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S E C T I O N B
OPERATIONS AND IMPROVEMENTS: VAN DE GRAAFF AND LOCAL COMPUTERS

All the projects described in this section were carried out
by the technical staff of the Nuclear REsearch Centre:

J.B. Elliott, J.C. Hewlett, L. Holm, E. Pearoe,
D.S. Presakarahuk, J. Ritzel3 and J.R. Sehaapman

I. van de Graaff

(i) Operations

Type of Operation No. of Days Purpose

(n,n) 135

Hardware Development 74

Accelerator Conditioning 65

Accelerator and Ancillary
Equipment Repairs 71

Graduate and Undergraduate
Senior Theses 6

Holidays 14

Fabrication of new gas cells
Rearrangement of shielding

Most operation at 7 MeV
Unstable after 4 days' opera-
tion at 7 MeV

Installation of triplet magnet
extension of shielding track

(i i) Maintenance

The top elements in the van de Graaff were removed, cleaned, and pol-

ished in August. This was necessary as it was becoming more and more diffi-

cult to reach the required terminal voltage and to focus the beam due to

leakage across the insulating elements. When the machine was open new

coupling capacitors (reconstituted mica type KER 1A3615SP-1 made by Custom



Capacitor Corp.) were installed between the ion source oscillator and the
ion source. These capacitor? did not work satisfactorily as the induc-
tance and their dissipation were too high, causing them to overheat.

(iii) TOF Beamline Optics

Three four-inch quadrupole magnets made by Industrial Coil (see the
photograph on page 7) were installed in the time-of-flight beamline
after the switching magnet replacing the High Voltage Engineering doublet.
(See 'A Study of the Optics of the Hobley Beamline1 on page 55). This
was done to increase the beam current deliverable to the target position.
The magnets were powered by three SCR power supplies made by Electronic
Measurements model SCR40-250-0116 which are mounted in the magnet rooi*!
Extra power line filters were required to cut down the noise induced back
into the AC line from the power supplies. The power supply set points are
controllable at the console either by manual or computer control. The
circuit diagram on page 8 shows the isolation amplifiers used to buffer
the current readings from each supply which is displayed at the console.
An interlock circuit diagram shown on page 9 was built to monitor the
temperature of the magnet coils _nd the water flow in the coils and to
switch off the power supplies in case a fault condition occurs.

(iv) Straight Down Beam Line

The straight down beam line to the basement was rebuilt this year
(see photograph on page 10). The High Voltage Engineering doublrt magnet
was mounted below the analyzing magnet to uniformly disperse the beati
spot at the target position. A pneumatic vacuum valve and a fast acting
valve were installed in the beam line. The fast acting valve is inter-
locked to a vacuum gauge near the target. The pneumatic ^slve is inter-
locked to the fast acting valve, vacuum condition at the target, and the
access door to the target area.

(v) Analyzing Magnet

The analyzing magnet coils have deteriorated to a point where it has
become necessary to replace the coils. Each coil consists of seven windings
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anc each winding is wound with several turns of hollow square copper
tubing. The cooling water passes from a common manifold through the
hollow tubing of each winding and into another common manifold again.
Build-up of dirt in the inlet manifold caused a reduction in the water
flow to the end windings and for the last two to be completely blocked.
This problem was compounded by magnet power supply problems. The water
cooled resistor had to be replaced three times due to corrosion in the
resistive element.

In order to carry out the experiments at the upper limit of the
van de Grafff, computer control of the accelerator was used. A program
was written to hold the magnet current steady. The computer would monitor
the reading from the analyzing magnet's NMR and adjust the current in the
magnet accordingly. This system worked well provided the magnet current
excursions were slow. Eventually the excursions became too erratic and
exceeded the ability of the computer to compensate. The two completely
blocked windings in one coil were by-passed to reduce the erratic behavior
of the current in the-coils.

The rapid deterioration of the coils has been attributed to the poor
quality of our chilled water which is supplied by the University. Cor-
rective action has been taken to improve our chilled water by switching
our supply water from the University's chilled water to distilled water.
This will assure us the incoming water will be clean. In addition, a
Beckman Solu Meter has been ordered and will be installed to monitor the
conductivity of the water. When the conductivity rises above a preset
level it will set an alarm condition and the chilled water can be flushed
and new water used.

Due to the unreasonable cost estimate of $34,688 for replacement coils
for the magnet by Cyclotron Corporation (the holders of the original
drawings for the magnet coil), we dismantled the magnet, traced the out-
line of the coils so that Alpha Scientific could provide us with another
cost estimate for the fabrication of the coils. This quotation is $8,400
with eight-week delivery time as compared to five to six months from
Cyclotron Corporation. The order was placed with Alpha Scientific in
late September.
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(vi) Liquid Helium Cryostat

A low temperature vacuum leak on the Fast Neutron Production
Facility developed in May, 1981 after six years of very intensive use in
n-D break-up and polarized neutron scattering experiments.

The nature of the leak (intermittent leak which only appeared when
liquid helium was being filled into the cryostat and just when it's
liquid helium reservoir cooled down to the temperature of liquid helium),
coupled with its suspected location on the helium saturated component of
the system, precluded the standard leak testing methods using a helium
leak detector. A careful observation of the symptoms of the leak in
repeated test fillings and thermal cyclings indicated that the leak was
most probably in the stainless steel bellows closing the outer vacuum
jacket of the cryostat around the emerging central fill tube of the liquid
helium reservoir. The function of this is to compensate for the differ-
ential thermal contraction of the above tube with respect to those on which
the liquid nitrogen cooled parts of the cryostat are suspended.

A decision was made that, instead of repairing the existing part and
handling a contaminated object in the process, a completely new replace-
ment liquid helium reservoir (the central vessel of the cryostat) would
be made. The amount of labor involved in the replacement of the reservoir
(after a simplification to its cryobaffles) vs. its repair was estimated
to be roughly equal. The total cost of material was below $200.

The further advantages offered by this alternative were:

1. Shorter shut-down time of the facility. (As the vacuum was
unaffected by the presence of LN2 in the cryostat, certain
use of the cryostat could continue until the replacement part
was finished.)

2. The replacement made it possible to incorporate suggestions for
improving the operation of the system such as:

(a) Enlarging the diameter of the liquid helium reservoir
within the limits of confinement in the LN2 jacket gives 28%
larger volume capacity.

(b) The new fitting at the top of the cryostat is larger to
reduce boil-off flow restriction and to accommodate a
level sensor permanently placed in the reservoir for an
automatic filling system. The fitting now fully encloses
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the contraction bellows protecting it from frost, dirt, cor-
rosion and mechanical abuse.

(c) All "0" rings were replaced and an enlarged set of beam
entrance collimators was installed during the process.

The whole rebuilding procedure was carried out under a plastic tent
connected at the top by a flexible duct pipe to a roof exhaust fan. The
atmosphere in the tent was continuously sampled by a tritium monitor.
No dangerous airborne contamination was detected. The rebuilt cryostat
was successfully test filled and cycled with liquid helium in August, 1981.

Technical drawings for the replacement liquid helium reservoir cryo-
stat are shown in the figure on pages 14 and 15.

(vii) Tritium Gas Target

The Fast Neutron Production Facility at the University of Alberta has
been in operation for six years. Improvements in the neutron flux pro-
duced by the T(d.n)lfHe reaction have become desirable, if not necessary,
to shorten the extremely long running times needed for data accumulation
of neutron induced nuclear reactions such as A(n,n)A asymmetry measure-
ments and D(n,2n)p quasi-free scattering. This has been accomplished by
changing the design of the tritium gas cell so as to:

(a) Increase the length of the ceP from 1.5 to 2.5 cms (This increase
in length is limited by the use of a 30° port for polarized neutron exper-
iment which involves a superconducting magnet of bore 1-1/2 inches and the
need for good energy resolution of the outgoing neutron beam).

(b) Increasing the pressure of the gas in the cell (This is limited
by the mechanical strength of the body of the cell and the entrance and
exit foils).

(c) Lowering the gas temperature (This is limited by the heat con-
duction properties of the materials of the cell and the liquid nitrogen
bath).

The new gas cell (see the figure on page 16) is made from Oxygen Free
High Conductivity Copper with 1/8" thick walls, whereas the previous cell
was 0.010" stainless steel. The entrance and exit windows are 0.00021"
Molybdenum foils.



Technical drawing of the assembly and!
details of the replacement liquid helium
reservoir/cryopump fcr the fast neutron
production facility.
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flew Tr i t ium Gas Cel l - Double Size Drawing

1 . Tantalum Col l imator <f> 3/8"
2. Entrance Hal f of Cel l - O.F.H.C. Copper
3. Clamping Nut - O.F.H.C. Copper
4 . Epoxy Edge Mask * 9/16" - 0.005" Gold
5. Ex i t Half o f Cel l - O.F.H.C, Copper
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Tests of the gas cell were made in September using 1 atmosphere of
deuterium gas at liquid nitrogen temperature in the cell. The improved
heat conduction properties of the cell were evident as the change in
pressure of the gas with 1 yamp of 6 MeV deuterons passing through it was
from 700 to 900 torr, compared to a change from 700 to 1400 torr for the
stainless steel cell when a 0.6 yamp, 6 MeV deuteron beam passed through
it. The cell has been loaded with up to 3 atmospheres of deuterium gas
and has shown no signs of deterioration. The use of tantallum foils for
the entrance and exit windows has been investigated. The tantallum foils
have a sodium impurity on their surface which produces a higher neutron
background through the 22Na(d,n) reaction than with the Mylybdenum foils.

We are thus optimistic that the new gas cell (see page 16) will
allow us to run with up to 2 atmospheres pressure and with 2 yamps of
beam safely.

(viii) Vacuum

The Varian 440 litre pump on the RF tank was replaced by a Leybold
Heraeus 450 litre per second turbo pumping station (see photograph on
page 18) The ion pump seemed to have a short life as it was continually
being abused by poor vacuum when the cryostat would run out of helium.
A pneumatic valve was mounted above the turbo pump which is interlocked
to the vacuum in the beam line and can isolate the pump from the rest
of the beam line.

Four new Leybold Heraeus roughing pumps (Model D16A 400 litre per
minute) were installed in the auxiliary vacuum, cryo vacuum, target
vacuum, and the RF tank vacuum pumping stations.

II. Instrumentation

Several NIM fast logic circuits were designed and constructed for
electronic processing of experimental signals.

(i) Fast NIM to TTL

A double width module (see photograph (A) on page 19) was used to
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Tank Pumping Station
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(A) NIM to TTL Circuit

(B) TTL to NIM Circuit
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build sixteen fast NIM to TTL circuits. (See circuit diagram on page
21.) A bistable sets on the leading edge of a negative input pulse,
providing the input pulse is greater than a preset level. The preset
level (threshold) can be adjusted from 0 to -0.6 volts. The output pulse
width from the bistable is variable and controlled by a monostable
whose delay is controlled by a front panel potentiometer (0.4 to 2.0
microseconds). This pulse goes through a driver and becomes the TTL
output pulse.

(ii) TTL to Fast NIM

A single width module (see photograph (B) on page 19) was used to
build sixteen TTL to fast NIM circuits (see circuit diagram on page 22).
A bistable sets on the positive edge of the TTL input pulse and resets
approximately 20 nanoseconds later (delay of two TTL gates) to give a
fixed output pulse width.

(ill) Fast NIM Delay

A double width module (see photograph (A) on page 23) was used to
build sixteen fast NIM delays (see circuit diagram on page 24). A
bistable sets on the leading edge of a negative input pulse providing
the input pulse is greater than a preset level (threshold). The output
of the bistable sets a monostable whose output pulse width can be varied
from 0.4 to 2.0 microseconds. The trailing edge of the monostable sets
another bistable which- is reset approximately 20 nanoseconds later
(delay of two TTL gates). This gives the fixed output pulse width.

(iv) Fast Gate

A single width module (see photograph (B) on page 23) was used to
build eight fast gates (see circuit diagram on page 25). This circuit
was built using ECL logic. A negative gate input signal is used to
enable a bistable. The negative edge of the input signal will set it.
The set output of the bistable and the input signal are 'anded1 together
to produce the output signal. The bistable is reset by the trailing
edge of the gate input signal. The leading edge time jitter is less than
0.1 nanoseconds.
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(A) Fast Nim
Delay

(B) Fast Gate
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(v) Pile-Up Detector

A single width module (see photograph (A) on page 27) was built with
eight pile-up detectors (see circuit diagram on page 28} which has eight
individual and one 'ored' outputs. Each circuit will give an output pulse
if two input pulses arrive within a given period of time. The diagram
shows two complete circuits as well as an 'or' output of the eight indi-
vidual circuits. The negative edge of the input pulse sets a monostable
whose output becomes the enable input for a bistable. If a second input
pulse arrives before the monostable has 'time-out' (variable 0.5 to 6.0
microseconds), it will set the output of a second bistable which resets
in approximately 40 nanoseconds (delay of 4 TTL gates). This becomes the
individual output signal. All the individual outputs are 'ored' together
to give an output if any circuit has two input pulses within a preset time.

(vi) Five Level Pulse Height Comparator

A two inch cube liquid scintillator detector was constructed and
divided up into five equal cells by aluminium partitions (see fig. (a)
on page 29). Two opposite sides of the cube were viewed by photomulti-
pliers and the cells were masked,as shown in fig. (b) and fig. (c) on
page 29, to form a gray code so that the amplitudes of the pulses from
the photomultipiiers would provide information as to which cell an event
occurred in.

An electronic circuit was constructed to perform the decoding of the
position information contained in the pulse amplitudes from the two
photomultipliers. A simplified circuit diagram is shown on page 30. The
energy signals from the photomultipiier tubes A and B were compared by
four amplitude comparators whose output would rout the signals into one
of five bins. When an event in the scintillator occurs, it generates a
clock signal (ext clock) which will hold the output conditions of the
comparators. This condition is held until an external reset is rec 'ived
(i.e. computer reset) or an internal reset will restore conditions after
five microseconds.

This method of identifying in which cell the event occurred was not
successful as the cell that had half-masking weight did not attenuate the
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(A) Pile Up Detector

(B) Fast ADC
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scintillation light signal by a factor of two. The problem was overcome
by viewing the cell with three P.M. tubes, thereby removing the necessity
of half-masking any partitioned section of the cell.

(vii) ADC,
Counting rates in experiments using the CAMAC data acquisition system,

such as in the deuteron break-up experiment, are severely limited com-
pared to those that can be handled by the Tennelec ADC system. This is
because of long conversion times (60 ysec) of the CAMAC ADC's, and com-
puter servicing time (30 usec/data way operation). In an effort to over-
come the former difficulty it was decided to design and construct a fast
ADC with a conversion time of 2 psec.

A CAMAC-controlled, fast, peak-sensing ADC was built using the Date!
model EH12B3, 12 bit ADC with a 2 microsecond conversion time and a peak
sense and hold, model 5032, manufactured by Optical Electronics (see photo-
graphs on page 27). The circuit diagram on page 32 shows the control
circuit diagram required to handle the incoming analog signals. The ADC
can be operated in a coincidence or anti-coincidence mode, in the anti-
coincidence mode the gate to the peak-sense and hold (PSH) will be open
and its output will be in the hold mode. Twenty nanoseconds after the
input signal exceeds the setting of the zero level discriminator (ZLD)
the gate will close and the PSH will be in the peak sensing mode. An
internal set point will determine how long the PSH will stay in the peak
sensing mode (variable from 0.5 to 1.0 microseconds). At the end of this
time it will return to the hold mode and if the input signal is above
the lower level discriminator (LLD) set point, the ADC will start con-
verting the signal level held in the PSH. The trailing edge of the gate
signal will also restore the conditions of the ZLD and LLD; if the LLD
was not set, no conversion will take place and the ADC will be ready to
accept the next input signal. If the LLD was set, a conversion will take
place and both the ZLD and LLD will be disabled until the converted data
have been read into the computer or the computer has issued a clear. In
the coincidence mode the leading positive edge of the gate input will
close the gate to the PSH for a period of time determined by an internal
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set point (variable from 0.5 to 1.0 microseconds). The circuit diagram
on page 34 shows the control circuit for the ADC. The leading edge of
the 'convert' signal will generate a 150 nanosecond start signal to the
ADC. Approximately two microseconds later the ADC will generate an end
of conversion (EOC) signal which is used to generate a LAM signal to the
computer. The circuit on page 35 shows the CAMAC sub-address and func-
tion decoder as well as signal buffering; the circuit on page 36 shows
the power supplies used to power the ADC and its associated circuits.

A spectrum from Z2Na, as obtained using a liquid scintillator-
photomultiplier-tube combination, is shown in the figures on page 37.
The ADC was able to convert the input signals as required but the digi-
tized output showed poor characteristics. Fig. 1 shows a section of the
spectrum when the ADC was operating as a 12 bit converter. The ampli-
tude dispersion was greater than 50% with alternate channels having a
greater number of counts. Fig. 2 shows the same section of the spectrum
with the ADC operating as a 11 bit converter; the amplitude dispersion
was greatly improved. Fig. 3 shows the same section of the spectrum when
the ADC was operating as a 10 bit converter showing even greater, but
none-the-less unacceptable, improvement.

The problem seemed to be intrinsic to the ADC itself as several
methods of filtering the input signal and supply lines did not improve
these variations. Two ADC's were tried and both gave the same results.
Other manufacturers are starting to make fast ADC's and we are in the
process of getting information from them.

(viii) Scanning Dual Output Pulser

In the break-up experiment eight detectors are used, each with its
own LED gain stabilization. A pulser was built which would fire the
LEDs in the detectors in two groups of four in a sequential order (see
photograph on page 38).

An AVTECH MODEL AVI-VA-N pulse shaper and a power splitter were used
to produce two pulses variable from 0 to 25 volts amplitude and 2 to 100
nanoseconds width. The diagram on page 39 shows the circuit used to
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trigger the pulse shapers and the two 4 pole coaxial relays. Under
internal trigger operation an oscillator repetition rate can be selected
from between 12.5 pulses per second to 1.3 seconds per pulse. For each
oscillator pulse the coaxial relay is stepped once and an output pulse
appears at the two selected outputs if the mode switch is in the scan
position. The mode switch can select and hold any group of two outputs.
In the external trigger mode of operation, the pulse shaper can be
triggered by an external pulser to a maximum rate of 20 KHz. The internal
oscillator will still control the coaxial relay through the mode switch.
The pulse output was set at 25 volts and 12 nanoseconds in order to give
a light output equivalent to a 20 MeV neutron in the liquid scintillator
used in the deuteron break-up experiment.

(ix) Blue LED

Two Siemens SFH 710 blue LEDs were compared with Litronix GL-56
green LEDs in order to investigate their light output and response time.
The green LEDs are currently used for gain stabilization of photomulti-
plier tubes. The blue LEDs have a spectral output that more closely
matches the response of the RCA 4522 and 8854 photomultipliers than the
green LEDs do.

A blue and a green LED were mounted on the photocathode of an RCA
4522 photomultipiier tube and were pulsed by indentical driving pulses.
Different pulse widths were used to turn the LEDs on. The photographs
on pages 41, 42, and 43 show the driving pulse and LED outputs for 10
and 120 nanosecond width pulses. A graph showing the variation in LED
output with pulse width is shown on page 44. The curves indicate that
a pulse width of 10 nanoseconds is sufficient to saturate the LED output
for the green LED whereas the blue LED shows no saturation in output up
to 100 nanoseconds. The blue LED has a much slower risetime than the
green LED since it is apparently designed for a much longer driving pulse
than that usable in a gain stabilization scheme for photomultipiier tubes.

(x) LED Light Detection by Photodiodes

We presently use silicon surface barrier detectors to detect the



41

LED Driving Pulse 10 nsec Amplitude 25 Volts

LED Driving Pulse 120 nsec Amplitude 25 Volts
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Photomultiplier Anode Output for Green LED
LED Driving Pulse Width 10 nsec Amplitude 25 Volts

Photomultiplier Anode Output for Blue LED
LED Driving Pulse Width 10 nsec Amplitude 25 Volts
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Photcmultiplier Anode Output for Green LED

LED Driving Pulse Width 120 nsec Amplitude 25 Volts

Photomultiplier Anode Output for Blue LED
LED Driving Pulse Width 120 nsec Amplitude 25 Volts
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light output of green LEDs in order to stabilize our photomultiplier
tubes. Photo diodes, which are less expensive than silicon surface
barrier detectors, were examined for resolution to see if they could
be used as a replacement for the silicon surface barrier detectors and
still provide gain stabilization of the photomultiplier to within 1%
accuracy.

The spectra on pages 46 and 47 show the results of a series of
tests using the Ortec type 50-1000 surface barrier detector and several
RCA fast photo diodes (Type 30884, C30831, C30808, and C30807). The
tests involved using the same LED Litronic type GL-56 and changing the
driving pulse width. The system gain was changed to give a constant
amplitude output pulse with a spectrum centroid in channel 900. The
graph on page 48 shows the relative light sensitivity for each diode.
The results of these tests indicate that the photodiodes are not a sat-
isfactory replacement for the surface barrier detectors.

(xi) Biomation Waveform Recorder Interface

A Biomation Waveform Recorder model 6500 was obtained on loan from
Gould Instruments (Allan Crawford Associates) to digitize pulses from
a GeLi detector in order to investigate the rise time characteristics
of the pulses. The waveform recorder can digitize at a 2 nanosecond
rate a + 5 volt signal.

A simple interface was made to allow the output from the waveform
recorder to enter a CAMAC parallel input register. A diagram of the
interface circuit is shown on page 49. It was necessary to arm and
trigger the recorder before it would accept an input signal and to hold
the readout in the digital mode with an external signal until the 1024
digitized outputs were read by the computer via the parallel input
register.

In order to investigate the rise time of pulses in a GeLi detector
the preamp pulses were shaped by a timing filter amplifier and fed to the
biomation waveform recorder. The time digitized waveform for the 511
annihilation gamma ray from a *2Na source are shown in the figure on
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page 51. One would expect breaks in the slope corresponding to those
rejected to improve the timing characteristics by rise-time rejection
techniques. These were not observed, and the unit was returned.

(xii) LED Gain Stabilization

The shift in gain of photomultiplier tubes with count rate is a
well known, but troublesome, phenomena. In order to correct for gain
shifts we presently allow light from a green LED~to enter both the photo-
multiplier and a silicon surface barrier detector. The use of our gain
stabilization system in checking our photomultipliers showed contrasting
behaviour of the characteristics of the tubes with count rate.

The contour plot on page 52 shows a very unusual behaviour of gain
shift with count rate. The gain shows an initial increase, then a large
decrease at 3 kH. This tube showed excellent gain and noise character-
istics otherwise.

The count rate characteristics more generally associated with photo-
multiplier tubes is shown by the contour plot on page 53. Here the tube
shows a gradual, slight decrease in gain as the count rate increases.

In order to investigate the accuracy of our gain shift monitor, which
for the d(n,2n)p quasi-free scattering experiment should be less than
1%, a special computer data acquisition program was written for the Honey-
well 516 computer.

The program collected energy spectra for the surface barrier detector
and the photomultiplier. In addition to the LED events a S0Co spectrum
was simultaneously collected for the photomultiplier. The program period-
ically computed and saved the LED peak centroids for the photomultiplier
and silicon surface barrier detector, along with the G0Co gamma-ray
Compton-edge half-height.

The figures on page 54 show the results. The upper figure (a) shows
the half-height of the Compton edge of the gamma rays from 60Co (dots),
the centroid of the 'LED1 peak in the surface barrier detector (cross-
hatched line), and the centroid of the 'LED' peak in the photomultiplier
(solid line). The horizontal axis represents time at a scale of 1 minute
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per channel. The count rate of the LED was changed from 20 counts per
second initially to 6,000 counts per second. The ordinates have been
normalized to show relative shifts.

The middle figure (b) shows the ratio of the phototube centroid to
the surface barrier detector superimposed on the half height of the Compton
edge from B0Co gamma rays.

The lower figure (c) shows the ratio of the Compton edge to the gain
shift predicted by the LED gain stabilization system. The ratio arbi-
trarily normalized shows that the system's accuracy is within 1%.

The figures on page 56 show results for a constant count-rate run.
A 3% gain shift is seen initially for the photomultiplier, which the
method accounts for quite well.

Thus the gain stabilization scheme can be seen to work for photo-
multipliers to under 1% accuracy, this limit being caused by the uncert-
ainty in the Compton edge half height determination.

(xiii) A Study of the Optics of the Mobley Beam Line

The Mobley beam line is being used in experiments which utilize a
gas target. Dimensions of its entry window (1 cm diameter) are compar-
able to beam size and, consequently, limit beam current on target. In
an attempt to reduce the beam size at the target, an investigation of the
beam optics of the line was undertaken.

The figure on page 57 shows the beam line as it currently exists.
Using parameters of the beam transport components TRANSPORT runs were
made to reproduce current operating conditions. Computed beam profiles
are shown in the figure on page 58. The beam spot at the target is
approximately 1 cm in diameter. The simplest manner in which optics of
the line could be improved is to replace the existing quadrupole doublet
with a triplet. Beam diagnostic installations and building structural
considerations would dictate that the easiest solution would be to install
the third quadrupole some 2 m downstream from the (existing) doublet.
Beam profiles for this configuration are shown in the figure on page 59.
At the target the beam size is approximately 1.3 cm horizontally by 0.5 cm
vertically.
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If all constraints are ignored, a symmetric triplet can be placed
anywhere between the analyzing magnet focus and the RF plates. Three
such positions were tried. The triplet was placed at the location of
the existing doublet. Beam profiles for this case are shown in the
figure on page 61. On target the beam size is calculated to be approx-
imately 0.7 cm in diameter.

Placement of the triplet 1.9 m upstream of the RF plates produces
the beam profile shown in the figure on page 62. The beam is computed to
be approximately 0.4 cm diameter at the target.

The 'optically-best' position for the triplet is mid-way between
the analyzing magnet focus and the RF plates. This positioning yields
the beam profile shown in the figure on page 63. A spot approximately
0.5 cm in diameter is produced at the target position. Rather than in-
stall a triplet, one could add another quadrupole doublet in the space
between the existing doublet and the RF plates. Beam profiles for such
a layout are shown in the figure on page 64. The beam spot diameter on
target is calculated to be approximately 0.65 cm in diameter.

The study has shown that the size of the beam spot on target can be
reduced by adding to the existing beam line either one or two more quad-
rupoles. With either solution the beam size on target can be (roughly)
halved. A symmetric triplet would be the best solution since only two
power supplies need be adjusted. (The outer quadrupoles are excited in
series.) The split triplet would require three qudrupole adjustments.
With the addition of a doublet it would be necessary to adjust four
quadrupoles.

A triplet has been installed on the Mobley-TOF line 1.9 m upstream
of the RF plates. These three 4" quadrupole magnets have allowed delivery
of 2 uamps of 0.5 ns bunched beam to the TOF target position under the
operating conditions shown in the figure on page 62.
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S E C T I O N C
RESEARCH PROGRAMS

Small Angle Scattering of 23 MeV Neutrons from Lead U.K. Dawson,
H.W. Fielding, A.H. Hussein, M. Abdelmonem, .S.T. Lean, G.C. Neilson, and
J. Soukup

The contribution of the short range nuclear force to the neutron-
nucleus elastic scattering process diminishes at small angles. However,
the long range electromagnetic force plays an important role in the small
angle region. Around one degree, the interaction is completely dominated
by electromagnetic forces which are divided into two types, namely:

(1) The interaction between the magnetic moment of the incoming
neutron and the Coulomb field of the nucleus (the Mott-
Schwinger (M-S) interaction)

(2) The interaction between the electric moment of the incident
neutron and the Coulomb field of the target nucleus (the
electric interaction)

It has been well established that the contribution of the M-S inter-
action to small angle, low energy neutron-nucleus interaction is quite
considerable. However, the ability of the electric interaction to influ-
ence the scattering process is the subject of a long-standing controversy.

The strength of these electromagnetic interactions is directly pro-
portional to the charge of the target nucleus. In the case of lead, the
analyzing power at angles less than 1° is more than 80%. In the absence
of compound nuclear effects, the theoretical calculations of cross-sections
and analyzing powers are very successful in fitting the experimental data.
This combination, of accurate theoretical and large analyzing powers and
cross sections, makes a recipe for a good polarization analyzer.

We are planning to measure analyzing powers and cross section of 23
MeV neutrons scattered from lead in the angular range of 0.7 to 12°. This
data will be used for:

(1) Complementing the large angle data on lead which has already
been measured in this laboratory
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(2) Improving the optical model fitting, to large angle data

(3) Extracting the neutron polarizability, a

(4) Measuring the incident neutron beam polarization.

To achieve the above goals, particularly (3) and (4), a very good
angular resolution and high statistics are required. The experimental
setup is described below.

The neutrons are produced by the Tfd.n^He reaction at 30° scattering
angle to the incident deuteron beam. The neutrons are scattered off a
lead target and detected in two symmetrically placed cells of NE 224
liquid scintillator both covering scattering angles from 0.7 to 1.5°.
The neutron spin is precessed through 180° by a superconducting solenoid.
A schematic of the experimental layout showing the shielding is on page 67.
Photographs of the actual shielding configuration are shown on page 68.

The detectors are 2" cubic cells of NE 224 liquid scintillator par-
titioned into 5 sectors and viewed by three photomultipliers which identify
the compartment in which the scattered neutron event occurred so that an
angular resolution of 0.2° is achieved. A picture of the detectors is
shown on page 69.

Neutron-Nucleus Scattering at 23 MeV W.K. Dawson, s.A. Elbakr,
H.W. Fielding, P.W. Green, A.H. Hussein, S.P. Kwan, S.T. Lam, G.C. Neilson,
T. Otsubo, D.M. Sheppavd, H.S. Shevif, and J. Soukup

A 50% polarized neutron beam produced from the 3H(d,n)"He reaction
was used in the measurement of neutron analyzing power and differential
cross section of neutron-nucleus scattering. A schematic drawing of the
experimental setup is shown in the figure on page 70. A tritium gas cell
cooled to liquid nitrogen temperature was used to produce an intense beam
of neutrons. Neutrons emitted at 30° are about 50% polarized. A super-
conducting solenoid was used to precess the neutron spin through 180°, so
that an asymmetry measurement would consist of runs with solenoid field-on
and field-off. A scatterer of 1-1/2" diameter and 1-1/2" thickness was
placed just beyond the superconducting solenoid,and the scattered neutrons
were detected by two 6' long NE 213 liquid scintillators situated about 4 m
from the scatterer. A description of the electronics and response of the
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Shielding for Small Angle Scattering Experiment
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long detectors was given in last year's progress report. The following
gives an account of the computer analysis of the acquired data.

Analysis of the scattering data is being performed according to the
following procedure:

(a) The position of an event in a long detector is given by the
time difference between the signals from the two ends of the detector.
The first detector is divided into 16 bins while the second detector is
divided into 8 bins. The relative efficiency of each of these 24 bins is
evaluated from data obtained with a PuBe source placed at the scatterer
position.

(b) Cuts are set in the two-dimension displays of pulse shape vs.
amplitude for the 24 bins to remove the y-ray events.

(c) Amplitude bins for each bin was set using the Compton edge of
the 4.43 MeV y-ray from the PuBe source. Shifts in the gain response of
the detectors are corrected using shifts observed in the amplitude spectra
of the 23 MeV neutrons.

(d) For each bin of the two detectors, time-of-flight spectra with
scatterer-in (solenoid field on and off), scatterer-out (solenoid field
on and off) are obtained. These spectra are then normalized according
to the neutron monitor counts. Neutron analyzing powers and relative
differential cross sections are then calculated.

Scattering from 59Co

The figure on page 72 shows the asymmetry, e, of n-59Co elastic
scattering. The asymmetry is defined as:

Noff+Non

where N f f and N are respectively the number of neutrons detected with

solenoid f ie ld-of f and field-on. The analyzing power, Ay, is then given

by _

V F
where P is the beam polarization. For the 3H(d,n)'*He reaction at E^ = 7
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MeV and 6n = 30°, the beam polarization lies between 0.5 and 0.53. A
Mott-Schwinger small angle measurement will be performed to determine
the beam polarization.

The first 16 data points in the figure on page 72 are determined
from the first long detector, while the second 8 points are determined
from the second long detector. The curve is an optical model calculation
using the parameters of Becchetti and Greenlees. There is fair agreement
between calculation and measurement at large angles. However, in the
angular range of 10° to 30°, calculation and measurement have opposite
signs. This is in contrast with our findings in n-Pb elastic scattering,
where the agreement is fair throughout the whole angular range. We are
now investigating optical model potentials to see if this discrepancy
can be removed.

The relative differential cross section of n-59Co elastic scattering
is shown in the figure on page 74 . The curve is an optical model cal-
culation using the parameters of Becchetti and Gre°nlees.

Neutron Scattering from D2O and H2O
O2O and H2O targets were chosen to investigate neutron differential

cross sections and analyzing powers for the 160(n,n)160, H(n,n)H and
D(n,n)D reactions. The elastic scattering results from the H(n,n)H and
D(n,n)D reactions provide us with a means of normalizing our A(n,n)A
differential cross sections provided that one knowns the relative effic-
ience of the neutron detector over the 10 to 23 MeV range. The neutrons
emerging from H(n,n)H and D(n.n)D reactions have a large kinematic energy
change with scattering angle. The figure on page 75 shows the energy of
the scattered neutron versus scattering angle.

The figure on page 76 shows the neutron time-of-flight spectra for
the H(n,n)H reaction with scattering angles from 13.5° to 18°. At a
scattering angle of 18° the elastically scattered neutron peaks from
oxygen and hydrogen become separated. The energy bias of the two neutron
detectors was 9 MeV for recoiling proton events. Thus the H(n,n)H reaction

1. Phys. Rev. ]82_ (1969) 1190
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produces no events in the neutron detector covering scattering angles
from 55°to 84° since all events are below the energy threshold. The
H(n,n)H results for the angular range of 13° to 37° provides a means of
normalizing the A(n,n)A differential cross sections for this angular range
provided that the relative efficiency of the neutron detector is known
from 25 MeV to 18 MeV.

The figure on page 78 shows the neutron time-of-flight spectra for
the D(n,n)D reaction with scattering angles from 57° to 68°. The elast-
ically scattered neutrons from deuterium are well separated from neutrons
from the 160(n,n)160 and 160(n,n)160 (4.4 MeV) reactions. The D(ri,n)D
differential cross section measurements from 55° to 84° provide a means
of normalizing the A(n,n)A differential cross sections for this angular
range provided that the relative efficiency of the neutron counter is
known from 23 MeV to 10 MeV. In addition neutrons from the D(ri,n)D
reaction are resolved for scattering angles greater than 25° so that
one can check the normalization found from the H(n,n)H reaction over the
range from 13° to 37°.

The upper diagram of the figure on page 79 shows the asymmetry and
the lower diagram the relative angular distribution of n-I60 elastic
scattering. The first eight points are from the first half of the first
detector while the last eight points are from the second detector. The
data from the second half of the first detector are not yet analyzed;
it spanned the angular range from 25.5° to 36.7°. It is interesting to
note that the asymmetry for n-160 elastic scattering is also negative for
angles between 13° and as in the case of n-59Co elastic scattering. The
asymmetry data shown here for 59Co and 1 60 are not yet corrected for finite
size of the scatterer and detector. A Monte Carlo program will be used
to correct for this effect.

The data for n-H and n-D scatterings have much larger statistical
uncertainties than the n-160 data, because the scattered-neutron energies
rapidly approach the energy bias of the detectors. Since the n-D analysing
powers at backward angles can be used to discriminate between different
sets of nucleon-nculeon interaction potentials, it is planned that such a
measurement will employ the technique of measuring the energies of the
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recoil deuterons in coincidence with the scattered neutrons at backward
angles.

Neutron Scattering from Lead

Preliminary, incomplete results of the asymmetry for Pb is shown in
the figure on page 81. The curve is an optical potential calculation
using parameters of Becchetti and Greenlees. The data prints represent
about 1/3 of the experimental data taken. With the completion of analysis
of the rest of the data, the statistical errors of the analyzing powers
will be reduced.

With the development of high intensity polarized neutron beams, more
precise measurements of neutron-nucleus analyzing powers are now available.
Hence we can study the neutron-nucleus potentials using neutron data in-
stead of relying on proton data. Our 23 MeV data together with the 7 to
18 MeV data from the Triangular Universities Nuclear Laboratory will
allow us to perform systematic investigations into the spin-orbit depend-
ence of the optical potential.

Proton Recoil Telescope s.P. Kwan, S.T. Lam, and G.C. Neilson
A proton recoil telescope has been built for monitoring the intensity

of neutron beam (see figure on page 82). Protons scattered from the
30 mg/cm2 CH2 disk are detected by a AE-E telescope consisting of a 300
ym and a 2000 ym surface barrier detector. The proton recoil telescope
is housed inside a stainless steel crescent block which is placed behind
15 inches of heavy metal shielding from the neutron source. The number
of neutrons hitting the surface barrier detectors is estimated to be less
than 15 per second (around 10 from scattering off the CH2 disk, 1 from
scattering off the stainless steel window, and 3 neutrons passing through
the shielding).

The proton recoil telescope is mounted at 20° with respect to the
incident neutron beam. At this angle, the energy of the recoil protons
is approximately 18 MeV for 20 MeV neutrons. Uncertainty in the proton
energy due to kinematic spread and energy loss in the CH2 disk is esti-
mated to be around 1.2 MeV. The proton flight time between the AE and the
E detectors is 3.5 nS permitting time-of-flight separation of charged Darticles.

1. Phys. Rev. Lett. 15. (1981) 1042
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The D(n,2n)p Reaction at 21.5 MeV M. Abdelmonem, W.K. Dawson, H.W.
Fielding, A.H. Hussein, S.P. Kwan, S.T. Lam, G.C. Neilson* and J. Soukup

The data taking for this experiment has been delayed due to problems

encountered with the liquid helium cryostat. The cryostat developed a

low temperature leak and became unable to hold liquid helium in i t s

reservoir. The repair of the cryostat was complicated by the low level

tritium contamination of the system. The cryostat has now been rebuilt

and is working quite satisfactori ly.

Recent theoretical calculations of quasi-free scattering (QFS) via

the D{n,2n)p reaction by P. Doleschall et at. imply that the theoretical

uncertainty in r n n as deduced from QFS should be less than 1.5%, and that

there is a nearly linear relationship between 1/rnn aid the absolute exact

quasi-free scattering cross section. These results indicate that an ex-

perimental determination of the quasi-free scattering by the D(n,2n)p

reaction to a few per cent is well worthwhile and desireable.

In order to achieve this result we are setting up to investigate the

D(n,2n)p reaction at 21.5 MeV, with 6R = - 8j_ = 42°. The neutron beam is pro-

duced by the T(d,n)'fHe reaction with Ej = 5 MeV. The neutron flux has been

improved by (1) redesigning the tritium gas cell so that i t remains close to

liquid nitrogen temperature when the deuteron beam passes through i t , thus

allowing us to increase the gas pressure to 1-1/2 atmospheres and s t i l l keep

the gas pressure below 2 atmospheres (safety limit) with 1 viamp of deuterons

passing through i t . (2) Installing a t r ip le t quadrupole lens system on the

Mobley beam line to improve the beam transport through the system. Beam

currents of up to 2 ptamps have been delivered to the gas cell during t e s t s .

Thus we have increased our neutron flux to 108 neutrons per steradian-

amp at zero degrees scattering angle from the T(d,n)"He reaction.

The neutron detectors are 12" long by 3" diameter cells of NE213

liquid sc in t i l la tor , viewed at both ends by photomultiplier tubes. The 8

detectors are placed into two groups of 4, about 1.5 meters from the D20

scatterer on a circle subtending 42°. The spread of the <p angle is about

M° and the theoretical calculations indicate that this presents no

additional uncertainty. The D20 sample is a 1-1/4" x 3" x 3" ce l l . The

absolute efficiency of the neutron counters will be determined using a
1. Sensitivity of Nucleon-Deuteron Break-Up Quasi Free Scattering and

Final State Interaction Regions to the N-N Interaction, P. Doleschall,
J.N. Greben, and M. London; Submitted to Physics Letters.
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proton recoil telescope to within a few per cent.
The gain of the photomultiplier tubes will be stabilized by a 'LED1-

diode scheme, which has proven to be accurate to within 1%.

The data will be recorded using CAMAC interfaced to a Honeywell 516
computer which can event record the information. The computer program is
written in DAP (516 assembler) to speed up the execution time. The system
is cleared immediately upon reading the last ADC in order to cut down on
the dead time. Previously the clearing of the CAMAC modules was performed
at the end of the event analysis cycle.

In order to allow for fast clearing of the CAMAC modules, without the
LAM interrupt occurring from a DCR module to the computer, use is made
of the fast clear feature of CAMAC modules. The LAM interrupt from the
DCR is delayed by a variable amount up to 100 yseconds. During this time
the LAM interrupt can be cancelled by an external pulse so that no inter-
rupt is given to the computer. This feature allows one to externally deter-
mine if the events in the detectors are neutrons or gamma rays and to veto
the unwanted events without introducing an inordinate amount of cable
delays into the circuit. It would take the computer 35 yseconds to read
the DCR word and clear the event if it is unwanted.

In order to reduce the number of events going onto tape, the pulser
induced LED events for the gain stabilization scheme are not written
directly on tape but merely recorded into a spectrum. This spectrum is
then periodically written out onto tape and cleared.

The program operates in two modes. Singles mode allows the accum-
ulation of source spectra for bias setting and pulse shape discrimination
windows, elastic d(n,n)d scattering events for normalization and timing
channel zero determination. Coincidence mode is the actual data accumula-
tion mode for the D(n,2n)p reaction. The program is presently being modi-
fied to allow the switching between modes to occur automatically under
computer control. To achieve this an LRS 380A multiplicity logic unit
has been modified so that its coincidence level can be changed between
1 and 2 by a CAMAC parallel output register.

The electronic circuit to be used is shown in the figure on pages85,£6.
The circuit contains many locally constructed modules. These include
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a sixteen circuit TTL to fast NIM converter, a sixteen circuit fast NIM
to TTL converter, an eight circuit pulse pile-up indicator, a sixteen
circuit fast NIM delay and an eight circuit fast NIM gate.

Fission of 232Th at Low Neutron Energies s.T. Lam3 L.L. lus
H.W. Fielding;, W.K. Dawson, and G.C. Neilson

In fast neutron induced fission of 232Th, resonance structure has
been observed near the neutron threshold energy of 1 to 2 MeV. The
resonance peaks at En ~ 1.4, ~ 1.6, and ~ 1.7 MeV are interpreted as due
to vibration states in the third well of a triple-hump fission potential.
In our present investigation, 232Th fission measurement was performed at
mean neutron energies of 1.6, 3.1, and 5.2 MeV. At En = 3.1 and 5.2 MeV,
the corresponding excitation energies of the compound nucleus, 232Th, are
higher than the fission barrier, and the fission yield curve at this
energy region should be free of resonance structure. Our purpose was
to see if there were any differences in the fission fragment-mass distri-
butions and fission fragment kinetic energies at the three neutron
energies we chose for the measurement.

The experiment set-up was the same as the one used for the fission
measurement of 2 3 8U. A pulsed neutron beam was produced by the
3H(p,n)3He reaction using a pulsed proton beam and a liquid nitrogen
cooled tritium gas cell. The pulsed neutron beam was allowed to bombard
a 232Th target (490 yg/cm2 of ThFn). The fission fragments were detected
by an Ortec heavy-ion silicon surface barrier detector. Flight time for
the fission fragment to traverse the distance between the 232Th target
and the fission detector was measured. The figure on page 88 shows the measured
fission fragment flight times and energies. From the flight time and
energy, the fission-fragment mass can be deduced. Hence fission fragment-
mass distributions and correlation of fission-fragment kinetic energy
versus fragment mass were determined from our measurements.
T. J. Blons, C. Mazur, and D. Paya, Phys. Rev. Lett. 35_ (1975) 1749
2. S.T. Lam et al. , Phys. Rev. C22 (1980) 2485
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The procedure for data analysis is the same as described in our
236U studies. The experimental fragment-mass distributions for En = 5.2,
3.1, and 1.6 MeV are shown as points with error bars in the figure on
page 90 . Each point in the figure represents the fission yield over a
mass interval of 2 u. The total fission yield at each neutron energy is
nomtalized to 100%. The mass resolution is about 5 u. The peak-to-
valley ratio in the mass distribution decreases with an increase in
neutron energy, as expected for asymmetric fission in this region of
nuclei. The ratios are 40 + 15, 75 +_35, and 110 + 65 for En = 5.2, 3.1,
and 1.6 MeV respectively. Within statistical uncertainties, tnese ratios
are in agreement with previous measurements. Apart from the variation
of the peak-to-valley ratio, there is no significant difference in the
shape of the mass distribution that nr'ght be due to the resonance
structure at En = 1.6 MeV. The centroids of the light and heavy frag-
ment groups agree within 2 u for the three neutron energies (see the table
on page 91 ). The average value for the light group is 89 u and that for
the heavy group is 141 u, which are in agreement with previous values.

The correlations of fragment kinetic energies versus fragment mass
for the three neutron energies are shown in the figure on page 92 . The
fragment kinetic energies shown in the figure are not corrected for frag-
ment energy loss in the target. This energy loss is about 3 MeV. The
valley of the fragment-mass distribution lies in the region of A = 106
to A = 124 and there are only a few events in this region. Hence the
fragment kinetic energies fluctuate drastically in the valley region due
to poor statistics. The mean values of the kinetic energies for the light
and heavy fragment groups vere determined from the data by excluding the
kinetic energies in the mass valley region. They are tabulated in the
table on page 91 . These energies have been corrected for fragment energy
loss in the target. From these values, the post-neutron most probable

total kinetic energy, <ET>, of the fission fragments is deduced. Using
p

the expression of Viola, the pre-neutron value of the most probable
T. J. Trochon, H. Abou Yehia, F. Brisard, and Y. Pranal, Nucl. Phys.

A318 (1979) 63
2. Nucl. Data. Sect. A. 1 (1966) 391
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Table 1. Fission-fragment mass and kinetic energy of the l ight and heavy groups of 232Th(n,f)
16 3 1 d 5 2 MV

g
at En = 1.6, 3.1 and 5.2 MeV

En <ML> <MH> P/V <EL> <Eu> < E p MeV
(MeV) (") (u) (M e V) (MeV) post pre

1

3

5

.6

.1

.2

88.

89.

89.

4±0 .

3±0.

0 ±0.

2

2

2

141.

141.

140.

5

5

3

±

±

+

0.

0.

0.

2

2

2

110 ±65

75 ±35

40 ±15

95

96

98

.76±0

.86 ±0

.08 ±0

.02

.02

.02

63

64

65

.10 ±0

.17±0

.40 ±0

.08

.08

.10

158

161

163

.86 + 0

.03+0

.48 + 0

.08

.08

.10

160

162

165

.63 ±0

.83 ±0

.30±0

.08

.08

.10

Subscripts L, H an-J T denote respectively the l ight and heavy groups and the tota l . The peak-to-valley
rat io, P/V, of the mass distribution and the most probable kinetic energy, <E>, are also tabulated in
the table. The number of fission events at each neutron energy is about 5000. The errors in the table .
are due to counting statistics only.
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total kinetic energy is calculated. They are all tabulated in the table
on page 91 . The errors in the table are statistical errors only. The
main source of error in the energy is due to the correction of pulse
height defect of the heavy-ion surface barrier detector. It amounts to
about 2 MeV, which is much larger than the statistical errors. With an
energy uncertainty of 2 MeV , it is uncertain that the lower total kinetic
energy at En = 1.6 MeV is genuine. However, there is a tendancy in our
data for the total kinetic energy to increase with neutron energies. The
variation of total kinetic energy is also observed by Trochnon et al.

The statistical model is used to calculate the fission fragment-mass
distribution. In the fission process, a 232Th nucleus capturea a neutron
and forms a compound nucleus 233Th at a certain excitation energy. Since
the excitation energy is low, first chance fission dominates, i.e.
232Th(n,f) is the only channel considered in the fission calculation. The
compound nucleus then descends from its excitation energy to the saddle-
point energy and then carries on descending to the scission point when
the fragments begin to separate. The computer program of Cusson, Meldner,
Howard, and Weiss was used to calculate the fission width, A brief
description of the computer program is given in the publication of our
238U studies. In the computation of the fission fragment-mass distribu-
tion, each fission pair is characterized by a fission barrier and a shell
correction energy at the saddle-point deformation. Since a fission pair
consists of a heavy fragment and its correspondng light fragment, the
computer code calculates the mass distribution of the heavy fragment group
and obtains the distribution of the light fragment group by reflecting
the heavy fragment distribution about the mass of symmetric fission.

The figure on page 90 shows the fragment-mass distributions of 232Th
fission induced by neutrons of energies 5.2, 3.1, and 1.6 MeV. Points with
error bars are deduced from measurements, while curves are the results of
statistical model calculation. Th«> area enclosed by the experimental or
calculated mass distribution was normalized to 100%. The Gilbert and
Cameron expresions were used to calculate the level density of the compound
*Duke University and Lawrence Livermore Laboratory
1. Can. J. Phys. 43 (1965) 1446
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nucleus. Ragnarsson, Nilsson, and Sheline calculated the shell plus
pairing energies as a function of the asymmetric distortion parameter
Y for a number of nuclei in the actinide region. Since the shell cor-
rection energies used in the computer code were modifications of the
ground state values, the energies from Ragnarsson et al. were subtracted
from the ground state value of 0.78 MeV for the pairing energy and 0.74
MeV for shell correction energy. The different fission pairs, in our
calculations,were taken to span the range of y values from 0° to 30°,
with asymmetric distortion increasing with angle. The shell correction
energies for the different fission pairs are plotted in the lower diagram
of the figure on page 95.

Fission barrier heights were adjusted for each fission pair in the
calculation, so that a fragment-mass distribution was generated to
approximate the shape of the experimental fragment-mass distributions
at En = 5.2 and 3.1 MeV. The reported fission barrier height of 6.4 MeV
(R. Vandenbosch and J.R. Huizenga ) was used to calculate the most probable
fission pair of A = 140 for the heavy and A = 90 for the light fragments.
The fission barrier height was then increased as the mass splitting goes
either toward symmetric fission or more asymmetric fission than the most
probable pair. This variation of fission barrier height can be related
to the different fission paths on the deformation energy surface. The
break-up of the compound nucleus into the most probable pair follows a
fission path that gives the lowest fission barrier, while the production
of any other pair follows a fission path of higher fission barrier. The
fission barrier heights for different fission pairs are plotted in the
upper diagram of the figure on page 95.

As seen in the figure on page 90, the agreement between the calcul-
ated and experimental mass distributions is good for En = 5.2 and 3.1 MeV.
However, the calculated mass distribution for E n = 1.6 MeV has a much
larger peak-to-valley ratio than the experimental distribution. The
excitation energies of the compound nucleus for En = 5.2 and 3.1 MeV are
T. Phys. Rev. 45 (1978) 1
2. Nuclear Fission (Academic Press, New York (1973))p.255
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respectively 10.0 and 7.9 MeV, which are higher than the fission barrier.
However, for En = 1.6 MeV, the excitation energy of the compound nucleus
is 6.4 MeV, which is the same as the fission barrier for the most probable
pair. Hence, the excitation energy for En = 1.6 MeV is below the fission
barriers for the productions of the other pairs. When the excitation
energy is below the fission barrier height, the fragments have to tunnel
through a barrier. In the computer code, the Hill-Wheeler expression of
an inverted harmonic oscillator barrier is used; ticuf of 0.6 MeV was used
to generate the calculated mass distributions shown in the figure on page90.
The large peak-to-valley ratio from the calculation for En = 1.6 MeV means
that the fission barrier is too thick if hoif of 0.6 MeV is used. The
figure on page 97 shows the effect of reducing the thickness of the fission
barrier by increasing "htof. The mass distributions in this figure are for
E n = 1.6 MeV only. It can be seen that as tiwf increases, the calculated
mass distribution gets broader and at nwf =1.5 MeV, the calculated mass
distribution approximates the experimental mass distribution adequately.
In the case of En = 5.2 and 3.1 MeV, the calculated fission widths increase
by a factor of about 2 for all fission pairs, when fiw^ increased from 0.6
to 1.5 MeV. Hence the calculated fragment-mass distributions at these
two energies are not affected. However, at En = 1.6 MeV and for the same
amount of change in tiwf, the fission width increases by a factor of about
7 for a fission pair near the peak of the mass distribution and increases
by a factor of about 1000 for a fission pair near the tail of the mass
distribution. Hence changing tap has a very large effect on the fragment-
mass distribution for En = 1.6 MeV. It can then be concluded that the
fragment-mass distribution at high excitation energies is sensitive to
the fission barrier height; while for excitation energies below the
fission barrier heights, the fragment-mass distributions is sensitive to
both the height and width of the fission barriers.

A single hump potential is used in the present calculation. However,
the parametrization of the fission barrier in our approach can be used
to describe the barrier shape of the outer barrier of a double or triple
hump potential. The calculation of Moller shows that the second barrier

1. Nucl. Phys. A192 (1972) 529
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of a double hump potential is higher than the first barrier for the light
actinide nuclei. Hence the variation of transmission coefficient for the
sub-barrier emission of fission fragments will depend mostly on the
higher fission barrier and our determination of the barrier parameters
can be thought of as parameters describing the shape of the outermost
barrier of a multi-hump potential for 233Th fission.

Production of 1 2 3I from 123Te (123Te(p,n)123I; 6 MeV 1 yamp Maximum

Proton Beam D. D'Amioo, D.M. Sheppard, G.C. Neilson, and S.T. Lam

Unfortunatelyj we were unable to attempt any runs due to the delayed
availability of .0003 in molybdenum foil on which TeO2 was to be evapor-
ated. (TeO2 was to be used for practice before the pure 123Te isotope).
However, almost everything was prepared to start runs as soon as targets
were made.

The TeO2 was to be vacuum evaporated onto one piece of the thin molyb-
denum foil and then sandwiched between another using silver epoxy (EPOTEK
H31) as a sealant. It was not determined if such a sandwich could always
be perfectly sealed which is essential to prevent leakage into the beam
line. The evaporation of TeO2 was tested and a suitable method for pro-
ducing up to about 1.4 mg/cm2 thick uniform targets was found. However,
target thickness is extremely difficult to control and much TeCh is
wasted. To hold the targets, two target holders with tantalum shielding
were constructed. These are to be mounted on a beam line cold finger to
prevent possible melting of the Te during runs (mp - 449.5° C). It is now
necessary to produce the actual leak-free sandwiched targets and start
the beam runs with suitable detectors.

A computer program to estimate the iodine production was also written.

Theoretical Investigation of the D(n,nn)p Quasi Free Scattering
Reaction J.M. Gveben and M. London

Exact Calculations A computer code written by P. Doleschall has
been obtained for use in connection with the D(n,nn)p quasi-free scattering

1. P. Doleschall, Nucl. Phys. A201 (1973) 264
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experiment. The program performs a full three-body calculation for cross
sections and polarization in elastic and break-up scattering, using the
AGS form of the Faddeev equations. The two-body potentials are separ-
able and defined independently for each partial wave. The form is either
generalized Yamaguchi or R-type (developed by Doleschall) with any desired
rank. In principle, the calculation can be performed for any number of
three-body partial waves.

The parameters of the separable potentials are generated by an
auxiliary program which fits them to experimental two-body phase shifts,
effective range and scattering length. At present, the program generates
the various nucleon-nucleon interactions using proton-proton phase shifts
with no corrections for Coulomb effects. We are, therefore, contemplating
adding these corrections using some unpublished work by W. van Dijk.

The primary use of the program will be to calculate the neutron-
neutron effective range by matching predicted cross sections to the
results of the D(n,nn)p quasi free scattering experiment. This calcula-
tion is considered to be more sophisticated than that of the Ebenhoh code

2
used in a previous experiment. Because of this, and some experimental
improvements, a more accurate value of rnn is expected.

We have already used the program in collaboration with Doleschall,
to study some aspects of n-D QFS and FSI reactions. The results, which
are reproduced elsewhere in this report, have been submitted for publica-
tion.3

We are nearing completion of a user's manual for the program, which
should enable the analysis of an arbitrary three-body problem and some
general understanding of the actual functioning of the program. Treat-
ment of the latter subject is limited not by choice but by our unfamil-
iarity and the lack of formal documentation.

1. E.O. Alt, P. Grassberger, and W. Sandhas, Nucl. Phys. B2 (1967) 167
2. J. Soukup, J.M. Cameron, H.W. Fielding, A.H. Hussein, S.T. Lam, and

G.C. Neilson, Nucl. Phys. A322 (1972) 109
3. P. Doleschall, J.M. Greben, and M. London, Sensitivity of Nucleon-

Deuteron Break-Up Quasi Free Scattering and Final State Interaction
Regions to the N-N Interaction, Submitted to Physics Letters.
(Copy included in Appendix I of this Report)
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Impulse Approximation To supplement the cumbersome full three-body
calculation, a simple impulse approximation model of the proposed
D(n,nn)p quasi free scattering experiment has been studied in hopes of
gaining a better qualitative understanding of the reaction. Separable
rank one S-wave Yamaguchi potentials were used with the effective range
expansion for the fully on-shell two-body t matrix.

For symmetric quasi free scattering, the off-shell dependence is
minimal of the reaction at the point where neutron energies are equal
and the detectors are azimuthally opposed. For symmetric scattering at
non-quasi free scattering angles, off-shell dependence appears constant.
The behaviour of cross section versus 9 reveals a peak at slightly less
than the accepted symmetric quasi free scattering angle. The magnitude
shows a proportional depndence on rnn although an additional variation
in shape, suggested by the effective range expansion, was not observed.

Finally, mindful of the ultimate goal of measuring r n n as accurately
as possible, we have used this simple model to estimate the uncertainty
in rnn due to uncertainty in cross section and other parameters of the
model. The absolute normalization of the cross section appears by far
to be the limiting factor in the experiment, with an effect given by

Ar(X) « 1.3 to{%).

This compares well with the results of the full Faddeev calculation:

Ar(%) -1.1

Bearing in mind that the major difference between the impulse approxima-
tion and the full calculation is the introduction of rescattering effects,
the increased sensitivity of predicted cross section to the assumed value
of effective range in the full calculation, is not understood.

Sensitivity of Nucleon-Deuteron Break-Up Quasi Free Scattering and
Final State Interaction Regions to the N-N Interaction P. Dolesoholl,
J.M. Gveben, and M. London
A write-up of this research appears in preprint form, as Appendix I

of this Report.
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Multiple Scattering Corrections for Polarization in Neutron
Elastic Scattering A.H. Hussein

In neutron scattering experiments one is forced to use a large size
scatterer to compensate for the limited flux of incident neutrons. In
a typical experiment, as much as two moles of the scattering material
could be used without compromising the energy spread of scattered neutrons.
This simple solution to the incident flux problem could, in some cases,
create two other problems. Some neutron sources are characterized by
a rapid change in neutron flux, energy and polarization with the angle
of emission. In such cases different parts of the scatterer surface
will be illuminated by a different number of neutrons with different
energies and polarization. This is the finite geometry problem. If
the mean free path of the incident neutron is less than the thickness of
the scatterer, then this neutron will have a chance to go through several
scatterings before leaving the scatterer. This will affect the polariza-
tion, flux and energy of scattered neutrons compared to those scattered
only once. This problem is known as the 'multiple scattering' problem.

In most cases the finite geometry problem is not serious. However,
in most cases, specifically in the case of polarization measurements,
the multiple scattering effects are considerable.

Experimental data can be corrected for multiple scattering by cal-
culating experimental observables under ideal and actual experimental
conditions. The ratio between these two estimates provides the required
correction factors.

Correction factors can be calculated either analytically or by the
Monte Carlo method. Analytical solutions involve complex multidimensional
integrals which could be solved either analytically using certain approxi-
mations or exactly by numerical methods. However, the Monte Carlo
technique was found far superior to analytical solutions. The Monte
Carlo method incorporates, in principle, the essential features of the
experimental set-up by computer simulation. Moreover, one can also
determine the errors in the correction factors by calculating their
standard deviation.
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T.G. Miller et al. wrote a Monte Carlo program to correct polariza-
tion elastic scattering data, for multiple scattering. This program was
written specifically for neutron scattering from helium. The program is
extensively modified to include a host of new features. As it stands now
the program has the following features:

I. The energy and angular dependence of total cross section,
differential cross section, analyzing power and polarization
rotation parameter are now calculated using optical model
potential instead of experimentally measured phase shifts.
This feature makes the program usable over a wide range of
energies and scattering nuclei.

II. The angular range of the program has been extended down from
18° in the original program to 0.1° in the present version.

III. The Mott-Schwinger scattering amplitude was included to
correctly account for cross section and analyzing power in
the small angle region.

IV. The present version allows a certain degree of flexibility
concerning the geometrical shape of the scatterer and the
detector. One can choose any combination of the following
geometries.

(a) Scatterer:
1. A cylinder with axis normal to scattering plane,
2. A cylinder with axis in the scattering plane and parallel

to the direction of scattered neutrons,
3. A parallelpiped.

(b) Detector:
1. A cylinder with axis normal to scattering plane,
2. A cylinder with axis in the scattering plane and parallel

to the direction of scattered neutrons^
3. A cylinder with axis in the scattering plane and normal to

the direction of scattered neutrons,
4. A parallelpiped.

V. The inclusion of the above features have, unfortunately, increased
the CPU time and storage requirements of the present version
compared to the original program

T. T.G. Miller, F.B. Gibson, and G.W. Morrison, Nucl. Instr. Meth.
80 (1970) 325
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Computing J. Pasos

A program has been written which calculates the relativistic kine-
matics of a two-body nuclear reaction:

ma mb "*

where ma is the incident particle, m^ is the target at rest in the laboratory
frame and mr, m2 are the outgoing scattered particle and the recoil nucleus
respectively. Calculations involve the relations between both the lab and
cm quantities and the s,t,u. invariant variables. The program may also be
used to study missing-mass techniques and time reversal with spin included.
The program is quite versatile in that it allows calculations of the most
common kinematic quantities in terms of the many different possible choices
available.

A detailed description of the program and its listing will be avail-
able soon as a Nuclear Research Centre report.
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A series of three workshops was held in Alberta in the fall of 1980. The
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multidiscipline resource. The first workshop, held in Banff in September,
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sidered the design requirements from the standpoint of medical use, partic-
ularly in radiation oncology. The third workshop, held at the University of
Alberta in late October, addressed the problem of machine design, with the
requirements set forth in the two previous workshops as guidelines.
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CONTROL SYSTEM DESIGN
W.K. DAWSON

At the MARIA Workshop there was much talk of various
types of marriages and theiT difficulties. Various ion
sources were mated to cyclotrons and linacs and these in
turn were mated to synchrotrons. However incompatibilities
can lead to trouble. One marriage that was overlooked was
that of the accelerator operator to the accelerator - this
one being consummated by the control system. If the marriage
is on a solid footing it can withstand the ravages of time,
computer, accelerator and operator menopause, and finally
senility! There are four aspects of control systems (or
marriages for that matter) that should be considered. They
ai3 the political (marriage contracts, dowries, etc.),
psychological (how do we behave), the physical (that's right)
and the mystical (love is a many splendored thing).

POLITICAL

The control system has a high profile. It is through
it that one tries to make the machine go and from it that
one learns the bad news that things are not all that they
should be. The bearer of bad tidings often gets blamed for
the contents of the message even though it has been faith-
fully and accurately transmitted.

Because of its high profile, the control system frequently
has reliability specifications placed on it which are somewhat
unrealistic when compared to other parts of the system.
These specifications seem to concentrate on the computer and
its peripherals and overlook the diagnostic and measuring
gear. Many outages blamed on the computer are really failures
of the data acquisition hardware out at the far reaches of
the system.

Nowhere have I seen it said that accelerators are designed
and constructed by live people who have their biases, strengths
and weaknesses. Control systems are also designed and put
together by other people who have their biases, strengths and
weaknesses.
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The accelerator design is usually carried out by a team
of people who are (for the most paTt) intelligent, and
because they act as a team, generate a finer design than
any one member of the team could generate. The same can be
said for the control system designers.

The difficulty is that the two teams are often separate
the controls people are on the outside looking in. Design
changes and operational philosophy changes are often made
without consultation with the controls team. The controls
team should be made aware of the gleams in the accelerator
designer's eyes so as to, where practical, allow for them.
The following guidelines should be implemented:

1. There must be agreement that computers should be used -
is the marriage simply a contract or is there love and
understanding? The system must go into a friendly
environment.

2. Those implementing this control system have to be an
integral part of the team.

3. Control system people need an enormous amount of infor-
mation and they need it early. There must be adequate
project management and organization.

4. There are budgetary implications. Controls consider-
ations can impact many aspects of the system - usually
increasing costs, for example, the cost of diagnostic
equipment.

5. Is it to be a monitoring and command system, or is it
to be a true closed loop control system?

6. If it is to be a control system, are the algorithms
really understood in a way that can be explained to a
computer, are the measuring tools available, and can
the computer react on the basis of the given information
in an acceptable time frame?

7. There should be separate functions (i.e., accelerator
control and data acquisition should not be done by sane
machine). One should not rely on the control computer
to do patient planning, etc. There should be no
uncontrolled access to the computer system.
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8. What is the role of the safety system?

9. What kind of logging requirements are there and for what
purpose (who if anybody will make use of logs?).

10. Are there vendor constraints?

PSYCHOLOGICAL

Three distinct phases of life for the accelerator, none
of which is ever completely passed:

a. commissioning
b. tuning and setting up
c. production.

Strain on the control system is typically the greatest during
commissioning and the least during production. How one
plans to cope (as distinct from how one actually copes) with
these phases determines many aspects of the operator interface,

OPERATOR CONSOLES

How many are there and where are they located? There
must be a main one (or ones) plus perhaps local control for
subsystems.

The allocation of capabilities to these depends on the
operational philosophy determined by designers and users.
For example, if there are several consoles, how does one
prevent giving contradictory commands to the same device
from different sources? There could be elaborate software
checks, or one could simply rely on, as a number of instal-
lations currently do, operators at different consoles
keeping each other informed.

OPERATOR INTERFACES

How does the operator give commands to the control system
and how does the control system report back to the operator?
In principle, a keyboard suffices to issue commands but in
practice it should be supplemented with assignable knobs.
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buttons, and touch panels. System status should be indicated
mainly on displays (TV-colour). Several aTe required per
console and the operator snould be able to select what is to
be displayed and where it is to be displayed. It must be
able to select what is to be displayed and wh^re it is to be
displayed. It must be possible to quickly obtain a hardcopy
of any display.

OPERATOR GUIDANCE

If there is none the operator has to issue commands
based on memory of what has to be done or based on an
(inadequate) instruction manual chained to the console. It
is much better to put up a well-thought-out series of menus
on a display that has a touch panel.

OPERATOR SYMPATHY

The system should be tolerant of errors and undemanding
concerning input formats. Where the intention is clear, it
should even try to correct errors. The control system should
never carry out what it considers to be drastic measures
without confirmation from the operator. There is no reason
for not keeping most of the operator documentation on line
and having it immediately available by a HELP type facility.

OPERATOR FEEDBACK

Response from the control system should be such as to
engender confidence (when it is proper to do so!) that both
the control system and the accelerator are doing what has been
requested - provided, of course, that the request was
legitimate.

OPERATOR DIAGNOSTICS

A design aim of the control system should be the ability
to distinguish between control system failures and accelerator
failures.
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OPERATOR PREDICTABILITY

The control system response time should be consistent
and predictable. In so far as the physics of the adjusted
parameter allows, the monitored response should be timely
in order to make it easier to set to a given value, when
using a knob. The best way to make things predictable is
to make them all the same.

PHYSICAL

Can the psychological and political needs be met by the
proposed hardware?

System organization is important. In particular, can
computers be distributed (organized) in a way that parallels
accelerator organization? And, can this be done in a
logically repetitive way? It is important to distinguish
between the distribution of the measuring and controlling
intelligence and the distribution of the processing (or
computing) intelligence. Communication between distributed
processors must not be overlooked as overhead associated with
some standard protocols is immense. Because of this one can
reach a point where further distribution worsens system
response time.

System organization is also influenced by anticipated
stability (or instability) of the accelerator. In general,
corrective actions should originate close to the device being
corrected. .

The effect of an outage (euphemism for breakdown) of
each component of the control system on overall performance
should, be evaluated and an attempt made to minimize these
effects.

Adequacy, properties, and interfacing of general measuring
and beam diagnostic equipment are important. Inadequacies
of control systems can often be traced to problems in this
area. In so far as is possible, all devices fhould be accessed
in the same or similar ways. Exceptions should not be allowed
unless there are compelling reasons (convenience is not
compelling!)
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It is important to be aware of timing signals and the
types of information about accelerator status that could be
of use to experimenters, and to find ways to distribute
this.

When specifying the hardware one should make every
effort to stay commercial. Always resist the temptation
to build (even if it is fun). Almost always the cos,t rationale
for home building is false. The entire system, computers
and measuring gear, must be expansible. Since the computer
and its peripherals will be a "relatively small" part of the
investment, don't deliberately skimp. A lean large machine
(i.e., one to which additions can be made) is preferable to
a fat small (i.e., fully equipped) one.

The control system group should be capable of providing
its own system maintenance. The need for this capability
does not imply the need to actually do it, the reason being
that many problems are those whose solution requires a
profound knowledge of the relationship between the various
parts of the system and the knowledge of how the system
actually goes about accomplishing the tasks given it. Having
the maintenance capability also means that the group should
be able to generate better diagnostics.

MYSTICAL

Where did all the time and money go? Timetables are
often picked on the basis of what the organization wants,
what it will allow, or how much money is estimated to be
available. The preparation of somewhat realistic times-to-
completion is both difficult and expensive.

Vendor-supplied software should be considered along with
the hardware. Some groups reject the vendor's operating
system. This is an indication that the wrong computer
system was acquired. One does not hear of groups building
their own control computers because they claim nothing
commercial is available to do the job. One should tailor
the control system concepts to those of the supplied operating
system.

Life cycle costs (maintenance costs up to about four
times the original cost of software and total software cost)
far exceed that of the hardware. Much expense and time is
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associated with the lack of precise specifications. My
experience is that requesters frequently only think seriously
abour the program that they have requested after they have
been presented with the program. Fundamental changes are
often required (even to the extent of a complete rewrite).
Software people are often presented with the solution rather
than the problem.

Software organization should be such as to allow the
accelerator physicist to write programs in a high level
language that will allow him to carry out "experiments" on
the accelerator itself. This implies providing a comprehensive
set of routines which supply all system services in a
convenient way while still protecting, as much as possible,
the accelerator from user errors or stupidities.

The software group should establish and follow standards
for the following:

1. Establish a method for ascertaining requirements and
their documentation. Requirements should include
performance goals.

2. Carry out reviews at clearly established points by peers
and users. User involvement in the process is important
and procedures which require users to approve documents
by signing them at several places along the development
of a system or subsystem helps make their involvement
more meaningful.

3. Programming Languages
One should stay away as far as possible from assembly
language or the current favorite esoteric language.
Pick a workman-like language (e.g., FORTRAN plus a simple
preprocessor which allows structuring) and stay with it.
Exceptions should be allowed only with the permission
of the entire group. Stay away from fancy but obscure
algorithms and avoid "undocumented features."

4. Data Bases
There should be only one place where the accelerator is
described and where magical parameters are kept. Hard-
ware and parameter changes can then be accommodated in
a straight-forward and sure-fire way. Logging files
should be formatted to allow for data base type inquiries.
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5. Documentat i on
The job is not done until the documentation is done and
the various software methodologies recognize this.
There is often pressure from many sides to start working
"real" code immediately. This is considered to be the
only measure of progress despite the number of times
things have to be redone because of ill conceived ideas.
Because of its cost, management often only acknowledges
the need for documentation on a case-by-case basis
when it is desperately needed to cope with specific
problems. Current methodologies try to avoid these
aspects of the problem by getting most of the documentation
done before the programs are written! The needs and
backgrounds of users, system developers, and system
maintainers are often such as to require different styles
and levels of documentation.

6. Testing Procedures
They should be specified at the same time as the program.
Proper testing (there is a big difference between
testing and debugging) often requires accelerator time
and hence should be scheduled like other accelerator
uses. In practice software is not given the thorough
testing that much of the hardware gets. Testing
procedures should consider both probable and improbable
failure modes. Software should be written to build in
diagnostics and metrics from the start. Performance
limitations can then be better understood and perhaps
made less galling.

Early programmers were physicists, engineers, chemists,
etc., who understood the problem they had to solve and hence
could realize when specifications were inadequate. They either
made up for inadequacies themselves or sought help. They
then picked up the programming tools they thought they
needed - and the tools that were available were not that
advanced. NOW we are blessed with computing scientists who
know a lot about some pretty complicated tools, but who do
not understand our problems. Simple solutions seem to be
impossible with the technology they use. They have the
solutions but do not understand the questions. The situation
is somewhat similar to that of teachers in high schools. Their
training innundates them with the methodologies of teaching
but tells them little about the material they will teach.
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DISCUSSION GENERATED AFTER PRESENTATION OF W. DAWSON
One of the bigger problems in running the SuperHILAC

is the lack of communication between the control rooms.
However, the fact that the biomedical controls are separate
is a definite advantage. One can achieve a unified archit-
ecture if the same person designs the entire control system.
More control information is needed if there is a sophisticated
beam line delivery system especially if there is control of
depth needed from burst to burst. At Berkeley range
modulation is done by the medical computer. A high level
language should cause no timing pioblems since translators
are now quite smart. If there are timing problems it means
the wrong computer was chosen. Time overhead is most likely
to occur in the operating system rather than in the use of
a high level language. The systems analyst should always
redesign the system to accommodate the operating system.
Typically, hardware is about 20% of the total cost of controls.
Users must think about requirements before software is
written. One must realize that the control system is completely
replaced each 10 years or so because the use has expanded or
that hardware is no longer available. It is probably a
good reason for not building CADILLAC controls at T=0.
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3. Preliminary MARIA Design Studies

Summary

This report describes a concept for a multi-user, multi-disciplinary
accelerator research facility developed to satisfy requirements put forth
by numerous potential users The definition of requirements was made after
consultation with several experts who participated in a series of design
symposia held in Alberta in 1980. The primary motivation and justification
for the MARIA facility comes from various fields of applied medical
research with basic research in the physical and biological sciences pro-
viding secondary justification. In this regard the raison d'etre of MARIA
is unique in the world today.

Description

The building concept developed in this report is to house all the
disciplines and facilities under one roof. This provides the opportunity
for disciplinary interaction and operating and site economics. The accele-
rators and most of the beamlines are in a heavily shielded underground
structure designed to add no measurable increase to the normal background
radiation levels.

The preferred choice of site is near an existing research-oriented
hospital facility so that short-lived isotopes can be rapidly transported
to where patient diagnostic and other serivces are available.

All accelerators and beamline components are to be proven state-of-
the art or commercially available items insofar as possible. There is
one key item which still requires development, the Radiofrequency Quadru-
pole (RFQ) linear accelerator. Development of this technology is currently
under way at other laboratories and there should be specific design data
available in time for MARIA.

The main accelerator proposed in this report is a copy of the SATURNE
11 heavy-ion machine currently in use in France, but with a new power
supply concept. This machine has a maximum energy of 1.15 GeV/nucleon,
and is designed to accelerate heavy ions up to Argon-40 which will be
useful for high energy physics. The medical beamline has been designed
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to handle an energy of 750 MeV/nucleon because this energy is adequate
for medical research and results in a smaller beamline and housing
structure.

The accelerators specified for the isotope production facility are
typical of several commercially available machines, and should present no
developmental or delivery problems.

Space has been provided in the building for an additional medical
linac, CT scanner and imaging devices.

The shielding around the medical beamline has allowed for future
expansion by protecting workers on the other side of it, without having
to shut down the research program during such construction.

Research in Physical Sciences and Engineering

The MARIA facilities will offer splendid opportunities in the physical
sciences and engineering because of the wide range of energies and particle
types available. It is not possible to identify at the embryonic stage
the research groups which will eventually mount active programs, the
following research possibilities should, therefore, be taken as a base
program to which others will surely be added.

Nuclear Physics

The importance placed on MARIA as a major Canadian centre in low and
intermediate energy nuclear physics, has recently been emphasized in
studies commissioned by the Natural Sciences and Engineering Research
Council and carried out by the Canadian Association of Physicists. Ex-
pressions of interest have been received from a number of other research
institutes and universities who would like to become users of the facil-
ities which would be offered by MARIA. Such groups, using funds obtained
from various national and international agencies would be expected to
station both graduate students and research scientists at the facility,
resulting in both economic and scientific gain to this Province.

The nuclear physics group at the University of Alberta presently
operates a 7 MeV van de Graaff accelerator for low energy nuclear physics.
This University is also one of four universities which operate the TRIUMF
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accelerator facility situated on the University of British Columbia Campus.
At TRIUMF research is carried out into many aspects of intermediate
energy science. The experiments carried out by University of Alberta
staff have mainly centered on the use of TRIUMF's proton and neutron
beams. This work can be most naturally extended into exciting new areas
using the light ion beams available at MARIA.

Recent research at very high energy accelerators has shown that des-
cription of matter can be made using quarks as the constituents of the
nucleus. This description is known as quantum chromodynamics (QCD) and
appears to describe successfully many nuclear properties. However, the
description of bound quark states, such as the proton, is still not
rigorously possible. To explore such systems we require "softer" collis-
ions at lower energy. In analogy to the way in which the properties of
nucleons in the nucleus or electrons in the atom are modified by the
medium in which they move, these constituent quarks behave quite different
from the real quarks involved in hard collisions. Much needs to be learned
about the constituent quarks of the proton and other hadrons and a great
deal of this exploration lies within intermediate energy sciences. Recently
there has been great excitement arising from experiments which suggest
the existence of resonances consisting of two nucleons (or 6 quarks) bound
together for a very short time. One of these experiments involves the
use of polarized protons scattered from polarized targets at energies up
to 2 GeVs exactly the energy range open to MARIA. An understanding of
nuclei in terms of their constituents, and those forces which bind them
together, is a fundamental objective of nuclear physics.

The above discussion then raises the question: to what extent is the
traditional picture of nuclei as a congregation of neutrons and protons
relevant and when must we go beyond it? We might pose the following
questions:

(1) How complete is the description of nuclei in terms of nucleons?
(2) How can we determine the presence of other particles such as

pions and excited states of nucleons in nuclei?
(3) When must we go beyond this hadronic picture of the nucleus and

consider the quarK degress of freedom?
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Such questions do not now have answers but there are some hints and
some beginnings. When one uses the intermediate energy proton beams of
TRIUMF and other similar accelerators to knock bound protons out of the
nucleus with sufficient speed so the other nucleons do not have time to
adjust during the collision, one locates the position of the bound proton
orbits. Only part of the single particle strength is found to be located
at the expected orbit energy. The remainder is dispersed over a very
wide energy interval of perhaps 200 MeV or more. The same is true for
transition strengths—for example, the Gamov-Teller beta decay strength,
only two-thirds of which is located in the region predicted by the shell
model and the rest is dispersed very widely indeed. Perhaps there is a
dual aspect to nuclei with a considerable part being properly described
by the traditional (shell) model.

The opportunities to pursue these studies, at the most appropriate
energies, will exist at MARIA. The need for polarized proton and neutron
beams is well documented by analysis of past endeavors. The example
already cited of possible nucleon-nucleon resonances is just one case
where evidence was seen only in these very sensitive measurements.

Much of the present low-energy nuclear physics concerns the collisions
of heavy ion beams of low energy (50 MeV per nucleon or less) with nuclear
targets. In such studies a large variety of nuclear excitations are
obtained: collective vibrations, oscillations, rotations, etc., generally
well described by the standard viewpoint according to which atomic nuclei
consist of neutrons and protons moving in orbits.

At MARIA energies there are significant advantages for some tradit-
ional low energy nuclear physics. In particular during the production
of nuclei far from the line of stability, the projectile fragments will
be travelling at high velocity. Beams of these rare nuclei can be separ-
ated by magnetic analysis. This technique has already been used to produce
radioactive beams for nuclear medicine with surprisingly large yields--
bearns of iaC have been produced, starting from12C, with yields as high as
three parts in 103 of the incident beam.

A nucleus struck by a very rapidly moving heavy ion (with ar\ energy,
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say, of 1 GeV per nucleon) may not, however, have time to rearrange itself
during the short collision time. Energy is expected to be distributed
through the nucleus in times related to the speed of sound in the nucleus
which in turn depends on the compressibility of nuclear matter. For a
value of the compressibility in the expected range of 200 - 300 MeV, the
value of the speed of sound ranges from 0.15 c to 0.19 c, corresponding
to energies of 15 - 20 MeV/A. In collisions involving particles moving
with energies substantially higher than this, most of the energy is con-
fined to a few participants localized in a "hot spot" or "fireball" between
the colliding nuclei. Study of the particles emitted from this region
suggest a maximum temperature of about 140 MeV (the boiling point of
hadronic matter). In addition to such high nuclear temperatures we can
also expect to see increased nuclear density. It is thus possible to
start exploring the nuclear equation of state in a region of temperature
and density far removed from the normal. It seems possible that under
such conditions nuclear matter may undergo phase transitions to hitherto
inaccessible abnormal states (for example, pion condensation may occur).
Such abnormal matter may, in fact, have already been seen in experiments
carried out with 1 - 2 GeV/A heavy ions. Among the nuclear fragments
produced are some which do not appear to interact with matter in the way
we expect for ordinary nuclei. Should this be confirmed an exciting new
field will be ripe for exploitation.

Atomic Physics Experiments with the MARIA Facility

A variety of very interesting atomic physics experiments would be
possbile using ions from the heavy ion injector of the proposed MARIA
facility. These experiments would be extensions to work currently in
progress at the University of Alberta with ions having much lower ener-
gies, so that much of the necessary expertise and ancillary equipment is
already available. The experiments fall into two main categories, namely
tests of basic physical laws and measurements of physical parameters of
practical importance.

1. Tests of basic physical laws. It is improtant that the basic
laws of physics be repeatedly checked against precise measurements, since
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it is the detection of deficiencies in current theories which will lead
to the formulation of more complete theories in the future. The theories
of quantum electrodynamics (Q.E.D.) and quantum mechanics (Q.H.) are basic
to our understanding of the physical universe. With beams of highly-
stripped ions of high nuclear charge, it would be possible to make pre-
cise tests of both Q.E.D. and relativistic Q.M.

2. Measurements of fundamental atomic data. It is known that severe
radiation losses are caused in magnetically-confined plasmas used in fusion
research (particularly in Tokamak-type devices) by the presence of very
small concentrations of highly ionized, heavy element impurities released
from the walls of the confinement vessel. Studies have been conducted to
determine which elements will have the major effect on impurity-induced
radiation losses for the present and future generations of Tokamak devices
and ultimately for actual fusion reactions. Such studies stress the need
for reliable measurements of the atomic parameters which govern the radia-
tion loss mechanism, such as electron impact excitation and ionization
rates and radioactive decay rates. Such measurements would be possible
using beams of the appropriate ions from the heavy ion injector.

Ultrasensitive Mass Spectroscopy

Recently techniques have been developed which employ accelerators as
ultrasensitive mass spectrograph. The method allows determination of the
ratio of radioactive to stable isotopes in a few milligram sample with
sensitivities approaching a few parts in 10 1 6. Radioisotopes so far
measured include 10Be, " C , 26A1, 32Si, 3GC1, and ^Ca.

The measurement of the cosmogenic radioisotopes can provide informa-
tion in many scientific areas. For example, 10Be with a half-life of 1.6
million years can provide a geochronology on a ten-mi 11 ion-year time scale,
thus yielding clues to reversals in the Earth's magnetic field, weathering
and sedimentary rates relating to paleoclimates, information on the con-
stancy of the cosmic-ray flux incident on the Earth and the formation of
manganese nodules on the ocean floor, while JI*C with a half-life of 5730
years can date archaeological and geological carbonaceous samples of
biological origin on a 50 thousand-year time scale or more, and through
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the science of tree-ring counting, can provide information on cosmic-ray
and climatic variations on a ten thousand-year time scale. The radio-
isotope 2SA1 with a half-life of 0.72 million years is of geochronological
importance on a few-mi 11 ion-year t'me scale. It can be used to study
manganese-nodule growth rates and variations in cosmic-ray flux. The
2SAl/10Be ratio "decays" with a half life of 1.3 million years and because
the production and deposition of the two elements is similar the ratio
should provide an absolute chronology in ice and ocean cores on a 10 million
year time scale. 36C1 with a half-life of 0.31 million years can be used
to measure the age of old ground water, ice and meteorites on a million-
year time scale; and l>1Ca with a half-life of 0.11 million years may have
application in anthropology to determine the age of ancient bone artifacts.

In contrast to the more conventional techniques which rely on detect-
ing the 8-decay from the sample the accelerator method involves direct
detection of the rare radioisotope which has been placed in the ion source.
As the MARIA injector complex is designed to give fully stripped ions up
to mass M - 40 it is ideally suited to this application. After passing
through the system some fraction of the radioisotope ions will emerge in
the maximum charge state (0) with an energy of E - 10 MeV/A.

After the accelerator a momentum analysis system, an addition electro-
static analyzer, and a detector system consisting of several dE/dx detectors
and a total residual energy (E) counter allow one to separate ion species.
For ions of a given velocity a measure of dE/dx fully defines the incident
ion's nuclear charge Z. It should now be possible to have a very uniform
transmission through the system. In MARIA there is the advantage of the
source current (higher than in van de Graaff accelerators) and final energy
obtained. Contaminant llfN ions from the C will be fully stripped; only
about 1 in 10* ions should be in the 6 state.

It thus appears that the MARIA injector accelerator system will pro-
vide a very interesting research tool for detection of cosmogenic radic-
isotopes of interest to many disciplines.

Heavy Ion Microlitholgraphy

Lithography of intricate circuit patterns of modern integrated circuits
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is usually performed with light. Recently soft x-rays from synchrotron
light sources have been used to produce smaller structures and a number
of dedicated synchrotron light sources have been built with applications
for high density submicrometer electronics in mind.

In some circumstances heavy ions appear to present an attractive
alternative to x-rays from a synchrotron. The dai"=ge density of one
heavy ion can be sufficient to generate etchable damage. This in turn
makes depth control easy as it depends only on the ion energy and not on
the delivered dose.

A resolution of 100 A is possible with heavy ions, as required for
applications in microelectronics, this being smaller than a p-n junction.
The 600 keV/A Ar ions from the RFQ accelerator seem ideally suited for
these purposes where a dose of about 1012 ions/cm2 is sufficient to
irradiate a 0.5 vim PMMA (polymethylmethacyclate) layer on a silicon wafer.

General

Fundamental research in the physical sciences and engineering will
complement the medical research programs. Ion fragmentation studies, for
example, have immediate relevance to an understanding of the biological
effects of heavy ion irradiation. In addition, the development of ad-
vanced experimental techniques often lead to applications and can provide
the necessary impetus to local industry required to bring high technology
to the production stage in a relevant time scale. In general, the cross-
fertilization of expertise and interests to be encouraged at MARIA should
be to the advantage of all.

Heavy Ion Accelerator Requirements

A. Radiation Oncology (including Radiobiology and Radiography)

i. Particles

Proton to Argon, i.e. |<A<40) with silicon deemed important.
Radioactive beams
Interchange between any two particles in < 2 minutes.
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li. Energy
All particles should be capable of having a range in water
of <_ 35 cm.
Design aim to be > 250 MeV for protons

1 GeV/amu for other particles
Variable Energy
(a) patient to patient
(c) continuously for range modulation

iii. Intensity
>_ 1000 rads/min into 1 litre of tissue for all particles

Design aim: protons 1.3 x 1 0 n P.P.S.

a particles
carbon

neon
silicon
argon
radioactive (19Ne)

3
7
3
2
1

108

X

X

X

X

X

p.

1010

109

W*
109

109

P.S.

P.
P.
P.
P.

P.

P.S.
P.S.
P.S.
P.S.
P.S.

iv. Time Structure

Micro-dose should not exceed 10s rad/sec
Mean dose rate approximately 103 rad/-in
Long, uniform beams with macro duty cycle >_ 25%
Preferably no micro-structure

v. Physical Beam Size

<_ 1 cm FWHM

vi. Energy Spread

£ < io-3

B. Physics
(a) Atomic Physics

i. Particle and Energy

- .2 MeV/amu, Zr, Nb, Mo (~ 20 MeV)
- .8 MeV/amu, Cr, Fe, Ni (~ 40 MeV)
1 - 3MeV/amu, Zr, Nb, Mo (~ 250 MeV)

2 MeV/amu, Ta, V, Re, Pt, Au (~ 350 MeV)
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n .

iii.

Intensity

Beam Size

1010 - 1012 P.P.S.

~ 5 mm (FWHM)

(b) Nuclear Physics
Particles
1 < A < 40 i n i t i a l l y , plus polarized ions (p Li)

ii,

iii.

IV.

Flexibility where possible for future acceleration of heavier
ions to A ~ 130.

Energy
> 800 MeV/amu up to A = 40
Continuously variable from 50 MeV/amu to full energy

Particle Intensity
> 5 x 10lc nucleons/sec (polarized)
> 5 x 1011 nucleons/sec (unpolarized)

Time Structure:
factor > 25%

High duty factor beams required. Duty

v. Physical Beam Size
£ 0 . 5 cm2 (FWHM 2 dimensions)
Good beam quality.

vi. Energy Spread: dp/p - 3.5 x 10~*

C. Ultrasensitive Mass Spectroscopy

1. Particles 10Be, " C , 26A1, 3 2S, 3 6C1, "Ca, : 2 9I
ii. Energy - 10 MeV/A

iii. Large transmission efficiency between ion source and detector,
iv. Require high resolution, high stability analyzing system.

Physics Experimental Areas

General
The principal design criterion for the high energy physics area is

the allowance of as much flexibility as possible for future improvement
and set-up. Since the experiments to be carried out in this area cannot
be precisely defined because of the five or six year lag between the concept
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and the final operation of the machine, and to allow for the possibility
of new experimental direction as much flexibility as possible must be
incorporated in the current design. The large, open area (30 metres by
60 metres) with good ceiling clearance and complete crane coverage allows
one to modify and design specific beam layouts at the time of operation.

The beam lines and elements shown in the figure on page 131 should,
therefore be only taken as a possible configuration for both the high
energy physics and the medical biology beam lines.

Although not shown in the figure, trailers located on top of the
shielding are planned to provide the interface between the experiment
and counting and.computer gear. Additional space of approximately 900 m2

is to be provided for the high energy physics component. This will sat-
isfy the office and development requirements for the on-site physics group.

The two biological and medical research lines, T-4 and T-5, will have
to provide public access for treatment to be used in radiological studies
and for other possible treatments, and must, therefore, have an access
and finish in both areas sufficient to satisfy this requirement.

Shielding

All shielding in the high energy experimental area can be moved and
reconfigured with the 50 tonne overhead crane. The roof shielding over
the entire experimental area comprises 180 concrete beams of 1 x 2 x 10
metres dimension. These beams are supported by 120 precast blocks of
dimension of 2 x 2 x 5 metres. The majority of the shielding in this area
is accomplished with only two beam styles. Additional general shielding
blocks of 2 x 3 x 3 metres and 2 x 2 x 3 metres will be required for
localized shielding within the building. In order to cut down the general
radiation background, all beam dumps in this area should be external to
the general experimental area. In addition to the concrete beams and
blocks, 90 cubic metres of iron will be required for the beam dumps and
the specific local target shielding.

Beam Line Elements

A. General Assumptions and Parameters: For the development of a
possible beam transport system to the Physics and Nuclear Medicine areas,
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the following assumptions have been made:

(1) Extracted emittance in both horizontal and vertical phase
space is 10 rmm-mr.

(2) A double waist exists mid-way between the extraction point
and the first dipole of the beam line.

(3) The beam may be treated as doubly achromatic at that waist.
Alternately, the extracted beam can be considered sufficiently
monoenergetic that dispersion can be ignored.

An overall plan of these areas is shown in the figure on page 133.
In each case a beam line is designed to produce a spot, 0.6 cm in diameter,
at the target location. The philosophy of beam line design in this area
was kept simple. Beam extracted from the ring is required to be doubly
achromatic at the exit of the last dipole preceding the target. Quadru-
poles are adjusted to provide a double waist upstream of the dipole.

Beam transport between the last dipole and the target position is
done with quadrupole doublet pairs. The doublets operate in a waist-to-
waist transport configuration.

Rather than describe all lines in detail, a description of beam
delivery to target T3 will be described.

B. Beam Transport to Target Location T3: The achromatic section
of this line consists of dipoles PD1 through PD4 and quadrupoles PQ1
through PQ4 and PQ9 and PQ10. Quadrupoles are adjusted to produce a
doubly achromatic beam at the exit of PD4. A double waist is also
created at the entrance of dipole PD3.

The quadrupole doublet PQ15 and PQ16 reproduces the waist at the
entrance of experimental dipole PXM1. (This dipole is not a component
of the beam line but is installed for experimental purposes).

Quadrupole doublets PQ17 and PQ18 and PQ19 and PQ20 transfer this
double waist to the T3 target location.

A beam profile for delivery to this target is shown in the figure
on page 133. In this case, a beam spot 1 cm in diameter has been required
at target T3.

C. Additional Beam Handling Requirements: When beam passes through

experimental targets, multiple scattering occurs. This results in phase
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space growth and, consequently, an increased beam size downstream of the
target position. It is necessary to install larger quadrupoles downstream
in order that the enlarged beam be controlled and focussed into the beam
dump.

As shown in the figure on page 131 the above requirement necessitates
an additional doublet following each target location. Quadrupoles of 20
cm (8 inch) bore should be sufficient.

D. Quadrupole Types: Experiments in this area would use the full
energy of the ring, i.e. 1 GeV/amu. Consequently, one requires, in
general, somewhat stronger quadrupoles than are necessary in the medical
line. It has been assumed that one-half of the quadrupoles in the beam
line are of the 'long' TRIUMF standard type. These elements have an
effective length of 0.5245 m and a bore of 10 cm (4 inches). The remainder
are of the standard TRIUMF 4" variety.

Downstream of each target position standard 20 cm aperture TRIUMF
quadrupoles have been assumed.

E. Vacuum: The vacuum design in the high energy area assumes that
we are dealing with fully stripped heavy ions and, therefore, the normal
hard vacuum, i.e. 10"6 mm is adequate. The total pumping speed required
i? of the order to 4,000 litres/s. The actual distribution of the pumping
bpeed may not, after detailed design, be exactly that outlined in the
cost schedule, i.e. more low pump.rig speed (200 litre/s pumps) may be
along the line.

It is assumed that any large scattering or reaction chamber at the
target positions would require its own pumping system.

All pumping systems will have remote readable vacuum gauges connected
to the digital control system. In this area normal low-vapour pressure
Viton 0-rings should be adequate.

F. Beam Steering: It is assumed that each of the four instrumented
beam lines in the high energy area, apart from magnet settings and control,
would require a set of steering dipoles for minor correction to the beam
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and target positions. The total vertical and/or horizontal correction
assumed with these steering correction magnets is assumed to be less
than half a degree.

G. Beam Sensors: Based on operating experiences at other labora-
tories, the existence of adequate beam sensing is critical to the smooth
operation of any beam line. Under the next phase of detailed study, the
mix of the various types of beam sensors could change. All of these
sensors must be interfaced directly to the computer control. This adds
to the overall cost of the sensors.

The TV monitors listed under this section could be used for both
beam monitoring and a survey of the area for personnel.

Also included are the radiation monitors which are necessary for
personnel but which also act as beam spill indicators.

Controls and Installation

The controls for all magnets, quadrupoles, and sensors, etc. are
presumed to go through CAMAC Dataway to the main computer.

Experimental Apparatus

Although it is fully expected that the high energy physics group would
try to get extra funding for major experimental pieces of apparatus, it
is important that there be a general purpose magnet for the use in the
beam diagnostics laboratory as well as for a general purpose experimental
tool.

Low Energy Area

General

The low energy area is of interest to many different types of users.
As well as satisfying this multitude of users, this area will also be
required for beam diagnostics before injection into the main ring. The
travelling overhead crane will be required for servicing both the injector
line and the low energy beam line. It is assumed that it will be possible
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to extend the moving beam crane from the linac area to service both of
these areas. It should be noted that the plan for the low energy area
does not have a separate 2 MeV/amu beam. Because of the tightness of
phasing requirement between the RFQ and the DTL linacs the 2 MeV/amu
beam will have to essentially drift with the focussing elements still
on through the DTL sections and use the same beam lines as the 10 MeV/amu
beam. The figure on page 137 shows a proposal for hardware in this area.

Shielding
In general the low energy area requires only a minimal amount of

sheilding. Only 100 cubic metres of concrete blocks have been included.
These would be positioned around local hot spots to allow personnel to
service either of the two target positions without beam removal.

Beam Line Elements

A. Dipoles and Quadrupoles
Since many of the possible users in this area will require a very

high energy resolution in the final beam, it is assumed that the dipoles
and quadrupoles in the low energy line are spectrometer grade. The two
90° dipoles in particular should be designed to maintain about lO"1* resolu-
tion in the momentum.

B. Vacuum
Since it is possible in the low energy beam line that some use will

be made of non-fully-stripped ions the vacuum requirements should be
looked at very closely. The inclusion of two cryopumps for this beam
line reflects the concern about maintaining a good high vacuum in this
beam line.

C. Diagnostics and Beam Centres
The beam sensors are those required for the normal operation of the

low energy beam lines and does not include additional diagnostics re-
quired for beam emittance measurements.

Summary

These basic beam lines will allow research to be carried out in biology,
medical physics, many areas of high energy physics and low energy physics,
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and would be able to service other experimenters.

Control System Concept

General
The control systems of all accelerators designed and built during

the last decade have made extensive use of computers. There is no reason
to suggest a different approach for MARIA. Experience gained and lessons

rned in systems now operating can, and should, be profitably applied.

With the possible exception of the RFQ injector stage, MARIA is a
series of accelerators using well established techniques and technologies
which, individually,should present no special control system problems.
However, the integration of these elements and the unique requirements
of the medical treatment areas, including frequent and rapid changes in
beam properties, remote selection of beam characteristics by medical
practitioners, and exceptional reliability and safety requirements, present
a number of new and non-trivial problems to the control system designers
and operators.

Phi 1osophy
The principles which should underlie the design and implementation

of any computer based control system have been described by W.K. Dawson.
There is no need to restate them here; however, a few of the primary con-
siderations which have formed the basis for the suggestions which follow
are outlined below.

A. Beam Availability: Stringent requirements for beam availabil ity
dictated by the medical uses strongly influence the design of a l l aspects
of the accelerator including i ts control system. In particular the con-
trol system must also serve as an effective tool to identify and locate
accelerator malfunctions which must be clearly distinguishable from
control system malfunctions. Mean-time-to-repair should be short implying
the preparation of well-thought-out diagnostic procedures as well as the
ready availabil ity of replacement parts. Some degree of on-line back-up
(redundancy), is required as is capability for hardware and software
development, testing and repair during normal operation.
1. MARIA Workshop I I I
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B. Compatibility: Where possible, hardware and software should

be selected which is easily obtainable commercially, and which is widely
used in similar or related environments. Indeed, the acquisition of all
computing systems for use at MARIA should be coordinated. Such coordina-
tion and the adoption of in-house standards allows more efficient use
of the computers and considerably simplifies the maintenance problem.
In-house hardware design and construction of electronics should be kept
to a minimum.

C. Flexibility: It must be recognized at the outset that the
specifications for the control system will change as the project pro-
gresses, and the design must be capable of graceful expansion and/or
change. Initially, its task will likely be restricted to monitoring
and command execution, but the projected medical requirements imply
closed loop operation which the system must be able to implement as
required.

D. Centralization: There exist two conflicting requirements related
to centralized control. It must be possible to operate all facility systems,
from the ion sources to targets and treatment areas from the central
control room in order to:

(i) Minimize the required operating staff
(ii) Reduce the amount of interprocessor communication

(iii) Facilitate the harmonious operation of the various subsystems

At the same time, however, "local" control stations will also be
required to:

(i) Facilitate debugging and commissioning of individual subsystems
(ii) Permit specification of beam properties from the treatment areas

(iii) Allow some subsystems, notably the two cyclotrons, to be run
independently.

The system design must accommodate both sets of requirements.

E. Safety: The personnel safety system must operate independently
of the central control system, and use techniques that minimize the risk
of program corruption. Once again the radiation oncology application
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presents a special personnel safety problem, that of the patient. Part-
icularly in the case of automatic range scanning, the dose delivered to
the patient will be under the control of the central system, which must
be capable of monitoring the correctness of the ion selected and the
scanning program, and of shutting down the beam itself in case of error.
Rapid shutdown of the beam, independent of the central system, must also
be possible from the treatment areas.

The application of the principles and considerations outlined above
should be apparent in the following sections.

Consoles
Just as the control system is the interface between the operator and

the accelerators system, so is the console the interface between the
operator and the control system. The value of a well planned system
would be iruch diminished by poorly engineered or inflexible consoles.

A. hain Consoles: Considerations of redundancy and of operator
efficiency suggest that multiple identical consoles should be provided
in the main control room. With the implementation of an on-line "HELP"
facility, use of these consoles should be self documenting and confidence
inspiring. To provide the needed flexibility, they should make use of
recent, but now widely used, innovations in operator interfaces such as
colour display systems (colour used in moderation), assignable controls,
touch panels, and programmable knobs. At the same time, it is essential
that the value of more classical display mechanisms such as meters and
oscilloscopes, not be ignored, and that adequate console space be pro-
vided for them. It is desirable, again with redundancy in mind, that

all knobs and meters be assignable. It is equally a requirement that
there be enough such devices that some can be quasi-dedicated. Detailed
design of the consoles cannot proceed without a thorough study of oper-
ating modes and procedures.

B. Hard Copy, Error Annunciation, Logging: It is important that
hard copies of all computer generated and oscilloscope displays be
easily produced on operator command. In addition, all alarm and error
conditions sensed by the central control system should be logged in a
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machine-readable form as well as on paper for operator signature. Separ-
ation of significant error conditions from nuisance messages is a common
and difficult problem, but one which must be addressed to engender opera-
tor trust in his control system, especially when unexpected things happen.
Finally, a facility should be provided to permit easy hard copy and
machine readable logs of specified parameters on command. In addition,
a few parameters may be routinely logged by the system.

C. Remote Consoles: In addition to the principal consoles in the
main control room, several "local" control consoles will also be required.
These consoles will permit command entry, program selection, and beam
analysis from the medical treatment rooms, as well as local control of
individual subsystems for commissioning and debugging. The consoles should
be based on "intelligent" terminals, preferably of the same type used in
the main control room. A hard copy logging device should be associated
with each one. These local control stations should interface directly to
the main control system data bus. This technique would make possible
"portable" versions of the local consoles which could be "plugged into"
the system where needed.

System Configuration

It should be clear that any system configuration proposed at this time
can only be representative of a large number of possible valid configura-
tions. The final arrangement can be expected to differ markedly in detail,
but is likely to resemble the proposal below in its main features. It is
even more premature to select vendors or to specify a data bus at this
time, because market conditions and equipment capabilities change very
quickly in this field. Mention of specific types of equipment is made
simply to give an indication of the capabilities required and provide a
basis on which to make cost estimates. Such mention should not be inter-
preted as indicating that the named equipment has been chosen. Opportunity
for competitive bidding for the various parts of the system should be
provided.
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A. Data Bus: In any eventual configuration, a data bus will be
required to interconnect the central control room with equipment dis-
persed throughout the laboratory which is to be controlled and monitored.
In a few years, such a bus might be the "Multibus," or the newer "Fastbus"
now under development. However, the most familiar such bus, now used
extensively in accelerator control systems, is CAMAC, and we have assumed
its use in the system proposal of the figure on page 143. Bit serial,
byte serial, and parallel versions of the CAMAC highway could be used,
but the proposal is configured mainly around the byte serial system
because of the large number of CAMAC crates it can accommodate, and
because of the built-in immunity of the system from a failure in a single
crate (loop collapse).

The CAMAC specification permits multiple sources of intelligence
at the crate level by using crate controllers incorporating an "auxil-
iary controller bus" (ACB). The proposal makes extensive use of this
possibility by placing microprocessors at the crate level, and the esti-
mated cost per crate includes this possibility.

B. Computers:
(i) Microprocessors. The proposal represented schematically in the

figure on pagel43 has three "levels" of intelligence. At the lowest level,
microprocessors are distributed throughout the laboratory in CAMAC crates
which also contain the control and monitoring electronics. Using the
ACB, these microprocessors share access to individual CAMAC dataways with
the central system. A CAMAC memory serves as the communications medium.
The mic. processsors scan for alarm conditions, implement start-up and
other programmed sequences, operate more complex local systems such as
motor control systems, and service "local" control consoles.

A number of CAMAC compatible microprocessor modules are commercially
available, with varying levels of complexity and software support. The
one chosen for use at MARIA should be software compatible with all other
levels of the system.

(ii) Minicomputers. At the next level, the proposed system shows a
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small number of minicomputers. These would be located in the central
control room area, and each would be responsible for a well defined part
of the accelerator. Their task would be to coordinate all activities
relating to a subsystem group, route messages, and provide local autonomy
at the subsystem level for commissioning and maintenance. For reasons of
redundancy, these systems should be identical, and use software (operating
systems) similar to that at levels above and below. Possible candidates,
on which cost estimates have been based, would be the PDP 11/34 or 11/44.

(iii) Main Computers. Two intermediate size, 32-bit word length,
computers are proposed for the top level. They would coordinate the
activities of all subsystems, distribute master timing signals, download
programs and data to minicomputers and microcomputers as required, and
perform complex numerical computations. Changes of ion, or of energy, for
example, viaild be coordinated by the main computers. Two identical com-
puters are required, first for redundancy and secondly to permit program
and other development with minimal interference to normal operations. The
two computers share a data base in common memory and on shared disc. They
have been generously configured to allow system expansion without major
disruptions.

A possible choice for the two central computers, because of extensive
experience in other accelerator laboratories, and for compatibility with
other computers proposed for use at MARIA, would be the DEC VAX 11/780
or 11/750. There are, however, several other competitive machines, from
IBM, Perkin-Elmer, Data General, PRIME, and others, which need to be
evaluated.

C. Software: It is to be anticipated that the major control system
effort and expense will be for software development. To minimize these
costs, the vendor's operating system should provide the majority of the
system services required. One serious concern with the use of the typical
vendor supplied operating system is its inherent slowness. However,
experience with VMS (the VAX operating system supplied by DEC) in a con-
trols application will have been obtained at LAMPF in time to be of
value to MARIA.
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Thorough design and documentation procedures must be established
and enforced at the outset. System programming should be restricted
to the provision of a library of subroutines and utilities, carefully
specified at the earliest stages of the project, which will permit appli-
cations programs to be written easily in a familiar, high level language.
Communications protocols between the various levels of intelligence
should be transparent to the applications programmer.

Device Interfacing
A. Power Supplies: The majority of magnet and other power supplies

will each require one set point, one analogue monitoring point, and a
small number of digital status readbacks to the central system. A common
way of accomplishing this is to use commercially available CAMAC power
supply controllers. An alternative approach taken at TRIUMF is to use
commercial digital-to-analogue converters (DAC), analogue-to-digital con-
verters (ADC), and digital controllers. The latter approach is consid-
erably more efficient in the use of CAMAC space and overall cost. It has
the disadvantage of making individual power supplies more interdependent
(several supplies being controlled by the same CAMAC module). However,
experience at TRIUMF indicates this is seldom a problem, because failure
in a control circuit for one power supply generally prevents operating
in any case.

A 10 bit (1 part in 1000) resolution is adequate for most DACS,
including ion source controls, some RF controls, and most beamline
focussing elements. DACS with 16 bit precision (1 part in 65,000) will
be required for large dipoles.

Ten to twelve bit precision will be adequate for most analogue
readbacks. Readbacks should be multiplexed, and scanned autonomously.
Such systems are commercially available. Monitoring or analogue readbacks
should be done by local processors.

Digital control should use pulses from the CAMAC crate for relay
closure at the equipment. Suitable commercial modules have not been
found for this application at TRIUMF and have been developed there.
A well designed interlock system is essential for each power supply.
All interlock conditions and interlock overrides must be remotely sensed.
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Interlock failures must latch and require operator intervention to reset.

B. Vacuum Equipment: Control and monitoring of vacuum equipment
consists almost entirely of digital control points and analogue readbacks.
The status of all valves should be sensed positively for both "in" and
"out" positions. One commercially available double width CAMAC module
can sense 256 status bits. Analogue pressure readback is essential from
each potentially independent section of beamline, but high resolution 1C

not required.

Vacuum nterlock logic will be very complex, and change with operat-
ign conditions. Logic for each subsystem should be under the control of
a local microprocessor, which should implement both local and remote
operator interventions. Again it is essential that interlock overrides
be remotely sensed, and that all interlock failures be latched for
operator reset.

C. RF Systems: Control of RF systems, both for the injector LINAC
and the main ring, will be primarily by internal analogue feedback loops.
Phases, amplitudes, and frequencies must be remotely controlled using
high precision CAMAC controllers whose properties will depend on the
interface requirements of the equipment being controlled. At TRIUMF,
CAMAC output registers drive BCD set point controllers. Other RF controls,
such as power tube filament voltages, will be by standard 10 bit DACS.
Local (computer independent) control of individual RF systems is important,
and should be an integral part of the RF systems. *

D. Motor Control Systems: Motor control systems such as those
required for emittance measuring and bolus localization should also be
based around a local microprocessor with commercially available CAMAC
motor controllers. Several motors can be run by one such system.

E. Beam Diagnostics: Many different types of beam diagnostic equip-
ment will be required for MARIA. In the main ring non-intercepting
position sensors should be placed behind each quadrupole. In some aspects,
the pulsed nature of the accelerator facilitates diagnostics in the high
energy beamlines by allowing the occasional pulse to be selected for
analysis. Beam profile and SEM monitors can be similar to those used at
TRIUMF.
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To ensure delivery of high quality beam, emittance measuring devices,
including movable slits and a downstream profile monitor, should be avail-
able before and after the injectors, as well as after each extraction point

v from the main ring, and possibly before the medical treatment rooms.
(Emittance measurement after the ion source may be difficult due to space
constraints).

•y Diagnostic electronics is divided between NIM and CAMAC, with the
fast electronics and timing taking place in NIM. Data is digitized in
CAMAC modules for presentation to, and analysis and display by, the central
computers. However, analogue displays directly from NIM should also be
available in the control room for oscilloscope display. Most of the
necessary equipment is commercially available, or has been developed in
other laboratories.

Subsystems
The complexity and size of the control system for MARIA requires the

grouping of individual parts into subsystems for control purposes. A
subsystem consists of a minicomputer, CAMAC highway, and associated CAMAC
crates. Each subsystem can at the minicomputer level communicate with
all other subsystems as well as with the two larger computers.

The particular grouping chosen greatly influences the behaviour and
responsiveness of the control system. Unfortunately, no one configuration
optimizes all desirable control system properties. Hence compromises will
have to be made and these will have to be based on a well developed oper-
ational philosophy. Use of the CAMAC Serial Highway allows easy changes of
configuration. The software problem is not so readily solved.

Control aspects of major components of the accelerator are discussed
below along with a possible configuration for the control system.

A. Ion Sources: The PIG ion sources proposed for MARIA are simple
and well understood, with relatively few set points. Less than 10 power
supplies are identified as well as a gas handling system, vacuum system,
and extractor position and slit controls. It should be possible to house
the controls equipment in two crates per source. Space for two racks of
controls and interlock equipment should be provided.
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A "local" console must be located close to each source, and one

minicomputer dedicated to ion sources and injectors will permit autono-

mous operation of the sources.

B. Injectors: Control of the two injector stages requires phase
and amplitude control for several RF tuners, as well as independent
settings of over 88 quadrupole supplies (2/section) in the DTL. In
addition there are power supply and vacuum controls for the ion source
beamlines and injection lines. Based upon the CERN 50 MeV LINAC control
system, 12 CAMAC crates, and 35 NIM bins are required for control and
monitoring of the injectors and associated beamlines.

The same minicomputer controls injectors and sources, although a
second local console may be desirable. It may prove preferable to use
the synchrotron minicomputer with the injector system, thereby grouping
the major RF systems.

C. Synchrotron: The importance of an extremely flexible control
and monitoring system for the synchrotron has been emphasized in a prev-
ious section. There are high demands for reproducibility and reliability,
as well as requirements for rapid changes in many parameters to permit
"beam energy to be varied on a p^lse to pulse basis, or even extracted

at two values from one pulse...or to provide different ions on succes-
sive pulses..."

In addition to the main power supply, which ramps all dipoles and
quadrupoles together, there are 24 power supplies for a dipole, quadru-
pole and sextupole correction elements, which must be independently con-
trolled. The proposed extraction system requires additional power
supplies for sextupoles to provide turn separation and the gephyrotron
which slowly accelerates a circulating beam of wide momentum band across
the extraction acceptance.

Power supply ramping and timing control for injection and extraction
should be under the control of a local microprocessor. Four CAMAC crates
for control and monitoring of the synchrotron are required as they may
have to be physically separated depending upon the distribution of the
power supplies.
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Much of the CAMAC space and several NIM crates will be dedicated to
beam diagnostics in the main ring. A fast kicker magnet for use in
turning should be included. The kick length in the Saturne II system is
0.35 pisecs. The procedure used at Saturne for alignment and timing has
been described by Mackenzie.

D. Beamlines: High energy beamline control consists primarily of
standard power supply and vacuum controllers. However, their physical
distribution and the associated diagnostic gear necessitates a large
number (20) of CAMAC crates—10 each in the medical and physics areas.
A separate minicomputer is dedicated to beamline control, to coordinate
beamline changes of ions and energies delivered by the synchrotron.

E. Cyclotrons: The cyclotron control systems are fully autonomous
and included with the pruchased system. Two CAMAC crates permit inter-
facing with the central system.

F. Control Consoles: Three CAMAC crates are proposed to support
each of the main consoles. Because the main source of interrupts will
be from the operator console, the because interrupts are more efficiently
handled by a parallel system, we have proposed that the control room CAMAC
be interfaced on three parallel branches. One minicomputer is dedicated
to servicing the three consoles, and relaying messages to other parts of
the system as required. Display of data on CRT's, which is time consum-
ing, will be done by specialized CAMAC compatible microprocessors. Most
CAMAC equipment required to service the control consoles, including colour
display drivers, touch panel controllers, input and output registers, and
knob controllers, are available commercially.

Central Control Room

The main control room is the focus of operational activity. It is
essential that it be large enough to house comfortably the three main
consoles and associated equipment, and to provide a comfortable working
environment for the operation crews. For this reason and to minimize
noise in the control room, the control system computers should be placed
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in a separate room adjacent to the main control room which houses the
control consoles. Both rooms should have computer (raised) flooring.
The computer room must be equipped with a substantial air conditioning
system as the proposed equipment dissipates approximately 300,000 BRT/hr.
"Clean" electrical services will also be required, possibly on no-break
power.

A controls lab should also be located as closely as possible to the
control and computer rooms. This room will house control system spare
parts at the CAMAC module and controller level, as well as a computer
and other test facilities for maintenance and development of both hard-
ware and software.

The total space provided for these three rooms should be 350 - 400
m2. In addition, it is extremely important the office space for controls
personnel be located as closely as possible to the main control and com-
puter rooms, and to the offices of the operations group. Smooth opera-
tion of the accelerators requires a close relationship between operations
and controls personnel, which is best encouraged by physical proximity.

It should be recognized that the objective of 98% reliability will
be very difficult to achieve, but designers of the control system may
be comforted by the thought that it will be still harder for other
accelerator parts to achieve this goal. The system proposed includes
a great deal of redundancy, and is made up of components inherently
more reliable than power systems and gas handling systems. It will be
the lot of the control system to log all component failure, and report
to MARIA users how realistic 98% really is.
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Measurements of n-p Correlations in the Reaction of Relativistic
Neon with Uranium*Tu7Schimmerling, K. Frankel, J.O. Rasmussen,
J.P. Sullivan, D. Murphy, 0. Hashimoto, H. Bowman, J. Ridout,
K. Crowe, W.A. Zajc, J. Bistirliah, R. Bossingham, and E. loo
(Lawrence Berkeley Laboratory), W.J. McDonald (University of
Alberta), and M. Salomon (University of British Columbia)

We have measured the production, at 45° +_ 5°, of coincident neutrons
and protons by 425, 557, and 670 MeV/A neon ions incident on uranium, in
order to explore the feasibility of detecting the presence of virtual,
"singlet" deuterons in the interacting nuclei. Such studies may provide
insight into mechanisms of entropy production in heavy ion reactions.
The momentum determined by a magnetic spectrometer and the time of flight
(TOF) were used for identification of charged particles. Neutral part-
icles were detected using a thick plastic scintillator, and their TOF
was measured between the entrance scintillator, triggered by a charged
particle, and the neutron detector. Preliminary results show a signi-
ficant enhancement of the coincident n-p pairs near zero relative mom-
entum difference.

•Supported by Dir., Off. of Ener. Res., DNP of Off. of High Ener. & Nucl.
Phys. of U.S. DOE Contr. W-7405-ENG-4 & N.A.S.A.
1. Presented at the Asilomar Meeting of the American Physical Society,

October, 1981

Fragmentation of Spectra of a 670 MeV/A Neon Beam w. Sohirmerling, T.s.
Subramanian, A. Sadoff,* S. Kaplan arid W.J. MeDonald,* Lawrence Berkeley
Laboratory, University of California, Berkeley, California 94720

The fluences of primary particles and nuclear reaction products in
a 670 MeV/A neon beam traversing a thick acrylic absorber have been
measured at several absorber thicknesses. The measurements were made using
a multi-detector particle identification spectrometer that covers the wide
range of charge, mass and velocity of the detected nuclei. A transport
code was developed to calculate the acceptance (ratio of identified frag-
ments to fluw. ° of fragments of this type emerging from the absorber) as
a function of fragment type and absorber thickness. Typical values of the
acceptance, at 0° and for an absorber thickness equal to 50% of the range

•Ithaca College, Ithaca, NY
tOn sabbatical leave from the University of Alberta, Edmonton, Alberta, Canada
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of the incident neon beam, are 0.009, 0.014 and 0.094 for N, 0 and Ne,
respectively. The acceptance is limited mainly by the small solid angle
subtended by the spectrometer, designed to provide information on the
central axis composition of the radiation field. Preliminary results
of fragment fiuences will be compared with the predictions of the trans-
port code. (Research supported by the National Cancer Institute under
Contract No. CA-23247).

Physical Characterization of Energetic Heavy-Ion Beams W. Schimnerling,
T.S. Subramanian* S.N. Kaplan, and W.J. MeDonaldi (Lawrence Berkeley
Laboratory)

The radiation field of relativistic heavy ions is significantly
altered by the inevitable presence of matter in the path of the particles.
For radiation therapy and radiobiological research these materials are
mainly beam flattening and range modification devices, as well as the
generally healthy tissue between the entrance portal and the tumor volume
of a patient. In addition, there will be vacuum windows, particle detectors
and air volumes that an energetic heavy ion beam must traverse. The radia-
tion field at the exit of these materials consists c* the residual primary
particles as well as significant fiuences of lighter particles produced
by nuclear interactions in the matter traversed. The velocity and charge
distribution of the emerging particles is a function also of emergence
angle, so that rad^tion field depends on the location (parallel or per-
pendicular to the beam axis) where it is measured. These distributions
must be known in order to evaluate and predict biological effects on cells
and tissues, as well as for the design of beam modification devices and
shielding.

We use the multidetector particle identification spectrometer des-
cribed in earlier reports to identify every particle in the radiation
field and to measure its velocity. With this spectrometer we have begun
to study reaction cross sections, angular distributions of emitted part-
icles, fluence spectra as a function of absorber thickness, the energy
loss of relativistic heavy ions in matter, and the dependence of W, the
average energy to produce an ion pair in an ionization chamber, on the

charge and energy of the particles.
tVisiting scientist, University of Alberta, Canada
A copy of this paper in its complete form will appear in the full Report.
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Proposal for Bevatron/Bevaiac Nuclear Science Experiment (Lawrence
Berkeley Laboratory)

Experimenters:

J. Bistirlich, K.M. Crowe, W. Zajx, R. Bossingham
(Lawrence Berkeley Laboratory)

M. Salomon (University of British Columbia

H. Bowman, J. Rasmussen, J. Sullivan, K. Frankel, D. Murphy
(Lawrence Berkeley Laboratory)

0. Hashimoto (Lawrence Berkeley Laboratory)

W.J. McDonald (University of Alberta)

W. Schimmerling (Lawrence Berkeley Laboratory)

Title of Experiment: Study of final state interactions in nuoleon and
light fragment emission from velativistia heavy ion oollisons

Summary of Experiment:
We propose to measure the energy spectra and angular distribution of

neutrons, protons, deuterons, 3H, 3He, lfHe and neutron-proton pairs
emitted at laboratory angles between 0° and 90°, produced by relativistic
heavy ion beams. The particles will be detected simultaneously. The
results of the experiment will be double-differential inclusive cross
sections obtained concurrently for the detected particles at a single
target and beam energy, and neutron-proton correlations. The former will
establish the extent of final state interactions ("coalescence model" and
related models, as well as Coulomb effects) as constrained by the neutron/
proton ratio and the light fragment cross section. The latter will provide
information on one particularly interesting case, that of the "singlet"
deuteron, aD, whose enhanced presence can be inferred from theoretical
models dealing with entropy effects in relativistic heavy ion collisions.

A copy of this proposal in its complete form will appear in the full Report.
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tUAE NPL-1099 S.T. Lam, L.L. Yu, H.W. Fielding, W.K. Dawson,

G.C. Neilson, and J.T. Sample
FAST NEUTRON INDUCED FISSION OF 238U
Phys. Rev. C22 (1980) 2485-2491

UAE NPL-1102 P. Doleschall, J.M. Greben, and M. London
SENSITIVITY 0i: NUCLEON-DEUTERON BREAK-UP QUASI FREE
SCATTERING AND FINAL STATE INTERACTION REGIONS TO
THE N-N INTERACTION
Submitted to Physics Letters

+Copies of these publications appeared in preprint form in the
hard cover version of a previous progress report. They are listed
here to include an updated reference.
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UAE NPL IR#93 G.M. Stinson
A STUDY OF THE NRC MOBLEY BEAM LINE

Conference Proceedings

UAE CPL-81-1 S.T. Lam, L.L. Yu, H.W. Fielding, W.K. Dawson, and
G.C. Neilson
FAST NEUTRON INDUCED FISSION OF 232Th
Bull. Am. Phys. Soc. 26, No. 8 (1981) 1118

UAE CPL-81-2 H.W. Fielding, R. Helmer, S.T. Lam, J. Soukup,
G.C. Neilson, and S. Elbakr
ASYMMETRY MEASUREMENTS FOR ELASTICALLY SCATTERED
23 MeV NEUTRONS FROM Pb, 59Co, AND I 60
Western Regional Nuclear Physics Conference,
Saskatoon, Saskatchewan, February (1981)

MARIA Technical Note

MTN-81-2-1 G.M. Stinson
BASIC PARAMETERS OF SELECTED IONS
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SENSITIVITY OF NUCLEON-OEUTERON BREAK-UP QUASI FREE SCATTERING

AND FINAL STATE INTERACTION REGIONS TO THE N-N INTERACTION

P. DOLESCHALL

Central Researah Institute for Physios, H152S Budapest, Pf.49

J.M. GREBEN and M. LONDON

Nuclear Research Centre3 University of Alberta, Edmonton, Canada T6G 2N5

(Received

We report calculations of neutron-deuteron breakup at 21.5 HeV.

It is shown that the neutron-neutron symmetric quasi free peak is

sensitive to rnn, but not to ciff-shell effects, higher partial waves,

and tensor forces. We conclude that absolute cross section measure-

ments allow a determination of rnn to the same accuracy as that

accomplished for the cross section. We also analyze the accuracy

of the determination of rxm in measurements of the ratio of nn and

np quasi free peaks. Finally, we discuss the sensitivity of the

final state interaction peak to the N-N interaction.



The idea of determining the neutron-neutron scattering length ann

and effective range rnn via n-d breakup measurements arose when the f i rst

Faddeev breakup calculations were performed [1,2], However, these very

f i rs t calculations included only S-wave components of the N-N interaction

and this S-wave interaction was furthermore approximated by a one-term

separable form. Later, more elaborate analysis [3-5] showed that the

final state interaction (FSI) region was sensitive to higher partial

waves in the N-N interaction [4] , although the shape was dominated by the

N-N scattering length. The quasi free scattering (QFS) region, on the

other hand, was found to be rather Independent of the higher partial waves.

In addition, for energies above 20 MeV, Stuivenberg [5] showed that for

two-term separable S-wave interactions the QFS region did not depend too

much on the off-shell properties.

These findings triggered the recent measurements of Soukup et al. [6] ,

Guratzsch et al. [7] , and Von Witsch et al. [8] , aimed at the determination

of the neutron-neutron effective range from quasi free scattering cross

sections. The procedure was furthermore justified by the relative insensi-

t iv i ty of the QFS to the neutron-neutron scattering length [7]. In al l

cases the theoretical analysis was performed in the Faddeev frame-work,

with only one-term S-wave interactions. The relatively large value for

rnn(2.90 + 0.4 fm), obtained in the Alberta experiment (6J, could possibly

be attributed to the fact that in these measurements the exact QFS was not

Investigated, whereas the slope of the QFS peak could be more sensitive to

other effects. Guratzsch et al. [7] measured the symmetric angle combina-

tion (40° - 40°) of the neutron-neutron quasi free scattering (nn QFS) at



25 MeV. They employed Yamaguchi form factors in the theoretical analysis.

Von Witsch et al. [8] measured the nnQFS and npQFS at 24 MeV at a slightly

different, but nearly symmetric angle combination (50* - 34.1°). They

found, that while the nn QFS cross section depends on the off-shell properties

of the interactions ( i . e . on the use of Yamaguchi vs exponential form

factors}, the ratio of the np QFS peak and the nnQFS peak was independent

of i t . Therefore, their analysis is based on this ratio and gives

2.65 + 0.18 fm for the n-n effective range, in good agreement with the

value of Guratzsch et al. (2.69 + .27 fm). However, when they analyze the

absolute nnQFS cross section with Yamaguchi type form factors, they get a

significantly higher value for the n-n effective range (3.1 ± 0 . 2 fm), which

contradicts the result of Guratzsch et al. obtained with the same form factor

In view of this contradiction i t is s t i l l unclear which analysis should

be trusted, and consequently which value for rnn is correct. Also, one can

wonder whether the observation of ^on Witsch et al., that the ratio of the

nn to thenpQFS cross section is insensitive to off-shell effects, is

generally true or only valid for the particular one-term separable inter-

actions used. In order to clarify this situation, and in anticipation of

further experiments, we have analyzed the sensitivity of the QFS peak to

higher partial waves and to the off-shell behaviour of the S-wave inter-

action, including in our analysis two term and more realistic so-called

R-type form factors [9] , which have a node around k * 2 fm"1. In addition,

we have analyzed the FSI peak, which in some experiments is used to normalize

the data.

In Table I we show the calculated exact nn QFS and np QFS center of mass

cross sections as a function of the two-body input. The standard spectroscopic



notation for the two-body forces is used with the prefix 2 indicating the

use of two-term separable interactions. The form factors are characterized

by the symbol Y (Yamaguchi) or R (R-type form factor). Singlet interactions

without whiggle have ann = -17.0 fm and rnn = 2.84 fm, or anp=-23.7 fm and

rn_ = 2.51 fm. Interactions with a whiggle have a different effective range:

rnn = 2.61 fm or rnp = 2.69 fm. The t r ip let interactions a l l have a = 5.4

fm and r = 1.77 fm. The one and four term 3Sl - 'D^ tensor force, denoted

by 1T4RA and 4T4RA3 respectively, have the same scattering length as 3SjR,

but the effective range is slightly different: r = 1.74 fm and 1.76 fm

respectively. The relevant deuteron parameters are Ej = 2.225 MeV, PD = 4%,

Qd = .286 fm2 and AD/AS • .026. One-term ! P I t
 3Pl and 3P2, and two-term 3P0

interactions are collectively denoted by P; whereas the D-wave interactions

(one term 1D2 and 3D2 interactions) are denoted by D. We present two di f fer-

ent laboratory angle combinations. A third nearly-symmetric angle combina-

tion (33.4° - 49.6°) similar to the geometry of Von Witsch et at. [8] gave

results very similar to the symmetric angle case, and are not presented.

First we discuss the symmetric angle combination. By concentrating on

the calculations with rnn = 2.84 fm we see that:

( i ) The QFS is sensitive neither to higher partial waves (P and D)

of the N-N interaction, nor to the use of tensor forces.

( i i ) The off-shell behaviour of the singlet S-wave interaction does

not affect the nn QFS peak i f we use two-term interactions. However, for

one-term interactions we dp_ find a sensitivity, in agreement with findings

of Von Witsch et at.

( i i i ) The np QFS peak, on the other hand, hardly changes with off-shell

changes in the one-term interaction, so that the ratio of np to nn QFS cross
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section is not more stable against changes in the off-shell behaviour than

the absolute nn QFS cross section itself.

This last result contrasts that in ref. [8] where only Yamaguchi and

exponential form factors were considered. However, since Von Witsch et ail.

use the Yamaghchi form factor, which according to Table I gives a ratio in

agreement with the most extensive two-term calculation, we would expect

that their value for rnn (2.65 + .18 fm) is reliable. However, it is then

difficult to explain why their absolute measurements lead to such a large

rnn, as the one-term Yamaguchi calculation is also in complete agreement

with the full calculation. Maybe their ratio calculation is to blame:

our results at 21.5 MeV yield rnn = 2.95 ± .2 for their ratio of 3.71 + .30,

in agreement with their absolute measurement!

We now compare calculations which use different values of rnn. In all

three comparable cases we find that the 9% change of rnn from 2.84 to 2.61

fm, leads to an increase of the cross section by the same percentage (between

8.3 and 9.5%). The ratio varies in the same range (between 8.6 and 10%), so

that the ratio is neither significantly more sensitive to rnn than is the

absolute cross section, nor is the percentage change in this ratio more

stable against off-shell changes. The sensitivity of the absolute cross

section to rnn 1S 1n agreement with simple S-wave impulse approximation

estimates which indicate a nearly linear relationship between l/rnn and

the absolute cross section. In summary, both absolute and relative QFS

cross section measurements can be used to obtain accurate determinations of

rnn, with a theoretical error which will not exceed 1.5%.

For the non-symmetric angle combinations we find a strong sensitivity

to the P- and 0-waves in the N-N force. Although the cross sections and

ratios still change by about 9% if rnn changes from 2.84 fm to 2.61 fm, we

conclude that the sensitivity tc the higher partial waves (as much as 17% in

the ratio and 26% in the absolute cross section) makes this region less suitable



for determining rnn.Notice finally that the np QFS peak is mainly determined

by the triplet interaction for both angle combinations. The one term tensor

force appears to be inadequate for the symmetric case as it gives signifi-

cantly smaller results than the full calculation.

The FSI region shows very different characteristics. Most unexpected

is that the D-wave interaction changes the FSI peak in a large angle region.

In fig. 1 we show the C M . differential cross sections of the exact nn FSI

and np FSI peaks as a function of the C M . angle of the third particle. At

the first minimum (around 70° - 75°) the P- and D-wave interactions enhance

the differential cross section by about 30%, of which 20% is due to the

D-wave interaction. This is probably the explanation for the "small" np QFS

peak in the measurements reported in ref. [9]. In that experiment the

measured nn FSI peak was normalized to a Faddeev calculation which included

S- and P-wave interactions and a tensor force. This normalization gave an

np QFS peak which was lower than the theoretical calculation. Had the D-wave

interaction been included then the QF peak would have been 20% higher so that

the discrepancy between theoretical and measured np QFS peaks would probably

have disappeared.
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, 2 "SiR1* , 4T4RA3, P, D

nn QFS

41.7-41.7

0.2447

0.2661

0.2428

0.2629

0.2255

0.2268

0.2468

0.2288

0.2443

0.2425

0.2440

0.2403

np QFS

41.7-41.7

0.7924

0.7892

0.7931

0.7901

0.7847

0.7805

0.7808

0.7698

0.7828

0.7763

0.7738

•: 0.7783

n_np QFS
K"nn QFS

41.7-41.7

3.238

2.966

3.266

3.005

3.480

3.441

3.164

3.365

3.204

3.201

3.171

3.239

T»n QFS

18.36-61.2

0.1734

0.1872

0.1727

0.1850

0.1685

0.1705

0.1825

0.1763

0.1831

0.1799

0.2177

0.2273

np QFS

18.11-61.32

0.7518

0.7418

0.7571

0.7490

0.7741

0.7631

0.7648

0.8365

0.7646

0.7675

0.7955

0.8263

=18.2-61.2

4.336

3.963

4.399

4.049

4.594

4.476

4.191

4.745

4.176

4.266

3.654

3.635

Table I

Calculated nn QFS and np QFS center-of-mass cross section and their rat io for different N-N Interactions.
The laboratory angles of the detected (coplanar) particles ((n,n) or (p,n) are shown at the top.
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Figure 1. Calculated nn FSI and np FSI peak for the different N-N interactions
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