6C

PLA Bit States

Compared With

Taat Word Two

FLA &

P = Photodatector
L = Limit Switoh

X = Not Usged

0

Teat Word One
&

PLA §
7

STAD

2

10
11

il

14
15
15
17
20
2i

22

23
24

25
26

27

30

31

32
33
34
35

36
37
40
41

42
43
44

45

46
47

50
51

52
53
54
55

56
57

&0
61
62
63

64
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TABLE 6D

Prom Coding

STAD

114

132

114
116

20

41

114

40

14

152

100

200
200

1
1
12
13
14
15
16
17

151

44
44

200
200

14

44

44

146

24
24
24

100

200
200

20
21

60

24
64
64

22
23
24

145

200
200

300

64

25

64

16
27

15z

200

40
40

5

32
33

151

44

14

44
a4
44
24

10

40

34
35
36
37
40
41

40

146

60

24

200

40

24

40

24
64

42

145

43

360

64

10

40
40

44
45

64

64

46
47

252

202

50

51

52

252

5%

54

54

40

55

56
57

232

10
10
10
10
210

202

10

61

62

63
64
376
371
372

106

10

17

17
3z

373

37

374

77
177

77

375
176
377

177
377

377
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TABLE 7

Status Word Bit Descriptions

Statug

Word Test Word

PD1 1

PD2 2

L83 1

LS4 2

PDW1
PDW2
PDX1
PDX2
DPY1
PDY2
PDZ1
PDZ2

PD13
PD14
PD15
PD16
PD17

PD18 -

P19

LS1
Ls2
LS3
L54
LS5
LS6
Ls7
LS8

Lsg
LSi¢
PS11

Word
Bit
Number

R < N B . L T = T R = N 7 B - SR 7 R ST o R T L7 I~ S - R R S - ]

~ W R o N e

Degeription

Reactor irradiation
Reactor irradiation
Reactor irradiation
Reactor irradiation
Reactor irradiation
Reactor irradiation
Reactor irradiation

Reactor irradiation

chamber photodetector
chamber photodetector
chamber photodetector
chamber photodetector
chamber photedetector
chamber photodetector
chamber photedetector
chamber photodetector

GeLi D1 photodetector
GelLl D1 photodetector
Gel.i D2 photodetector
Unloader entrance photodetector

Loader exit photodet
Loader entrance phot

ector
odetector

Unloader exit photodetector

Unused

CCM Diverter 1 limit
CCM Diverter 1 limit
CCM Diverter 1 limit
CCM Diverter 1 limit

switch DLS1
switch DL82
switch DLS3
switch DLS4

Reactor Diverter 2 limit switch DLS1
Reactor Diverter 2 limit switch DLS2

Reactor Diverter Z limit switch DLS3

Reactor Diverter 2 1

imit switch DLS4

Loader limit switch L1

Loader limit switch L2

Unloader pressure switch Ul

Unused
Unused
Unused
Unused

Unused
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TABLE 8

Status Words and Program Interrupts in External Electronics

Status Bit Word Bit
Word Aeronyms - Number Description
STH5 5T1 0 Start Regime B
5T2 1 Reject sample. Start new Regime A,
8T3 2 Continue Regime R subcycles
ST4 3 Magtape OK
CSA 4 Canberra Mode, Sense A
CSB 5 Canberra Mode, Sense B
6 Unused
7 Unused
Hardwveare
Aervonyme Pylge
PL PIDI ouT 47 PI to PDP-9. Rabbit at GelLi.
PIRIC ouT S@ PI to PDPP-9. Rabbit passing RIC
photodetectors.
PIC ouT 51 PI to PDP-9. Regime B ending,
Regime C starting.
PIF ouT 52 PI to PDP-9., All tubes have Regime
C rabbits in.
TABLE 9

Canberra Communications

Canberra Signal Miercprocessor Signal
Start Collect J103 Pin 1 Sp2C OUT 101

Start Input/Output J103 Pin 2 SDZI0 OUT 104

Start Display JI103 Pin 3 SD2DS OUT 105

Clear Memory J103 Pin 4 CLDZ OUT 102

Sense A J103 Pin 7 STWS Bit 4 IN 24
Sense B J103 Pin 8 STW5 Bit 5 IN 24
Ground J103 Pin 5, 6

- 32 _



TABLE 10

Input/Qutput Commands

/0 /0
Number Acronym Description " Funetion
20 PD1 Photodetector status word one IN
21 PD2 - Photodetector status word two IN
22 LS3 Diverter limit switch status
23 LS4 Loader limit switch, unloader pressure switch IN
24 STW5 PDP-9 status word S IN
25 PDT1 Photodetector test word one IN
26 PDT2 Photodetector test word two
27 TBL Trouble abort status IN
40 CLFD1 Clear photodetectors one ouT
41 CLPD2 Clear photodetectors two ouT
42 CLTBL ‘Clear trouble word our
43 STAD PLA starting address ouT
44 ACTV Activate values ouT
47 PID1 Program interrupt at D! to PDP-S ouT
50 PIRIC Program interrupt reactor irradiation

chamber to PDP-9 ouT
51 PIC Program interrupt begin Regime C to PDP-9 our
52 PIF Program interrupt full to PDP-9 oUT
53 AUX ouT
54 sD2 NRC front panel light for detector D2 out
57 CLIF Clear interrupt flags to PDP-9 ouT
100 FRQSL Frequency select real time clock out
101 sp2cC Start D2 counter collect (8143
162 CLD2 Clear D2 memory out
103 Wait light QuT
104 8Dp210 Start D2 1/0 auT
105 5D2DS Start D2 display ouT
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TABLE 11

L596 Card Jumpers

L586 Cards

#1

Page Nwnber

Jumperg

959y
<20

o

SELY
<o U@

#2

ST
<A O E

#3

11
12

#4

13
14

#5

#6

70
74

-#7
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TABLE 12
Reactor Irradiation Chamber Cross Reference

Controller

Tube

Reactor Tubes

Componentsd RI1 RT2 RT3 RT4 RTS RTE
_A V1 V2 V3 V4 Vs V6
__B V13 V14 V15 V16 V17 V18
_C V7 V8 VS V10 V1l V12
_“P vi9 V20 V21, V22 V23 V24
DP_ 1 PD1 PD3 PDS Pn7 PD9 PD11
DP__Z PD2 PD4 PD6 PD8 PD10 PD12
a. Where = either W, X, Y, or Z, and any letter W, X, Y, or
Z may represent any number RT1, RT2, RT3, RT4, RTS, or RT6.
RTx  Physical reactor tube number
Vx Valve number
PDx Photodetector number
XA Controller fire valve
xB Controller exhaust valve
xC - Controller cushion valve
xD Controller bleed valve
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TABLE 13

Manual Operations

Four-way No. 1 Solenoid State

Path SDi4 SD1B
W 0 0
X 1 0
Y 0 1
Z 1 1
Four—-way No. 2
SDEA sh2B
D-2 0 0
4-Way 1 0 1
Unloader 1 0
Loader 1 1
V-35 D-2 Fire Valve
V-36 D-2 Exhaust
V-37 Unloader Exhaust
V-38 Loader Fire Valve
A Fire Valve
B Exhaust
C Cushion
D Bleed
.Control Center Module: Valve States
v-31 V-32 V=83 V=34
Fire Cushion Exhaust  Bleed
SEND 0>1 1 0 1
STANDBY 0 0 0 0
RECEIVE 0 0 1 1
Reactor Irradiation Chambeyr Valve States
A B ¢ D
Fire Frhaust Custion  Bleed
SEND 0>1 0 1 1
STANDRY 0 0 0 0
RECEIVE 0 1 0 1
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NURE Commands

The commands used for the NURE Rabbit Controller are entered
during the waiting portion of the program. However, the I command
is used to signal the program, while it is running, that the oper-
ator wishes to gain control. The I, when typed, is not echoed.

All other commands are entered after the Teletype types
WAITING and an address. Commands are either operation commands
or number-entering commands.

Operation Commands

The operation command may be either one, two, or three char-
acters; it requires no terminating character. Operating commands
include:

A Abort. Remove any rabbits in reactor to DI.

C Continue at address from which the program exited.

b1p Detector D1 out of use for Regime D,

D11 Detector D1 in use for Regime D.

D2g Detector D2 out of use for Regime D,

D21 Detector D2 in use for Regime D.

G Begin Regimes A, B, and C.

0 Jump to octal debugging techniques.

) Zero all random access variables.

ET Examine tubes. Run rabbit through all paths.

EC Examine counters. Place standard in each counter.

ER1 Examine irradiation with D1, Trradiate standard
and count.

ERZ2 Examine irradiation with D2. Irradiate standard
and count.

R Run Regime D.

W1 Set tube W in use.

W@ Set tube W out of use.

X1 Set tube X in use.

g Set tube X out of use.

Y1 Set tube Y in use.

Yo Set tube Y out of use.
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Z1 Set tube Z in use,
zZ@ Set tube Z out of use.

Number Entry Commands*

The number-entering command can be either one or two characters
followed by up to 4 decimal digits (99997) and by a terminating car-
riage return (CR). Number entry commands include:

Bnnnn {CR) Number of cycles in Regime B

Snnnn (CR) Number of samples to be run

TAnnnn {CR) Number of seconds multiplied by 10 for Regime A
irradiation**

TBnnnn {CR) Number of seconds multiplied by 5 for Regime B
irradiation**

TCnnnn (CR) Number of seconds divided by 10 for Regime C
final irradiation™**

TDnnnn (CR) Number of seconds multiplied by 1 for
count time in D2

TSnnnn (CR) Number of seconds multiplied by 1 for ER1

and ERZ irradiation

Information Required by Programs

e Single Sample Irradiation and Count

Number of seconds to be irradiated (TS)
To execute program count in D1 ER1
To execute program count in D2 ER2

® Regime D

Number of samples to be analyzed ()

Detectors in use (D1)
(D2)

To execute program R

. Examine Counters

None
To execute program EC

* Where n = Decimal Digit,

** Where nnnn - 255;p max.
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Examine Tubes

Tubes in use
To execute program

Regimes A,

Number of
Number of
Number of
Number of

B, and C

samples to be
seconds to be
seconds to be
seconds to be

final time
Number of cycles in Regime B
Tubes in use
To execute program

analyzed

(W-Z)
ET

(S)

irradiated in Regime A {TA)
irradiated in Regime B {TB)
irradiated for Regime C

(TC)

(B)
(W-Z)

Mumber Messages from the NURE Rabbit Controller#

Fage Location

XXX XXX

PD1 PD2;  PD2,

XXX XXX XXX

PD] PD2 LS3 L54
XXX XXX XXX XXX

STAD

XXX

Meaning of Message

Address to which prograﬁ
will return if continued

Photodetector errors.
Displays actual response
which did not match
desired response.

Photodetector, limit
switch, and PLA address
status at time of failure
to complete operation
within specified time

* Where XXX is the octal value for the implied register.
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System Pointers

Program Program Pointer

Status? Page  Locationm Pointer Meaning
4 12 System has been started from processor
console card,
4 112 Processor has received invalid status
flag from PDP-9.
4 265 Regimes A, B, and C have been completed.
C 7 154 Photodetectors in the reactor have not
actuated within the allotted time,.
C 7 210 An operation has exceeded the time
limit set for it.
C 7 237 A diverter has not actuated within the
allotted time.
C 10 20 The loader has not actuated within the
allotted time.
C 10 130 Photodetectors in the CCM have not actu-
ated within the allotted time.
C 10 160 The loader is empty for Regime A.
11 0 Processor has received an invalid status
flag from PDP-9.
13 50 Operator has requested control.
13 230 Loader is empty for Regime D.
13 336 Processor has received an invalid status
filag from PDP-9.
C 14 202 Loader is empty for examining counters.
14 303 Counters have been examined.
15 13 Loader is empty for examining tubes,
15 270 Pressure in line to unloader has not

dropped to safe level for opening within
the allotted time.

C 15 325 Rabbit has not exited unloader within
the allotted time,

16 210 Irradiation and count for a single
sample have been completed.

C 16 277 Program requiring reactor tubes was
started with no tubes specified.

a. The letter "C" indicates that the program can be continued after
the problem is corrected.
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Software

Four programs are supplied by Control Logic, Inc., for pro-
gram development on the M-Series logic system: editor, 3-pass
assembler, EPROM programmer, and octal debugging techniques.

The octal debugging techniques are supplied on three EPROMs and
contain utility routines to read binary paper tape from the
Teletype, punch paper tapes on Teletype, input/output Teletype
characters, and modify memory locations., Many of these routines
are called and executed from system firmware. The other three
control logic programs may be executed by replacing system firm-
ware modules with random access memory modules and operating the
M-Series system via Teletype.

The only Control Logic software used for the development of
system firmware was the EPROM programmer. Final object tapes
for firmware programs were automatically transferred to EPROMs
using the M-Series system.

The firmware programs were developed offline on a PDP-B8E
minicomputer with disk from an 0S/8 operating system.® A Control
Logic L-Series cross-assembler for PDP-8, modified for 0S/8
operation, was obtained from the University of South Carolina.

It was modified at SRL to use the M-Series machine language
codes.

ASCII (American Standard Code for Information Interchange)
source disk files were generated by the 0S/8 editor program.
The source files were assembled as object (binary} disk files.
Paper tapes of the object files were punched on a high-speed
punch; these tapes were used to operate the M-Series logic
microcomputer system,

ADVANTAGES OF THE SYSTEM

This system demonstrates the flexibility that can be attained
in a complex digital system with a microcomputer. An effective
hardware-software tradeoff reduces design effort and overall sys-
tem cost. However, the flexibility of the programmed system could
not be duplicated with a hardware-only system at any reasonable
cost. Interfaces for peripherals can be designed and tested in-
dividually without a complicated hardware timing circuit. The
microcomputer is programmed to handle the timing. To make minor
changes in the system operation or to configure the system for
an entirely different test, the firmware is altered with no major
changes in the hardware. During this development, several major
system changes were implemented by minimal firmware changes.
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The firmware contains simple machine-language programs.
That type of programming is generally done best by the design
engineer who thoroughly understands the hardware. He must write
simple input/output subroutines to test the hardware. Those sub-
routines can be called from a main program to generate the final
software, After all, the programs essentially implement logical
commands that the designer would normally realize with hardware,
Very simple Teletype commands and responses were designed into
the operating programs to reduce programming effort and memory
requirements.

Microcomputers can be programmed to analyze results as well
as collect data. This programming would involve a larger effort
that normally would not be done by the design engineer. Higher-
order programming languages and cross-assemblers for larger com-
puters are available for some microcomputers, However, the system
described in this report uses the microcomputer in its most cost-
effective mode; that is, digital system timing and data-byte
manipulations. With the microcomputer and with a mass storage
output peripheral, such as the magnetic tape, the data can be
analyzed efficiently offline with software on a large computer.
In this system, magnetic tape outputs were generated by the Can-
berra analyzer and PDP-9 computer. The speed of low-cost micro-
computers also limits their ability to perform all but simple
real-time computations.

The hardware interface was built from standard transistor-
transistor logic, integrated circuit modules plugged into a wire-
wrapped sock array. We have proven that wire wrapping (Figure 16)
provides the lowest cost in terms of components, fabrication,
modification, and maintenance.

The system described has operated trouble-free for over six

months. The microcomputer, techniques described in this report
apply to many other instruments for chemical controls and analysis.5
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FIGURE 16, Wire Wrapping in Hardware for NURE Rabbit
Controller

- 44 -




APPENDIX A
LOGIC OF THE PROGRAM FIRMWARE FOR THE NURE RABBIT CONTROLLER

The following flowcharts show the logic of the program
firmware for the NURE Rabbit Controller. The flowcharts are
arranged in the order that the routines appear in the program
tisting (Appendix B).

ROUTINE SYSTEM STARTUP
INITIALIZE SYSTEM

ATl Selenoids
to Normal
Positiong

i

Ciear Input
Registars

l

Set and
Enable
Time Clock
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ROUTINE TIMER INTERRUPT
UPDATES TIME CLOCK REGISTERS

Save
System
Registers

‘

Increment
Time Clock
One Count

i

Restore
System
Registers
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TBRT

SUBROUTINE TTYI
INPUTS CHARACTER FROM TELETYPE

Check for
Trouble
in System
While
Waiting

l

Flash Wait
L.ight on he)
3 Front Panel Ry

+

Ko Character

Available
7

Echo
It

11Y6
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SUBROUTINE TTYO

PRINT ACCUMULATOR AS ASCIT CHARACTER
{Resident in ODT)

Print
Accumulator
As ASCII
Character

Return
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SUBRQUTINE OCTO

PRINT ACCUMULATOR AS 3 DIGIT OETAL NUMBER
(Resident in 00T)

Print
Accumulator
As 3 BDigit
Octal Number

Return )

SUBROUTINE CRLF

PRINT CARRIAGE RETURN LINE FEED
{Resident in 0DT)

{ Start }

]

Print
Carriage
Return
Line Fead

¥

( Raturn }
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Operator
Responsea

Start I}

At

]

SSICT irradiate

i Rabbit
Bring to DI

' JPIDT ta poRY
Rabbit in

U1 Counter

2

5558 i

5TWs
~ from
PoRY

4

Hasg
FPY
_ Replied?

Untoad
B Counter

DYy
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SUBROUTINE DPTC

Double Precision Time £lock
Return When Time Expires

Set Up
Negative
Time

'

Check
for
Problems

TBRT
M1
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SUBROUTINE NOTB

Notify Operator that Program Was Started but no Tubes
Were Specified. Gives Option to Correct and Continue,

Store A
Register
Set Up Message

|

2 Print

=L "Ho Tubes"
“ Wait For
21 Response
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SUBRQUTINE TMST

If # of Tubss ¢ More Than # of Samples at Start, Force # of
Tubes fqual to # of Samples.

—
{ Start

A

sl F Get Last
Tube Status

Get £
of Tubes
in lse

riCu

1s It

in Use?
Eorm Negative \\\\\x\

# of Tubes -~

Remove it i
From Service l

Add ¥ of
Sampies

,,/’ Are There
< 5¢911 Yoo
S Many Tubes?

™ .

ff// -
More Tubes e o
Heturn } ~

Than Samples?

Get Next

Yoy sz Tube Status [
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SUBROUTINE TBRT

Menitor Trouble Word to Test for Conditions Warranting ap Abort

Input
& Trouble
Kord

7

Iz

Anything ™ ) o |
Wrong e ] Retu#n )

C Already Aborted e

Procead
With

Rabbit
Removal

ABRT
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APPENDIX B
PROGRAM LISTING FOR FIRMWARE IN THE NURE RABBIT CONTROLLER

The firsware program listing for the NURE Rabbit Controller

ig shown in this appendix.

The program was written from Control

Logic-M Series assenbly language for Intel’s 8080 microprocessor.g’&
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