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FOREWORD 

The year 1987/88 was another eventful year in the history of the National 
Accelerator Centre. As part of the restructuring process of the CSIR, 
the NAC became part of the Foundation for Research Development (FRD). 
The NAC's role of supplying advanced facilities to the research community 
fits in well with the research support function of the FRD. The 
reorganization has not affected the mission or internal structures of the 
NAC in any way but will influence external channels of communication, 
budgeting procedures and advisory structures. Another major decision, 
completely unrelated to the restructuring of the CSTR, was to close down 
the Pretoria cyclotron at the end of 1988. This move was prompted by the 
age and relative unreliability of the 32-year old machine, the expected 
costs of essential improvements, the completion of the new cyclotron at 
Faure and the fact that it would be costly and unnecessary to operate 
both facilities simultaneously. Integration of the two groups of staff 
members will ensure consolidation and financial benefit. This decision 
also terminated the efforts to perform cancer therapy with neutrons from 
the Pretoria cyclotron. 

Beam time available from this accelerator during the report year was 
utilized for the continued production of radioisotopes as well as for 
research in radiation physics and radiobiology with fast neutrons. An 
all-time record for income from the sales of radioisotopes was 
established in spite of technical problems and staff shortages. 

The Van de Graaff accelerator, which has now clocked up over 125 000 
hours - surely some sort of record - continued to perform reliably and 
supplied a variety of particle beams to a large user group for 
experiments in different branches of physics, chemistry and applied 
sciences. 

The new separated-sector cyclotron completed its first full year of 
routine operation at the end of January 1988 with beam available to 
users for an average of 38 shifts per month. This figure compares very 
favourably with the performance of other large cyclotrons during their 
first year of operation. Most of the components, systems and facilities 
proved to be stable and reliable. A large number of different proton 
energies between 27 and 200 MeV were produced during the year while 
alpha-particles of energies between 40 and 140 MeV were also 
accelerated. Physics experiments were given 60% of the beam time while 
the neutron therapy facility utilized 29% and the radioisotope 
production programme 11% of the available time. Beams of 66 MeV protons 
were always used for the production of therapy neutrons (thus far used 
for'calibration purposes only), as well as for most of the radioisotope 
production runs. During the course of the year agreement was reached 
between all Interested parties that 66 MeV protons would be produced on 
Tuesdays, Wednesdays and Thursdays each week, that neutron therapy would 
be performed on those three consecutive days every week, and that the 
production of radioisotopes would take place during the nights between 
therapy sessions as well as between patient* during therapy days. This 
arrangement has turned out to reduce energy changes drastically, to 
improve reliability of therapy beams, to reduce the fragmentation of 
physics beam time, to simplify scheduling and to increase productivity. 

While the major facilities were operated almost continuously, the design 
and construction of others continued. Good progress was made with the 
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magnetic spectrometer, the beam swinger, facilities for radioisotope 
production and the second injector cyclotron with its two complex ion 
sources» Numerous smaller devices were completed and installed during 
the year while efforts to improve the performance and ease of operation 
of many NAC facilities were continued. 

It is a pleasure once again to thank all NAC staff members, committee 
members, advisers, collaborators and suppliers for their co-operation and 
support during the year. We also sincerely appreciate the interest and 
continued support of many colleagues in other countries. 
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PART A: THE 200 MeV CYCLOTRON FACILITY 

SECTION 1 OPERATION OF THE SEPARATED-SECTOR-CYCLOTRON 

The cyclotron has performed well during the past year and most of the 
repairs and maintenance could be carried out during routine shut-downs. 
The unscheduled downtime due to failure of critical components was 
normally limited to a few hours. The average time required for an 
energy change was reduced considerably (about 12.5 hours). Proton and 
alpha beams of various energies and currents up to 100 uA were 
successfully accelerated and a summary of the cyclotron statistics is 
presented in table 1. A statistical representation of the transmission 
efficiency for 66 MeV protons is shown in figure 1. Injection 
efficiency is normally virtually 100% and beam loss at extraction is 
usually limited to the first septum magnet. Table 2 shows the particle 
species and energies produced to date. 

Table 1 Summary of operational statistics (01.07.87 to 30.06.88) 

Accelerator operati onal 

Beam available : 4180 h 47.6% 

Beam on target 
Beam not used 

• 3180 h 
1000 h 

36.2% 
11.4% 

Beam in preparation : 1282 h 14.6% 

Energy change 
Accelerator adjustment 
Beam development 

' 
778 h 
348 h 
156 h 

8.9% 
3.9% 
1.8% 

Accelerator not operational 

Total downtime : 3322 h 37.8% 

Scheduled shut-downs 
Interruptions 

: 1933 h 
1046 h 

22.0% 
11.9% 

Operator shortage 
Holidays : 

7 h 
336 h 

0.1% 
3.8% 

Total time : 8784 h 100% 

Setting-up of the four sector magnets to achieve an isochronised field 
is accomplished with relative ease, but should be much less time-
consuming once fixed phase probes along a radial line have been 
installed. This has unfortunately had to be postponed owing to higher 
priority projects. Numerous power dips have resulted In many 
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unproductive hours and we are thus investigating the acquisition of an 
uninterrupted power supply which should be able to deliver the necessary 
current to the magnets for up to 10 minutes. The expense of this system 
is warranted as it is improbable that we will ever be assured of a truly 
uninterrupted network supply. 

Table 2 Particle beams produced up to 30.6.1988 

Beam Energy 

Protons Alpha particles 
(MeV) (MeV) (MeV) (MeV) 

27 49 90 40 (a+) 
40 50 100 120 (<x+) 
45 52 120 120 (0++) 
46 54 150 140 (a++) 
48 66 200 

The rf system for the two resonators is extremely reliable and, owing to 
numerous automated routines, requires hardly any manual control under 
operating conditions. 

Apart from a turbo-pump which partly disintegrated owing to rotor 
failure no major vacuum problems were encountered. This failure of the 
pump resulted in unscheduled downtime of about four days. Detailed 
Investigation of the exact cause of failure is being investigated by the 
manufacturer. 

The addition of a beam centering probe to the beam diagnostic apparatus 
of the SSC proved to be most valuable. This harp which is used to 
monitor and display the horizontal distribution of the first few orbits 
of the accelerated beam is used extensively, especially during the 
initial setting-up of a well-centered orbit. We are developing software 
to process the information (i.e. the position of the first few orbits) 
to predict adjustments to the injection elements for proper injection. 

The two extraction probes (harps) are extremely useful for setting up 
cyclotron parameters to prepare the beam for efficient extraction. A 
typical plot obtained with one of these harps is shown in figure 2. We 
have, however, decided to supplement the two probes with an extraction 
scanner which will also be used to monitor the last few orbits before 
extraction. This scanner will be used for higher-intensity beams i.e. 
when the two existing probes cannot be used. It is currently under 
construction and should be operational before the end of the year. 
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Fig. 1 Statistical representation of the transmission efficiency of 
66 NeV protons accelerated in the SSC. 
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Fig. 2 The last few orbits of a 200 MeV proion beam before extraction 
from the SSC. The plot was obtained from one of the two 
extraction probes. 
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SECTION 2 THE INJECTOR CYCLOTRONS 

Summary: The SPC1 injector cyclotron has been running very reliably. 
Beam interruptions due to injector failures amounted to only 
6.2% of the total running time. A few minor modifications 
were made to improve the reliability even more, and the 
control of the rf-system has been automated to a point where 
almost no action is required from the operators during runs. 

Progress with the second injector cyclotron SPC2 has been 
slower than originally planned because of higher priorities 
allocated to other projects of the NAC. At present we are 
making final preparations for the magnetic field mapping of 
the main magnet. Most of the calculations for the central 
region have been completed, but the design of the central 
region has been delayed owing to insufficient manpower in the 
drawing office. Manufacture A the extraction system, which is 
basically the same as that of SPC1, the diagnostic system and 
the design of the vacuum control system are progressing well. 

The ECR-source has been delivered and is now being installed. 
Manufacturing of the ion source for polarized protons and 
deuterons has been completed and the source is now being 
tested at the factory. Delivery Is expected by the end of 
this year. 

2.1 Injector Cyclotron SPC1 

2.1.1 General performance 

During the past year the injector cyclotron has been running very 
reliably. Beam interruptions due to injector failures amounted to 488 
hours which is about 6.2% of the total running time. 

A few minor modifications were made to improve the reliability of the 
injector, the most significant of these being the manufacture of a new 
insulator out of machinable glass for the lead to the high-voltage 
terminal inside the vacuum chamber. The original insulator did not last 
more than about 2 months: the new design has already been in use for 6 
months and is still in good shape. Other modifications include improved 
protection of limit switches inside the vacuum chamber, the installation 
of a new puller and better alignment of the central region. 

2.1.2 Radio-frequency system 

The rf-system has operated very reliably during the past year. 

Frequency changes (to previously used conditions) are now fully 
automated. Such changes are initiated by menu selection from the 
control room. All previous records are listed in terms of frequency and 
also the energy, mass and charge state of the corresponding beam. 
Selection of the required data set starts the change, which is completed 
within 15 minutes. 

After a power failure all electronic variables are easily re-initialized 
by selecting the appropriate procedure. The contact-fingers of the 
short-circuiting plates are released and then restored as part of this 
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procedure to restore the dees to their correct position (they are 
displaced by induction owing to the magnetic-field collapse associated 
with a power failure). 

An improved programmable microprocessor (using Basic) will be used for 
the control of each short-circuiting plate to shorten the positioning 
time. (This should also make it even better than the present very 
reliable system.) 

At present, discharges seldom occur in the resonators. The main reason 
for resonator voltage interruption is the need for equipment protection 
(in the beamlines and the SSC), which switches off the rf (with a fast 
response time) while the Faraday cups move into position. As soon as 
the cups have operated the rf is automatically restarted to maintain the 
operational temperature in the injector cyclotron. 

Further improvements in the system monitor program have been 
implemented. The trimmer position is stored as a "warm" value when 
operation is normal (i.e. with small error voltages in the amplitude 
control loops). This value is updated every 10 seconds, and allows the 
system to track the normal movement of the ion source during beam 
optimization. An operator-adjustable offset value is stored for each 
resonator, corresponding to the difference between the "cold" and "warm" 
trimmer positions* After a voltage interruption the computer control 
tries to restart in the "warm" position, but if unsuccessful it 
re-tries, by repositioning the trimmers in increments of 1/4 of the 
offset in the direction of the "cold" position. More than 3 tries are 
seldom required. 

Remote control of the power supplies for the two power amplifiers has 
also been implemented. It is now possible to restart the system from 
the control room after a power failure or entry into the SPCl vault. 

The new protection and voltage-restoration system, similar to that 
developed for the SSC rf-system, is working very effectively for the 
SPCl rf-system. 

Subsequent to the implementation of the above equipment and procedures 
it has seldom been necessary for a member of the Rf Division to give 
attention to the SPCl rf-system between frequency changes. 

2.1.3 Vacuum system 

The vacuum system gave continuous service during the last year without 
any major problem. During normal operation the TPH 5000 turbopump is 
used for maintaining a vacuum of 1.5 x 10" Pa in SPCl. The two 
cryopumps on the resonators are at present only used during the 
pump-down after SPCl has been vented. The cryopumps are not used during 
operation because at low rf frequencies (13.7 MHz) the vibration of the 
cryopumps causes rf phase Instability, resulting in a radially 
oscillating beam. 

Towards the end of 1987 the TPH 5000 turbopump had run more than 15000 
hours and was due for a bearing change. The TPH 5000 was removed during 
the December shutdown and replaced by two turboputnps, i.e. a TPH 2200 
and a TPH 1500. These two pumps gave the same operating pressure of 
1.5 x lO - 3 Pa, as the TPH 5000 had given. 
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During the December shutdown the cryopump on the east resonator was 
replaced and during the next shutdown In March the cryopump on the west 
resonator was removed and placed on the north valley of the SSC in ,->lace 
of the cryopump there which had developed a helium leak on the 
compressor and had to be removed for repairs» 

2.2 Injector Cyclotron SPC2 

2.2.1 Magnet 

At present the main magnet for SPC2 is being constructed. Progress is 
slower than anticipated owing to the higher priority ratings for 
maintenance and development of the existing accelerator and the neutron 
therapy and isotope production facilities, the spectrometer, beam 
swinger and the proton therapy line. However, we hope to be able to 
finish Installation of all the pole-gap coils by the end of July and to 
complete the magnetic field measurements by the end of August. 

The magnetic field measuring system originally developed for SPC1 will 
also be used for SPC2. A few changes have been made to improve the 
accuracy, reliability and speed of measurement» The radial measurements 
can now be made in both the "in" and "out" directions owing to a belt-
drive system for the Hall carriage which eliminates backlash; the Hall 
probe has been changed to a more sensitive one; and the thermostat for 
the temperature stabilization of the probe has been changed to a 
proportional type. The balanced cable take-up device had also to be 
modified owing to the different floor layout for SPC2. Calibration of 
the Hall probe will be done in situ using an NMR system. 

Since the measurement of the magnetic field for SPC1 was done,using the 
control group's minicomputer, the demands placed on the mini have 
escalated to a point where it has become a closed system dedicated 
entirely to the control of the accelerator facility. Because of the 
success obtained with the electrolytic tank measurements using a 
microcomputer, a similar system is now being developed for the magnetic 
field mapping in SPC2. The advantages gained by using such a localized 
and dedicated system were detailed in reference {1}. 

The task of writing a new control program for the system is being 
undertaken by the Injector group. The new program Is being written in 
Turbo-Pascal and utilizes the advanced features provided by the 
microcomputer and associated hardware. An added feature of the new 
program is the graphics mode which allows for the immediate display of 
each measurement and the ability to restart a measurement from any point. 

We expect that the new measuring system will be satisfactorily completed 
and operational by the end of July. 

2.2.2 Rf-system 

The copper cylinders for the resonators are expected in the second half 
of this year. The short-circuit plates and the support for the 
resonators have been completed, but the design of the dees has not yet 
started because of the work load in the drawing office. The power 
amplifier and control electronics are progressing according to schedule. 
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2.2.3 Central region 

The measurement of the 3-times life-size models of the proposed central 
region for SPC2 is well under way and should soon be approaching 
completion. The suitability of the models, whose design is based on the 
central ray paths of the 8-turn, 17-turr and 34-turn constant geometry 
orbits, is determined primarily from orbit calculations based on the 
fields measured in the electrolytic tank. The energy gained by the 
particles while traversing the first acceleration gap on exiting from 
the inflector housing is a clear indication of the suitability of the 
geometry. 

Orbit calculations based on the fields obtained from the original model 
{1} proved unsatisfactory. The energy gain across the first 
acceleration gap was approximately 10% lower than predicted. To 
compensate for this, the inflectors were rotated away from the exit 
windows of the housing, resulting in the remodelling of the housing and 
pylons. 

Results obtained with this modified model indicated that deep 
penetration of field lines into the inflector was a further undesirable 
effect. The height of the inflector exit windows was accordingly 
lowered and channelling plates were added between the exit windows, and 
at the inner edge of the 34-turn re-entry window (see figure 1) {2}. 

Finally, in attempts to optimize the geometry still further, the first 
acceleration gap has been narrowed from 10 mm to 8 mm, and to 6 mm. 
Tests are at present still under way. 

2.2.4 Extraction system 

The extraction system of SPC2 is identical to that of SPC1. The 
manufacture of the electrostatic channel has been completed, and vacuum 
and water leak tests showed no defects. Manufacture of the first and 
second magnetic channels is already in an advanced stage and should be 
completed towards the end of September. 

2.2.5 Vacuum system 

Details of the proposed SPC2 vacuum system has been described previously 
{1}. A new proposal for the control system has been finalized. The 
vacuum equipment will be controlled by a control system based on an 
80386 microcomputer which (via the appropriate interface cards) will 
receive and transmit the necessary control signals as well as receive 
status information of valves, pumps and pressure gauges. All Interlocks 
will be software-controlled to ensure the safe operation of the system. 

A mimic display will be presented graphically on a colour monitor. The 
system will be controlled from a keyboard together with the graphic 
display. 

2.2.6 Diagnostic system 

The layout of the diagnostic system, i.e. differential probe, silts and 
collimators, will be similar to that of SPC1. The current-measurement 
system will make use of the standard modules developed and manufactured 
by the Beam Diagnostics Division. 
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Fig. 1 Plot of the modified electrolytic tank model of the central 
region of SPC2, showing the Inflector housing in the centre 
and the superimposed equlpotential field lines. 
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2.3 

2.3.1 

External Ion Sources 

ECR source 

The ECR source has been completed and successfully tested at the 
manufacturer's premises. Tables 1 and 2 show the specified and measured 
values (top and bottom rows respectively) of different charge states for 
various ions. At present the ion source is being installed in the 
basement below SFC2. 

Table 1 Intensities (in \iA) for gases 

Q 2 3 4 5 6 7 8 9 10 11 12 13 6 19 

C-12 100 
160 

100 28 
45 

6 
8 

0.35 

N-15 100 
240 

100 
170 

100 
110 

40 
63 

2.4 
12.6 

0. 35 

0-16 100 
270 

100 
200 

100 
>100 

50 
84 

25 
62 

3. 
5 
5 0.15 

NE-20 100 
260 

100 
170 

60 
104 

30 20 
44 

8 
16 

2 
5.2 

0.16 
0.2 

Ar-40 225 
50 
160 

50 
84 

40 40 
53 

35 
45 

35 
36 

20 8 
22 

3 
3.2 

0.7 
0.8 

0.2 
0.2 

Kr-84 10 10 10 
10 

12 12 
12 12 

12 
12 

15 10 
10 

1.5 0.4 
1.5 0.6 

XE-129 

1) 
2) 

10 12 12 12 10 8 

30 28 14.5 12 8 8 
42 24 19.6 14.2 12 

3.5 3 

4.6 
1) natural Xe-gas 
2) 66.6Z enriched Xe-129 

Table 2 Intensities (in \ifi) for metals 

Q 2 4 6 8 10 12 13 16 18 20 22 24 26 

Al-27 5 
9 

5 
10 

3 
4 

1 
1.2 

0.1 
0.25 

Si-28 5 
9 

5 
5.5 

3 1 
1.1 

0.1 

Mo-98 1.0 
10 

1 
10 

1 
8.5 

1 
7 

2 
2 

1.8 
1 

1 
0.4 

0.2 

Ta-181 3 3 3 
30 

3 
30 

3 
27 

3 
20 

1.5 0.5 0.1 
5 1.6 

W-184 2 2 
29 24 

3 
14 

2 1 
3.6 1 



10 

2.3.2 Ion source for polarized prctons and deuterons 

The ion source for polarized protons and deuterons has been assembled 
and is at present being tested by the manufacturers. The delivery date 
will depend on the outcome of the first trials, but vill probably be 
towards the end of 1988. 

References 
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SECTION 3 THE SEPARATED-SECTOR CYCLOTRON 

3.1 Radio-frequency System 

Summary: The rf system (consisting mainly of two resonators, each 
driven by a 150 kW power amplifier) has been in constant use 
for the full year, providing stable and reliable operation» 
It was possible to do most maintenance and repairs during the 
scheduled maintenance periods. No major problems were 
experienced and the adaptive control-system now permits long 
unattended runs between frequency changes. 

3.1.1 Operation 

The system has operated reliably during the year at 16 different 
frequencies between 10.7 and 26 MHz. Most of the operation was at 
16.373 MH2 (the frequency for 66 MeV protons). The "kick-pulse" 
starting of voltage, the compensation for the cool-down characteristic 
of a resonator and making allowance for the change in amplifier gain 
(all forming part of the adaptive control described in the previous 
report {1}), have functioned well. This has resulted in long runs 
without needing attention by a person from the rf group. 

A change to a previously-used frequency can now be executed in less than 
20 minutes. In contrast, the set-up time for a new frequency above 
12.5 MHz is approximately an hour. The calculation of short-circuiting 
plate position for a new frequency is sufficiently accurate to make 
repositioning unnecessary. New frequencies below 12.5 MHz require 2 
hours set-up time because adjustment of the two large capacitors of each 
resonator is required. Other variables can be extrapolated from 
existing information so that the trimmers only have to be moved a few mm 
for the resonator to be tuned. Conditioning of a resonator at a new 
frequency to permit easy restarting and operation at full voltage may 
require an additional 4 to 8 hours. The longer times occur at higher 
frequencies where the influence of the correspondingly higher magnetic 
field is more significant. 

Each 150 kW power amplifier have now been in operation for a total of 
10 000 hours. All high-power tetrodes are still performing well 
and only the 300-watt air-cooled tetrodes required replacement after 
approximately 3000 hours of operation. With the 24-hours-a-day 
operating schedule, and a maximum of two frequency changes per week, 
greater reliability has been achieved by running the amplifiers in the 
local tuning mode. Owing to Intermittent electrical contact in the 
remote-control mode, it has not yet been worthwhile to operate the power 
amplifiers under full computer control. 

All protection systems have operated reliably and give suitable 
indication on the control console. The phase and amplitude stabiliza
tion systems have performed extremely well and no improvements were 
required during the year. When restarting at a previously-used 
frequency, no changes are required from the stored values. It is only 
necessary to change phase or voltage when the beam characteristics of 
the injector cyclotron have changed or when the SSC magnets are 
adjusted. 
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3.1.2 Faults 

(a) Resonators 

It was necessary to lift the top half of the West resonator during 
December to repair a water leak on the first extraction magnet. When 
the resonator was open it was noticed that a 50 mm length of 
copper-beryllium contact fingers had overheated and that some of the 
same type of fingers had been dislodged during the opening. Most of 
these contact fInge's were therefore replaced by contact strips made 
from dispersion-strengthened copper. This refers to the joints between 
the outer copper side-wall and the copper top plate, as well as the 
bottom plate. A 100 mm length of such contact strip had previously been 
tried successfully in the other resonator. For the bottom joint the 
contact strips (150 mm long and 25 mm wide) were pushed into position, 
adjacent to the existing contact fingers (without removing them). At 
the top joint the contact fingers were removed, as the resonator was 
open, and 0.2 mm thick contact strips with positioning-clips were 
installed before closing the resonator. Installation was very quick and 
straightforward, requiring no soldering, unlike the contact fingers. 
Tests at 50 Hz in air have shown that this type of contact strip (which 
is extremely easy to manufacture from 0.2 or 0.15 mm thick plate) can 
reliably carry current densities as high as 70 A rms per cm. 
Performance of the West resonator since January has been even better 
than before and shows that these contact strips operate comfortably at a 
density of 15 A rms per cm in vacuum at the operational frequencies. 

(b) Power Amplifiers 

Occasional spark-over at a door safety-switch of one amplifier was 
experienced, prior to the location of the fault. The electrode spacing 
was increased and a better part of the insulating bracket was utilised 
to rectify the fault. 

During May contamination was observed in the cooling-water «r'stem. This 
was traced to disintegration of the short lengths of rubber tubing in 
use at the power amplifiers. These have now been replaced by 
stainless-steel tubing. 

Two fibre-optic cables were damaged by a steel door of one of the 
cabinets. It was possible to repair them by fitting new connector 
inserts made by the NAC workshop. The intermittent-contact problem of 
the remote-control system for the one amplifier remains to be solved. 

3.1.3 Improvements 

Most improvements are related to the computer control system. A more 
powerful microprocessor is now used for the control of the SSC rf system 
but the display and keyboard interaction is the same as described in the 
previous report {1}. All resonator variables, except for the positions 
of the large capacitors, are now under full computer control and are set 
according to the stored values whenever a different frequency is 
selected. 

The remote controls and safety interlocks for the adjustment of the 
large capacitors have been installed and tested. Full computer control 
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will also shortly be available to enable frequencies below 12,5 MHz to 
be set within 20 minutes. 

The positioning system for the short-circuiting plates, which has 
operated well during tha past year, will be further improved by the use 
of a more powerful microprocessor» Improvement in the software will 
enable positioning of all four plates to be done within 10 minutes. The 
first of these units is already operational. 

A facility has been added that makes it easy to obtain a printout of the 
operating condition, or of all the control variables. 

The remote control of the power amplifiers (using fibre-optic links) has 
been developed and tested successfully. It will be taken into use as 
soon as the intermittent contact problem, which sometimes takes days to 
develop, has been solved. It will then be possible to tune the 
amplifiers automatically as part of the frequency-change procedure. 

Reference 

1. National Accelerator Centre Annual Report NAC/87/AR-01 (CSIR, 
1987) 
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3.2 Injection and Extraction 

Summary: The injection system of the SSC, consisting of two bending 
magnets (BM1 and BM2) and a magnetic inflection channel (MIC) 
in the pole tip of on > sector magnet, has been operating 
without failure since installation. Beam injection efficiency 
of 100% is achieved with ease. 

The extraction system performs well. The first extraction 
element, the electrostatic extraction channel (EEC), located 
in the second half of the injection valley vacuum chamber, 
lost a few of its foils of the septum, presumably from 
interception of a beam of high intensity. This does not 
interfere with th proper functioning of the channel and we 
have thus decided to replace these foils during the next 
scheduled shut-down of the cyclotron. The 5 NQ damping 
resistor located between the high-voltage power supply and the 
EEC had to be repaired twice during the past year. A slight 
modification to the design should prevent recurrence of this 
problem. 

Although the second extraction element, i.e. the first septum 
magnet SFM1, has been functioning satisfactorily, its driving 
mechanism had to be repaired during a scheduled shut-down. 

The final extraction element, i.e. the second septum magnet 
SPM2 is functioning well, but a water leak on the inner liner 
(collimator) made it necessary to remove SPM2 for repairs. A 
slightly modified driving system has been fitted to this 
magnet as the previous system occasionally failed to function 
properly due to unexpectedly high forces. 

3.2.1 The first septum magnet SPM1 

Owing to the malfunctioning of the drive system of t'ue first septum 
magnet (SPM1), it was necessary to remove the magnet from the resonator 
during a scheduled shut-down. The removal was necessary to gain access 
to the driving mechanism of the magnet, situated behind and below the 
magnet in the east resonator. This operation proved the feasibility of 
removing the magnet as well as the driving mechanism through the pumping 
station port at the back of the resonator, i.e. it is not necessary to 
split the resonator. (However, after repairs were carried out on the 
driving mechanism, a water leak detected at a connection on one of the 
water-supply tubes forced us to split the resonator for repair work.) 
The cause of the drive failure was a faulty brake which would not 
release. We thus decided to remove all the brakes on this system as the 
spindle of the drive is self-holding and, when the resonator is closed, 
the drives cannot be actuated by hand which could cause accidental 
damage. 

During these repairs we discovered that the insulation material used for 
various parts on and around the magnet and driving mechanism had 
deteriorated to such an extent that they had to be replaced. A 
different material was chosen for the replacements which will hopefully 
prove to be more radiation and heat resistant. 

Because the magnet is often intercepting at least part of the extracted 
beam, it becomes very radioactive and we thus try to reduce the 



radiation exposure time to personnel as much as possible. Mainly owing 
to this, we decided not to repair the scanner which is mounted on top of 
the magnet. It is suspected that the electrical pick-off at the 
rotating scanner blade is faulty. The spare SPM1, together with its 
scanner, is now ready, and when a working scanner is required we will 
replace the magnet together with its scanner with this spare. This will 
allow enough time for the active magnet to "cool off" sufficiently so 
that repairs car. be carried out without radiation danger to personnel. 
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3.3 Vacuum System 

Summary: The vacuum system has given reliable service during the year. 
One turbopump had a rotor failure and both cryopumps required 
repair work. Some small leaks developed and have been 
temporarily sealed until the machine is vented again. The 
operating pressure at present is 6 x 10" Pa. 

3.3.1 Vacuum envelope 

The large pneumatic bellows seals gave no trouble during the year. 
Pressure on the bellows was 110 kPa and the pressure in the guard vacuum 
was 11 Pa. 

A number of small leaks were detected on the SSC vacuum envelope during 
the year. They were mainly electrical feedthroughs on the west 
resonator and north valley, a perspex flange and a probe flange. These 
leaks were so small that they did not warrant venting the machine to 
repair them. The electrical feedthroughs were sea let* with an aerosol 
high-vacuum sealant• 

3.3.2 Vacuum pumping system 

After running without any major problem since the first evacuation of 
the SSC during September 1985 the vacuum pumping system of the SSC 
suddenly lost vacuum on the 4th of October 1987. This was caused by i. 
catastrophic breakdown of a turbo-molecular pump on the west resonator. 
Inspection revealed that the rotor and stator blades of the TPH 2000 
turbopump had become entangled (see figure 1), and many blades had 
sheared off and travelled through the splinter-shield into the 
resonator. 

The only damage visible from the outside was the fact that the bearing 
housing had separated from the pump housing. This gap (figure 1) in the 
housing caused air to enter the SSC and the vacuum to deteriorate 
suddenly. The air stream probably also picked up small pieces of 
aluminium from the pump and carried them into the resonator and further 
into the magnet vacuum chamber. The west resonator had to be opened and 
cleaned out. This took two days, and after four days the SSC was in 
operation again. The average pressure In the SSC at present Is 
6 x l(T5 Pa. 

3.3.3 Vacuum control system 

A problem has been experienced with the control system on the west 
resonator where the turbopumps switch off from time to time. This 
problem has not been resolved and tests are In progress to determine the 
cause. Otherwise the control system has given trouble-free service. 
Most problems were due to power failures. 

During the last year three of the TCP 5000 electronic drive units broke 
down. One has been repaired and the other two which are old models are 
being exchanged for new models. 



17 

r 
.% • 

Fig. 1 View into damaged turbo-pump. Arrow indicates where bearing 
housing and pump housing separated. 
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3.4 Beam Diagnostics 

Summary: Except for routine maintenance during scheduled shut-downs and 
minor repairs to some of the SSC probe heads, the diagnostics 
has required very little attention and has performed reliably 
since installation. The beam centering probe (BCP) that was 
built and installed during the past year proved to be most 
useful for initial setting up of injection elements and other 
parameters of the cyclotron to obtain a well-centered orbit. 
The BCP is now controllable from the control console and the 
orbit structure displayed on the graphics monitor. Recently 
some of the wires of the BCP were destroyed by beams of high 
intensity and will be replaced during the next scheduled 
maintenance shut-down of the SSC. 

The injection collimator has been modified to accommodate the 
beam pulses deflected by the pulse selector that is installed 
in the injection valley vacuum chamber of the SSC. 

The wires of the tomography probes had to be replaced since 
they were destroyed by high beam intensities, but are 
otherwise functioning reliably. 

A few additional closed-circuit television cameras were 
installed and linked to the central control unit In the 
control room. Some of the vidicons of the cameras that have 
been in use for a couple of years have deteriorated to such an 
extent that they had to be replaced. 

A new scanner for the SSC has been designed and is presently 
being manufactured in our workshop. This scanner, to scan the 
last few orbits In the SSC, will be used for high-Intensity 
beams which do not allow the use of the existing extraction 
probes EP1 and EP2. 

3.4.1 The multlhead probes 

The multihead probes are used regularly, especially the phase-probe head 
during the process of isochronisatlon of the magnetic field of the SSC. 
Unfortunately the signal from the probe has apparently deteriorated 
steadily since Installation. The cause of this contamination (probably 
from the resonators) is as yet unknown and several tests will have to be 
carried out to pinpoint the source. 

The other probe head which is used regularly is the tomography probe. 
The three wires on each of these probes had to be replaced as they were 
burnt by high-intensity beams. 

3.4.2 The injection collimator 

The injection collimator had to be modified to intercept the unwanted 
beam pulses deflected by the pulse selector in the injection valley 
vacuum chamber of the SSC. The height of the opening of this collimator 
Is controllable from the control console, and the current measured from 
each of the Individually Insulated collimator sections (i.e. left, 
right, bottom and top sections,) is displayed on the console. 
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3.4.3 The beam centering probe (BCP) 

A new beam centering probe (BCP) has been designed, built and installed 
in the extraction valley vacuum chamber of the SSC (see figures 1 and 
2). The purpose of this harp is to display the pattern of the first few 
orbits in the SSC to aid in the setting up of the injection elements and 
the resonator voltage and phase. The system comprises the harp itself, 
the pneumatic actuating components, the control and current measurement 
electronics and the minicomputer interface. The harp basically consist 
of 170 vertically mounted 0.1 mm diameter tungsten wires supported in a 
frame, which can be pneumatically inserted into the median plane of the 
accelerator. 

The current-measurement electronics for this harp makes use of a 
front-end multiplexer attached to our standard current-measurement 
system. This system consists of an IBM-type personal computer with a 
BITBUS interface, a CAMAC interface and an IGOR interface. The BJTBUS 
interface controls three 32-channel current-measurement cardframes. The 
CAMAC interface accepts commands from the minicomputer and returns 
status information. The IGOR interface controls the multiplexer. The 
output of this system (i.e. the orbit pattern) is displayed on a remote 
monitor in the control room. A typical display of the orbit pattern Is 
shown in figure 3. 

Software has been developed for the personal computer to do the graphics 
display, to control the multiplexer selection and harp movement, to read 
the current values and to communicate with the mini-computer. In 
addition, software had to be written for the minicomputer to control the 
electronics from the control panel. 

The beam centering probe can operate in two modes: In the normal mode 
the beam current on the 170 wires (which are 2.4 mm apart) is 
continuously monitored and displayed i.e. the graphics display of the 
beam orbit pattern is continually updated until the probe is 
de-selected. The resolution is thus 2.4 mm. In the high resolution 
mode, the 170 wires are scanned once, whereafter the harp is moved by 
1.2 mm radially and then scanned again. The resulting 340 data points 
are then used to give a graphics display of the orbit structure and is 
only updated once a further scan is called for, when the whole process 
is repeated. This then results in an effective resolution of 1.2 mm. 

The complete system has been tested and successfully used from the 
control panel and has performed satisfactorily. A few improvements have 
to be made to the hardware and software at a later stage to increase the 
speed of the system and also to allow the extraction probes, EP1 and 
EP2, to be run from this system. 

At present a couple of the harp wires are broken as a result of too 
intense a beam. A complete spare harp has been assembled and will 
replace the damaged one during the next scheduled maintenance 
shut-down. The damaged harp can then be repaired at a later stage and 
stored as a spare. In an attempt to prevent future damage to the harp 
wires, we are planning to implement a current limit on each of the 170 
wires, which will trigger a Faraday cup in the transfer beamline to 
intercept the beam in the event of too much beam current being detected. 
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3.4.4 The extraction scanner 

There is a need for an extraction probe which can tolerate the highest 
intensity beams to be accelerated in the SSC This will be of great 
assistance in the setting up of the various cyclotron parameters for 
efficient extraction of these beams. The mechanical design of such a 
probe, the extraction scanner, has reached the final stages, and the 
design of the electronic control and measurement system has commenced. 
The layout of the scanner with its moving mechanism is shown in 
figure 4. The scanner will be installed in the injection valley vacuum 
chamber immediately downstream of the electrostatic extraction channel 
(EEC) and will monitor and display the last few orbits in the SSC to 
assist in the extraction of higher-intensity beams, when the two other 
extraction probes, EP1 and EP2, cannot be used. 

The proposed scanner consists of an arm with a vertical wire (finger) 
mounted on the end which will perform a single scan through the orbits 
on request. This scan has to be completed in less than 0.5 seconds to 
prevent overheating of the finger. The parking position of the finger 
is out of the beam orbits, protected by the EEC collimators. 
Measurements are only taken during the inward movement of the finger. 
The movement of the scanner is pneumatically actuated and has a stroke 
of 120 mm. During this stroke 240 current measurements are taken. A 
rotary potentiometer, connected via rack and pinion, is used to 
determine the position of the finger during a scan. 

The block diagram of the proposed electronic control and measurement 
circuit is shown in figure 5. The current measurements taken during a 
scan are converted to voltages, digitized and stored in consecutive 
locations in the data storage section. The storage location is 
determined by a counter. 240 predefined values of the potentiometer, 
representing positions of the finger where current measurements must be 
taken, are programmed into an EPR0M. At the start of a scan the counter 
is reset and the first value in the EPROM is fed into a digital-to-
analog converter. This analog signal Is fed to one of the inputs of a 
comparator, while the other input Is connected to the analog signal from 
the potentiometer of the scanner. When these two inputs have the same 
value, the comparator changes state causing the trigger circuit to 
advance the counter by one and also triggers the ADC to convert the 
current measurement data received. The next value in the EPROM is then 
converted to an analog value which sets up the comparator to detect the 
next position of the finger where a current measurement is to be taken. 
This procedure is repeated 240 times during one full scan. The stored 
values can then be read by the computer to display the profile of the 
beam orbit structure on a graphics screen. 
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Fig. 1 The beam centering probe installed in the extraction valley 

vacuum chamber of the SSC. The harp, together with its 
pneumatic actuator system, is suspended from a flange on the 
roof of the chamber. The harp is shown in the 'IN' position 
and can be retracted out of the median plane when a display of 
the orbits is not required. 
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Fig. 2 The harp of the beam centering probe consisting of a water-
cooled frame supporting 170 tantalum wires 2.4 mm apart. 
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Fig. 3 A typical orbit pattern display from the beam centering probe 
in the SSC. In this case the first 5 orbits of a well-
centered 3.15 MeV proton beam are shown. 
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Fig. 4 The basic layout of the extraction scanner which will be manufactured and instelled in 
the injection valley vacuum chamber of the SSC. The pneumatically actuated scanner has a 
stroke of 120 mm and will be used to display the last few orbits to assist in efficient 
extraction of high-intensity beams. 
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Fig. 5 The block diagram of the proposed control and measurement 
electronics for the extraction scanner to be installed in the 
SSC (see text). 
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SECTION A THE CONTROL SYSTEM 

Summary: The present control system has matured both in terms of age 
and capacity. Thus a new system based on a local area network 
(LAN) is being developed. A pilot project has been started 
but, owing to difficulties encountered with the present 
operating system used with the microprocessors, it has become 
necessary to reconsider our choice of operating system. A 
recently-released multi-tasking operating system that runs on 
the existing hardware has been chosen. 

Development of other projects within the group is proceeding 
satisfactorily. 

4.1 System Development 

The present minicomputer-based control system has reached maturity both 
in terms of age and capacity. It Is now approximately ten years old and 
has grown to the point that the computers provide processing speed which 
Is only just adequate, and the number of processes running on the system 
has now reached the maximum acceptable limit. 

The architecture of the system dates from the late nineteen seventies 
and is thus now proving deficient both in terms of desired capabilities 
and when compared to those available from the newer systems that can be 
built from current technology. 

We have thus decided to develop a LAN-based control system using the 
IEEE 802.3 (Ethernet) standard. 

4.2 Developments on the Minicomputer Systems 

The hardware of the system is now stable, while software development is 
now confined to improving the reliability of the system and 
accommodating changes in the configuration of the instrumentation on the 
cyclotrons. 

The maximum number of programs that can simultaneously he resident in 
the memory of the computer has been approached. An attempt has 
therefore been made to reduce the effects of this limitation by 
combining several of the programs that control the power supplies. This 
has allowed other programs that are important for effective control to 
be included. 

4.3 Microprocessor Developments 

4.3.1 Ethernet communications 

Implementation of the Ethernet communication under the disk operating 
system DOS has proved to be unsatisfactory, as DOS is neither 
multi-tasking nor re-entrent. These limitations have so far hampered 
development of the new control system and caused the division to look 
again at available hardware and software in order to develop an 
effective and reliable system. 
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4.3.2 Microprocessor systems 

It has become obvious from the experiences mentioned above that a 
multi-tasking, real-time operating system is necessary for an effective 
control system. Three alternatives were considered with their 
corresponding hardware environments. One system unfortunately proved to 
be unusable because it does not support the IEEE 802.3 standard. 

While the other system offers superior performance in the real-time 
environment, its graphics functions are more primitive than those 
offered with the system that was finally chosen. The software and 
corresponding hardware of the latter offer more attractive pricing than 
competing systems. Thus the Division has decided to standardize on the 
OS/2 operating system running on an 80386-based AT compatible 
motherboard which offers good performance for its price. 

Fifteen of these hardware systems have been built in-house and currently 
run under the DOS operating system. The software is being upgraded to 
the OS/2 operating system which has just become available. One of these 
systems Is shown in figure 1. 

Fortunately the flexibility of the LAN philosophy does not preclude the 
use of alternative systems should circumstances require it. 

The chosen hardware is also compatible with the microprocessor hardware 
that is already in use, thus no new development is required for the 
existing interface standard. 

4.3.3 Microprocessor interfacing 

The development of the input/output interface standard based on the 
SABUS is now complete. A full set of modules is available that are 
functionally similar to those of the CAMAC modules that are currently in 
use. In many cases the functions of the new modules have been modified 
from those of the CAMAC modules to suit our application more 
effectively, resulting in the use of fewer modules to control the same 
hardware. 

This I/O system is interfaced to the personal computer (PC) compatible 
microprocessors via a differential bus, thus allowing several 
instrumentation chassis in one locality to be controlled by a single 
microprocessor system. 

4.4 Applications 

4.4.1 Power supply controller 

No further expansion of the existing control system is possible for the 
control of power supplies. Thus a microprocessor-based controller has 
been developed to control the power supplies used in the magnetic field 
mapping projects for the main magnets of the spectrometer and SPC2. 
This is serving as a pilot project for the new control system, both as 
an operator's console and as a LAN-based computer system. Because of 
the problems mentioned earlier, the LAN has not yet been incorporated 
into this system. 



27 

4.4.2 Safety interlocking system 

The changes envisaged in the previous annual report have been 
implemented in a modified form. The split between message display and 
monitoring has been done in software with the latter being written in 
assembler language to obtain maximum speed. It is scheduled at regular 
intervals and is linked to a display program written in Pascal. The 
latter allows the operator to display a sub-system with its status and 
alarms as well as the relevant interlock equation. 

4.4.3 Control of rf-systems 

Control of the three rf sub-systems, namely the SPC1, SSC and buncher/ 
pulse-selector sub-systems, has now been fully implemented. The full 
program now requires overlays but this has not proved to be a 
disadvantage as a RAM disc has been implemented which stores the overlay 
files at run time. 

A watchdog timer has also been implemented for the rf processors which 
automatically reboots the system on failure. This is enhanced by the 
addition of a facility to log system parameters on a regular basis. 
Thus recovery on system failure Includes the automatic loading of the 
last set of logged parameters to restore the system to its previous 
operating state. 

The next phase is now under way to link these systems to a PC compatible 
microprocessor which will link to the new control system. It will also 
collect maintenance data on a regular basis in order to detect short and 
long-term changes to the systems. 
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Fig. 1 One of the series of 80386 AT-compatible microcomputers which 
has been constructed in-house. 
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SECTION 5 BEAM TRANSPORT 

5.1 Operation and Development 

Summary: Considerable experience has now been gained with the various 
beam transport lines, and a number of minor changes have been 
made to improve the ease of operation. These include: 

(a) replacement of certain little-used slits by profile 
monitors (harps or scanners), 

(b) relocation of steering magnets, closer to diagnostic 
harps or profile scanners, 

(c) installation of a scanner inside the isocentric neutron 
therapy system, and 

(d) conversion of a 2-doublet quadrupole telescope (on the 
neutron therapy beamline) to a 2-triplet telescope. 

The beam-swinger project has been delayed by very late 
delivery of the magnet iron to the manufacturer, but is now 
progressing smoothly. 

The K-600 spectrometer magnets have now been delivered and are 
being assembled for field rapping. The x,y-table with its 
associated mapping equipment is complete, together with the 
driver software. 

One of the experimental areas has been dedicated to the 
production of collimated neutron beams and has been equipped 
with a bending magnet and beam dump, together with steel 
collimators fixed at 4* intervals from 0" to 16". 

Changes to the target cooling and shielding system for isotope 
production have led to a request for much smaller beam spot 
sizes on target, and preparations have been made for 
rearrangement of the isotope beamline to permit installation 
of quadrupole triplets on the three beamlines after the 
switching magnet. 

A practical system of quadrupoles for matching beam 
properties to the spectrometer has been designed. 

5.1.1 General 

With the considerable experience which has been gained in tuning the 
various beamlines, a number of changes have been made to improve the 
ease of operation of the facility. Firstly, certain slits were replaced 
by profile monitors (harps or scanners) so that data on the size and 
shape of the beam could be more readily obtained. This data could then 
be fed into computer programs to determine the emittance of the beam. 

Secondly, some of the pairs of steering magnets were moved further 
apart, and closer to profile scanners or harps, so that the information 
obtained from the diagnostic devices could be used to compute the 
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settings of the steerers required to align the beam with the axis of the 
baamline. 

5.1.2 Matching to the SSC 

The emittance measurements on the beamline between SPC1 and the SSC have 
worked well. Three scanners about a metre apart, with the central one at 
a waist, are used for this purpose. (A harp was first tried, but wires 
were burnt through by the high-intensity beams needed for therapy and 
for isotope production.) 

The magnet settings predicted by TRANSPORT for these measured emittances 
have proved fairly good, with only small adjustments being necessary. 
The horizontal position and divergence can be relatively well matched to 
the SSC using the new beam-centering harp In the SSC itself. The 
vertical matching is less satisfactory, but a second (proposed) harp in 
the SSC will allow the vertical beam profile to be monitored and should 
greatly facilitate this matching. 

5.1.3 Matching the radiotherapy unit 

Difficulties have been experienced with matching the extracted beam from 
the SSC to the isocentric neutron therapy unit, primarily as a result of 
the lack of diagnostic equipment supplied with this device. Early 
attempts at delivering high beam currents onto the target resulted in a 
vacuum failure caused by overheated '0' rings inside the isocentric 
unit. We then installed a rotating wire scanner in what little space 
was available between the first two of the three quadrupoles, as well as 
a current monitoring diaphragm at the entrance to the 160* dipole. 

The beam can now be transported onto the target with relative ease: all 
that remains elusive is the correct settings to achieve equal count 
rates in each half of the collimated neutron beam, in each direction, 
i.e. north-south or east-west, which appear to be related to the angle 
*t which the beam strikes the target. In order to simplify the setting 
of this beamline, the original two-doublet quadrupole system has been 
upgraded into a two-triplet quadrupole system, operating as a telescope 
with unit magnification. 

5.1.4 Beam swinger 

The manufacture of the magnets for the beam swinger was seriously 
delayed because the first magnet steel cast was unsuccessful In reaching 
the low impurity levels required. The steel which was eventually 
delivered is so much larger than the specified final machined size that 
more delays have been incurred in cutting away the excess material. 

The three dipole magnets which form this system, together with their 
vacuum chambers pnd stands, are expected to be delivered only at the end 
of this year. Meanwhile a system of movable steel collimators on rails 
has been devised and is now being manufactured. The walls of the vault 
have been constructed from our standard 1.5 m square by 3 m high 
concrete blocks, with 1 m high blocks being used where the collimator 
penetrations are required. Extra shielding blocks have now been 
positioned outside the building at the north end, and a screed has been 
laid up to rail height upon which the 0.5 m square collimator tunnels 
will be constructed, at 0*, 30*, 60° and 90* to the incident beam 
direction. (Figure 1.) 
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">• 1 • 5 The K=600 spectrometer 

The two large dipole magnets for this magnetic spectrometer have been 
delivered, and one is partly assembled on the spectrometer carriage, as 
shown in figure 2. The pole-pieces have been carefully machined, and 
then hand-scraped to an overall flatness and parallelity of some 40 
microns, but errors in setting the computerised numerically-controlled 
milling machine seem to have introduced relative positional errors of up 
to 1 mm in the top and bottom chamfered pole edges. These pole pieces 
have been returned to the manufacturer for computer-controlled 
measurement of all these chamfered edges prior to re-machining. The 
machining will then be done with the pole-package assembled, so that top 
and bottom poles can be machined without resetting the machine. 

Meanwhile all the pole-ede,£ shims have been prepared and are ready for 
mounting, and the pole-face coils and beanr-spill fingers are also 
available. While the pole-pieces were in house, the vacuum chambers 
were test-fitted into position, without difficulty. 

A quadrupole magnet for this spectrometer was imported from Europe, but 
was unfortunately insecurely packed, and the coils were severely damaged 
in the dockyard when the crate containing the magnet was accidentally 
tipped over. A local manufacturing company is repairing the damaged 
coils. 

For mapping the magnetic fields of the two large dipoles, a 3.7 m long 
lightweight arm (made of expanded aluminium honeycomb and carbon-fibre 
tape) has been constructed to hold 16 special Hall-probes. This arm is 
mounted on an x,y-table on a heavy, reinforced concrete base: the whole 
assembly is mobile, with screw jacks to lift ft off its wheels when in 
use for measurement (figure 3). The arm has a long travel of 3.2 m and a 
cross travel of 1.6 m. The measuring head is a 400 mm wide T-shaped 
aluminium construction, into which tht- io Hall-probes are fitted. 

A precision constant-current source (140 mA with t 2 ppm/'C) to drive 
the Hall probes in series, and a battery back-up system for the probes 
have been designed, constructed and tested. 

A proportional integral differential thermostat is used to control the 
temperature of the Hall-plates at about 37.4* within ± 0.1*C. 15 heater 
resistors in series, as well as two NTC* thermistors to control and 
monitor the temperature, are placed midway between or near the 
Hall-probes through holes in the precision-machined piece of aluminium, 
measuring 5 * 4 x 385 mm. This holder fits into a perspex holder and 
this in turn is covered by an electrical and thermal shield made of 
aluminium. The thermostat is very precise except for temperature 
gradients on the long piece of aluminium. This gradient can be measured 
via the NTC thermistor on the multimeter. 

For convenience and simplicity all wires from the Hall-probes, 
temperature sensors and heater resistor chain to the control units are 
of the twisted-pair flat-cable type. This is possible since the Hall 
resistance is very low and measurements are slow. Only the control side 
thermistor had to be buffered at the T-piece. 

The Hall voltages are fed via a 20-channel relay multiplexer to a 62-
digit multimeter and then via an IEEE interface to a microcomputer. 

*Negative temperature coefficient 
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Limit switches have been provided for the x and y axes and probe/magnet 
contact Is detected via grounding of the probe head. Stepping motors 
with shaft encoders drive the T-piece to the predetermined positions on 
the magnets. 

The software for this field-measurement device has been written in Turbo 
Pascal 4, and resides in a dedicated AT microcomputer. This is one of 
the many such machines constructed by our Control Division. 

This program controls the position of the measuring arm holding the 16 
Hall-probes, prevents the arm and head-piece from being manoeuvred into 
contact with the spectrometer magnet yoke or spacers, and gives a 
graphic display of the actual probe position. The program also 
initiates the measurement cycle through all 16 probes, via the 
multiplexer, at each position. The measured Hall voltage is then 
converted to absolute magnetic field values. This data conversion uses 
a cubic-spline fit to Interpolate between measured points on the 
calibration curve of Hall voltage versus magnetic flux density for each 
of the 16 probes. The calibration is done against the flux density 
measured at various excitations, using an NMR probe for absolute 
measurements. 

5.1.6 Neutron beam facility 

A collimated neutron beam facility has now been established in one of 
the experimental target rooms {1}. This entailed reconfiguring the 
shielding walls to accommodate a target chamber and a dump magnet and 
beam dump for the primary beam, as well as a set of collimators, built 
into a second shielding wall at every 4* from 0* to 16* to the primary 
beam. 

The neutron source is (typically) a lithium target, which can handle up 
to 1 uA of 66 MeV protons, without cooling. However, a water-cooled 
target holder would permit higher beam power to be deposited in the 
targets 

The dipole magnet is designed for bending the primary proton beam of up 
to 200 MeV through an angle of 15* into a well-shielded Faraday cup 
inside the beam dump. The coil is insulated by glass-fibre tape alone, 
i.e. without epoxy, because of the very high doses of neutrons to which 
it will be exposed. 

The collimation of the secondary neutrons is provided by nominally 
50 x 50 mm square openings machined as slots in a steel plate, and 
sandwiched between a number of 100 mm thick steel plates, forming a wall 
1.4 metres thick, which is also part of the beam dump itself. 

This facility appears to work well. A photograph of this facility is 
presented in figure 4 and some experimental measurements are also given 
in section 7. 

5.1.7 Isotope beamlines 

A new target cooling system, together with an automatic target-changer, 
described elsewhere in this report, hae permitted much higher beam 
power densities to be achieved, allowing a greater specific activity to 
be created in the target material. To this end, we have been requested 
to provide much smaller beam spot sizes on target: <10 mm diameter, 
where previously >20 mm diameter had been required. This has 
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necessitated a complete redesign of the isotope beamlines, because we 
now require quadrupole magnets on each of the lines after the switching 
magnet, in order to achieve the required spot sizes. As there was no 
room for this, we plan to move the switcher some 3 metres back, and also 
to move half of the thickness of the shielding wall a similar distance. 
Three new quadrupole triplets have been designed, and are being 
manufactured as a matter of some urgency, to be installed in the middle 
of the wall in the vault thus created. This is shown diagramatically in 
figure 5. 

The specifications of these new 150 mm aperture quadrupoles is given 
below: 

Table 1: Properties of Q150M quadrupoles 

Aperture 156 mm 
Max. flux-density 0.4 tesla 
Tuns per pole 142 turns 
Total power 2.3 kW 
Max. current 88 amps 
Pole length (physical) 300 mm 

5.1.8 Matching to spectrometer 

The beamline leading from the double-monochromator system to the new 
spectrometer has been studied in some detail, with the result that it is 
possible to use a system of only 6 quadrupoles to satisfy the various 
matching conditions required. 

We need to transport the beam from the double-monochromator exit slit to 
the target - a distance of just over 18 m, and must be able to provide 

(a) kinematic correction, 
(b) dispersion matching, and 
(c) emittance matching 

for both positive and negative spectrometer angles. This has been 
attempted, using TRANSPORT, with certain assumptions: 

(i) the quantity ^16/^11 (momentum dispersion/horizontal 
magnification) is 14.7, 

(ii) the momentum dispersion Dig of the double-monochromator is 
16.28, 

(iii) the momentum-spread of the beam can be cut to 0.1% by the 
double monochromator, 

(iv) the emittance is 1 n mm mr, 
(v) the maximum allowable beam spot on target is 10 mm diameter, 
(vi) the usual spectrometer parameters C, T y and K lie in the 

ranges: 

1 < C < 2; - 1 < T u < 2; - 0.2 < K < + 0.2 

(where Tn cannot be zero, but approaches it) 

[c • the change in relative momentum-spread at the target, 
T n " the horizontal magnification term of the target transformation 

matrix, 
K • the kinematic change in momentum-spread with angle at the 

target. ] 
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We write the total transfer matrix [G] of the system from the entrance 
of the double-monochromator to the target as 

[G] = [D][T][R] 

where [D] is the detector matrix, [T] the target transformation and [R] 
the matching system matrix. We can also write 

[R] = [E][M] 

where [Mj is the dipole monochromator system, and [EJ represents only 
the final 6-quadrupole matching section. 

The matching requirements can then be shown to reduce to: 

- M 1 6 

^ ^ Ml« 
C D 1 6 

i.e. these values of the elements E12 and E22 must be provided by the 6 
quadrupoles. 

To satisfy these requirements, we have chosen a system of two symmetric 
quadrupole triplets, which we can operate either as a positive or 
negative telescope (i.e. either +1 or -1 on the diagonals of the 
transfer matrix). These telescopic modes act as starting points for the 
TRANSPORT fit, and in most cases the final fitted quadrupole values are 
not far from their telescopic values. 

The symmetric two-triplet telescope has the added advantage that all 
quadrupoles are conveniently placed, i.e. well clear of shielding walls 
and not too near to the target chamber. Figure 6 shows beam envelope 
plots for the complete system, with 0.1% and 0.5% momentum spread 
respectively, to illustrate the telescopic starting point for the 
calculations. A whole series of solutions for the last 6 quadrupoles 
has been tabled for a range of values of K, TJJ and C. 

E 1 2 -

and E22 = 
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Fig. 1 View of the collimator tunnels at the north end of the 
experimental hall, showing the rails on which the steel 
collimators will travel. 

Fig. 2 The spectrometer carriage, with one of the two large dipoles 
being assembled. 
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Fig. 3 The magnetic field measuring table for mapping the 
spectrometer. 16 Hall probes are carried on the T-shaped end 
of the measuring arm. 

Fig.4 Composite photograph of the neutron beam facility, showing the 
dump magnet (right) and the beam dump (left) with one of the 
square neutron collimators visible (far left). 
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Fig. 5 Diagram of the revised Isotope production beamlines, 
incorporating quadrupole triplets on each line after the 
switching magnet. 
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MATCHING TO SPECTROMETER 
BEAM ENVELOPE X = 1.00 MM. DX=1.00 MR. Y=1.00 MM. DY=1.00 MR. 

rr
...

 

-— p+dp 

\ 

M & 
oon. 
oi>-« 

Fig. 6 Beam envelope plots for the double-monochromator and 2-triplet 
quadrupole matching system leading to the spectrometer target, 
for 0.1% (top) and 0.5% momentum spread (below). 



TM4 zft looo H>3 
39 

5.2 New Beamlines 

Summary: Beamlines have been designed for transporting charged 
particles between the new ECR (electron-cyclotron-resonance) 
heavy-ion source and the axial injection system of SPC2, from 
the new polarized-ion source to SPC2, and from SPC2 to the SSC 
as well as to a low-energy experimental area. Dipole, 
quadrupole and solenoid magnets have been designed for some of 
these lines, and are in varying stages of production. 

5.2.1 ECR-source beamline "Q" 

This beamline is shown diagrammatically in figure 1. A solenoid magnet, 
immediately after the ECR source, focuses the beam onto an entrance slit 
of a 120* analysing magnet. Because the double-focusing magnet is 
designed for a particular emittance, larger emittances require the 
entrance waist position to be displaced, so that the position of the 
charge-state analysing slit at the exit can remain fixed. This has been 
achieved by making the solenoid movable, using a stepping motor and 
lead-screw. Both these magnets are at present being manufactured. 

From the exit slit of the analysing magnet, a set of 4 identical 
solenoids will transport particles of the selected charge-state to the 
next dipole, which is also double-focusing, but has only a 200 mm radius 
of curvature. 

Provision has also been made for a possible second ECR source, as well 
as a possible atomic physics beamline. 

The axial injection beamline is at present planned to have 6 
quadrupoles, with 2 solenoid magnets within the SPC2 cyclotron yoke 
itself. A small buncher will be located just below the yoke of SPC2. 

5.2.2 Polarized-ion source beamline "H" 

Detailed planning has not yet been started for this line, and the source 
itself is still being manufactured. However, we have established that 
this beamline will be built at 1 m above basement level, i.e. 0.75 m 
lower than the ECR beamline, to allow us to fit the vertical bending 
magnet below that of the "Q" beamline. The vertical bend will be 
achieved by means of a 100* dipole together with a small electrostatic 
deflector, to permit both polarized protons and polarized deuterons to 
be bent through 90*, while rotating the axis of polarization through 
90* or 270* respectively, i.e. keeping the axis vertical in the vertical 
section of beamline. 

A dipole magnet will also be needed to deflect the beam through about 
120* horizontally immediately after extraction from the ion-source, 
i.e. before penetration of the shielding wall into the basement of the 
SPC2 vault, so that a diagnostic line can be used while SPC2 is in use 
with the ECR source. 

5.2.3 Beamline "K" from SPC2 to SSC 

This beamline links the extraction system of SPC2 with the second part 
of the "J" beamline, which transfers beams from SPC1 to the SSC. 

As SPC2 lies with its resonators stiaddling an east-west axis, (unlike 
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the north-south orientation of SPC1), the extracted beam points towards 
the SSC, but with both an angular and positional offset» The angle is 
corrected by the first dipole B1K (20*) while the positional offset is 
corrected using two 90" double-focusing dipoles (B2K and B3K). Refer to 
figure 2 for details of this beamline. 

Quadrupoles Q1K-Q3K permit the beam to be focused sharply to a double 
waist at the entrance (object waist) of dipole B2K. Between B2K and B3K 
we have 6 quadrupoles: the inner 4 of these (Q5K-Q8K) form a symmetric 
2-doublet quadrupole telescope whose main function is to provide an 
additional crossover point between the dipoles, so that the whole system 
can be made achromatic 

The other two quadrupoles (Q4K and Q9K) serve to redirect the 
momentum-dispersed rays from B2K into B3K in a symmetrical way so that 
the system is in fact achromatic. Although there are these two 
dispersion handling quadrupoles, they have an identical effect on the 
beam owing to being placed at opposite ends of a telescope, and only the 
sum of their strengths is important» However, their effect on the 
horizontal and vertical focusing of the beam should be minimal, unlike 
those in the "J" beamline from SPC1. 

After this comes an analysis stage, where the emittance of the beam and 
its steering can be measured, followed by a non-symmetrical set of two 
doublets Q10K, Q11K and Q12K, Q13K, which permit the sharp waist to be 
transported to a larger waist, with smaller divergence, at the buncher. 
Thereafter a symmetric two-triplet quadrupole system Q14K-Q19K takes us 
up to a waist which could in future be the start of an achromatic bend 
(B1L and B2L) into a low-energy (8 MeV p) experimental area. (Various 
magnets from the Pretoria cyclotron beamllnes could be used there.) 

Finally, quadrupoles Q20K and Q21K transport the beam through the gap of 
dipole B3J (switched off); together with the existing Q8J and Q9J they 
form symmetric a two-doublet telescope to focus the beam to a waist at 
the existing buncher, and on towards the SSC. 

The 21 quadrupoles are on order, but the dipoles for this line have 
still to be detailed. 

5.2.4 Software 

With the increasing availability of personal computers (PCs), a number 
of BASIC programs have been written to aid in the design of magnets. 
One such program, MAGNET, calculates all the major parameters of a 
dipole, quadrupole, or iron-enclosed solenoid magnet. Given the 
aperture, field strength, pole dimensions and the insulation thickness, 
the program calculates current, voltage, power, coil thickness, 
conductor length and cooling-water flow and pressure requirements. 

A second program DIAGRAM draws a section through one pole-piece of t'. e 
magnet on the computer screen, and will then pack the conductors on 
either side of the pole. The type and size of conductor (round or 
square) and the number of turns per layer can be varied until the 
coil fits the available space. An example of such a plot is shown in 
figure 3. The scale of the figure is fairly precise, and a hard copy 
can be obtained on a dot-matrix printer simply by using the PRINT SCREEN 
key. 
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Fig. 1 Schematic layout of the "Q" beamllne leading from the ECR source via the vertical "AX" line 
into the axial injection system of SPC2. 
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« « * DIAGRAM OF tttGNET COIL LAVOUT « 
•ISOTOPE QUAD: 388na long pole: 158MM diameter aperture: 144 turns. 

Aperture - 158 MM 
Pole length = 228 mm 
Conductor = 7 . 1 

1 mm. between turns. 
4 mm. between pole 8 c o i l 

TOTAL TURNS: 144 
Lager R 1 28 
Layer R 2 19 
Lager R 3 19 
Lager R 4 18 
Lager R 5 18 
Lager R 6 17 
Lager R 7 17 
Lager R 8 16 

Fig. 3 A hard-copy printout from the program DIAGRAM used i n 
des igning magnets-
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5.3 Beam Diagnostics for Beamlines 

Summary: The beam diagnostic components for both the transfer and the 
high-energy beamlines perform well except for some of the 
scanners whose noise pick-up has become a problem, especially 
at low beam intensities. This noise pick-up is primarily due 
to deterioration of the bearings in the scanner. At some 
locations in the high-energy, beamlines, scanners were replaced 
by harps as the scanners proved to be practically useless for 
the low-intensity beams required in the experimental areas. 

The slits in the low-energy beamline, which are not water-
cooled, have to be repaired at regular intervals because of 
vacuum leaks. Overheating causes the ceramic feedthroughs to 
deteriorate resulting in the vacuum leaks. Water-cooled slits 
have been ordered to replace the existing slits which will 
later be used in the beamlines associated with the second 
injector cyclotron SPC2. 

Diagnostic components for the rest of the proposed high-energy 
beamlines as well as the new low-energy beamlines have been 
ordered and should be delivered later in the year. 

The current-measurement system, which presented us with 
some spurious readings, will be slightly modified and should 
then be much more reliable. 

5.3.1 Beam diagnostics for the transfer beamline 

The main problems encountered with the beam diagnostic components of the 
transfer beamline were due to vacuum leaks on some of the slits. The 
leaks are caused by overheating of ceramic vacuum feedthroughs which are 
required for current measurements from the jaws of the slits. Although 
the tantalum slit-jaws themselves can withstand these very high 
temperatures, the heat from these jaws is conducted by the electrical 
wire connecting the jaws to the feed through, thus heating the ceramic 
feedthrough, melting the solder and causing a vacuum leak. We have thus 
decided to replace these slits with a slightly modified, water-cooled 
version, to overcome this problem. The slits are on order and should be 
delivered later in the year. The existing slits will later be installed 
in the beamlines associated with the second injector cyclotron SPC2, 
where the beam intensities will be lower. 

As in the case of the slits, the Faraday cups in the low-energy 
beamlines are cooled mainly by heat radiation. As a result of the very 
high temperature reached when a high-intensity beam is interrupted by 
such a Faraday cup, unreliable current readings are obtained from these 
cups. This is due to thermal electron emission from the Faraday cups 
which is interpreted by the measurement system as beam current. We have 
thus decided to replace these cups with a water-cooled version to 
overcome this problem. These new cups are on order and should be 
delivered later this year. 

Owing to the very high intensity of the beam at extraction from SPC1, 
the harp in the first diagnostic chamber was moved to the third 
diagnostic chamber i.e. after the extracted beam has been trimmed by a 
pair of slits. However, it was found that overheating of the harp was 
still a problem at this location and the harp was thus later replaced by 



a scanner, which performs satisfactorily. 

The logarithmic current-measurement system has become more reliable 
since a software bug was eliminated during the year, resulting in 
reliable operation of the watch-dog monitor. 

Apart from the overheating problems of the various components at high 
intensity, the beam diagnostic system of the transfer beamline performs 
well. The overheating problems should, however, be minimized once the 
new water-cooled Faraday cups and slits have been installed. 

5.3.2 Beam diagnostics for the high-energy beamlines 

The beam diagnostic equipment en all the existing high-energy beamlines 
performs well with the exception of some of the scanners, mainly owiag 
to deterioraton of the bearing, causing noise pick-up. This renders 
them virtually useless for low-intensity beams. As a result we have 
replaced scanners with harps at several locations where diagnostic 
information from the scanners was insufficient for proper beam 
transportation. 

We have designed, manufactured and installed two water-cooled 
collimators in the beamline for protection as well as for diagnostic 
purposes, one in the isocentric neutron therapy unit and the other in 
front of the switcher magnet in the isotope beamline. 

Beamline D has been completed (refer to figure 1) and the lines P2, S 
and N are currently under construction. Beam diagnostic chambers for 
these beamlines have been delivered and the diagnostic components are on 
order and should be delivered before the end of the year. 

5.3.2.1 Scanners and scanner electronics 

The scanners have been used extensively during beam transportation 
adjustments and perform well at higher beam intensities. However, at 
low beam intensities, noise pick-up has become a problem on scanners 
owing to deterioration of bearings. Replacement of these bearings is a 
lengthy and difficult task, but will have to be performed on a routine 
basis. Owing to this problem, we have replaced some of the scanners 
with harps and plan to Install only harps in all future beamlines, 
(beam-intensity permitting). 

Noise levels of the scanners were, however, slightly reduced by not 
earthing the current measurement cable at the beamline itself, thus 
eliminating earth loops. An experiment to reduce scanner noise by 
reducing scanner rotational speed by A factor of ten, and consequent 
reduction of the bandwidth, was inconclusive in respect of profile 
jitter. Other options to reduce the noise levels are being 
Investigated. A strobe light was used to check the consistency of the 
speed control of the scanners, which was suspect, and it was found to be 
sufficiently constant not to cause a problem. 

5.3.2.2 Harps and harp electronics 

A second set of harp electronics to serve up to eight harps has been 
delivered and installed in the high-energy electronics area. To date 
four harps have been Installed and connected to this system and are 
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fully controllable from the control console. Harps required for the 
rest of the proposed high-energy beamlines have been delivered. In 
general the harps and harp electronics perform very well and the 
maintenance required is minimal. 

5.3.2.3 Pneumatic actuator control electronics 

A fourth pneumatic actuator control cardframe has been completed and 
installed in the high-energy electronics area. It is used to control 
the harps and Faraday cups which have since been added to the existing 
beamlines, and will also be used to control actuators still to be 
installed in future beamlines. This cardframe has been connected to the 
safety-interlock system and via CAMAC to the control console. 

5.3.2.4 Faraday cups 

Improvements made to the Faraday cups in an effort to prevent water 
leaks which occurred from time to time are not quite satisfactory, and a 
new design for the layout of the flexible water supply tubes is being 
contemplated. At present the flexible tubes are coiled in a spiral in a 
cylinder to allow for the up and down movement of the Faraday cup when 
it is inserted and extracted from the beam. This movement causes 
deterioration of the tube, especially at the interface where it is 
connected to the stiff copper tube. This eventually leads to a split 
in the pipe and a water leak. The proposed improvement will allow the 
movement to be taken up outside the constraints of the cylinder, thus 
permitting a much larger loop in the flexible tube. This will not only 
increase the life expectancy of the tube but will facilitate visual 
inspection and simplify maintenance. A prototype of this design has 
been implemented on a Faraday cup which will be installed and tested 
before this modification is implemented sequentially on the others. 

5.3.2.5 Beamline collimators 

Two new collimators have been designed, manufactured in our workshop and 
installed in the beamlines. One is used for protection and diagnostic 
purposes at the entrance to the 160* bending magnet of the isocentric 
unit in the neutron therapy vault. This water-cooled, electrically-
isolated collimator in effect replaced a short section of beamline, 
between the coils of the magnet, linking the vacuum chamber of the 
magnet to the rest of the beamline. In addition to the current 
measurement from the main collimator body, four individual electrically 
insulated segments protruding slightly from the body are used to measure 
beam current and thus provide indication of possible beam misalignment. 
The layout of this collimator is shown in figure 2. 

The other new beamline collimator is installed right in front of the 
switcher magnet in the isotope production beamline. This collimator is 
also designed in such a way that it replaces a short section of 
beamline. 'O'-rings which are used as vacuum seals, perform the 
additional task of providing electrical insulation of the main body of 
the collimator from the rest of the beamline. This water-cooled copper 
body also supports four electrically insulated tantalum sections 
protruding slightly at the back of the body, to provide diagnostic 
indication of a misaligned beam. The layout of this design is shown in 
figure 3. 



5.3.2.6 Current-measurement electronics 

Progress has been made during the last year in uncovering remaining bugs 
in the current-measurement system, but fault conditions still arise from 
time to time. 

A new input card has been designed for the current-measurement 
electronics and will be used in all the future systems to be installed. 
The prototype has been tested and mass production should commence soon. 
The power supply for this system has also been redesigned to take care 
of problems encountered with the resetting and monitoring of the system, 
and will shortly be built and tested. 

We are still busy with the upgrading of the microcomputer software to 
run on an IBM-compatible type machine, as well as with the BITBUS 
software to be able to use the new BITBUS firmware. 

5.3.2.7 The beam phase measurement system 

The existing software for the beam phase measurement system has been 
extended to provide new features. Relative phase measurement, 
repeatable within approximately 0.1 degrees from day to day, is 
performed without intervention to make adjustments of any kind. Time-
of-flight energy measurement making use of the five transfer beamline 
capacitive phase probes (CPPs) is similarly automated. Non-destructive 
current measurement on any given CPP is also possible after calibration 
of the detected CPP signal level against beam current observed on a 
nearby Faraday cup; medium term drift ot second-harmonic signal level 
so detected remains to be investigated. 

The CPP electronics bases its amplitude and phase measurement upon the 
measured second-harmonic content in the capacitively-induced beam 
pulse train. Ever since this same harmonic frequency of the accelerating 
RF was chosen with which to drive the buncher, we anticipated that the 
transfer beamline CPPs would detect an unwanted second-harmonic directly 
from the buncher resonator situated on the transfer beamline. The level 
of this interference was quantified by measurements made recently, 
whereupon a test was also made for presence of the unwanted third 
harmonic with a view to performing phase and amplitude measurements on 
this harmonic instead. Interfering third harmonic was f.ound to be 
present on the transfer beamline, and so to be unavoidably detected by 
these CPPs. Its level was found to be 40 dB lower than the unwanted 
second harmonic and atill 30 dB higher than thermal noise in the final 
system bandwidth of 25 Hz, in which phase and amplitude measurements are 
made by the system at the second intermediate frequency (i.f.) of 
1.5. KHz. Unless this interfering third harmonic presented to the 
transfer beamline CPPs can be reduced by at least 30 dB, the potential 
of the system to resolve phase within 0.1 degrees at beam currents down 
to 10 nA will not be achieved on this beamline. 
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Fig. 1 Layout of beamlines within the shielded areas. Magnets already in position are coloured black. 
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The beamline collimator installed at the entrance to the 160* 
bending magnet of the isocentric unit in the neutron therapy 
vault. 
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4 electrical vacuum feedthrough 
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7 tantalum segment 
8 spring loaded electrical contact 

3 The beamline collimator installed in front of the switcher 
magnet in the Isotope production beamline. 
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5.4 Bearoline Vacuum System 

5.4.1 Transfer beamline 

The bearings on the 510 Jl.s~ turbopump on the second section of the J 
line was replaced in situ at 22704 hours. After the bearing replacement 
this pump ran for 199 hours and then stopped due to a bearing failure. 
It was replaced with a 330 i.s" turbopump. (The bearings were then 
replaced in the laboratory, and the pump was then test-run for three 
weeks without any problem.) 

The average pressure in the transfer beamline has risen from 3 x 10" Pa 
last year to 6 x 10" Pa this year. This increase is partly due to a 
leak that developed on the buncher. The leak (at an 0-ring) was 
repaired during the last shut-down. However, the average pressure is 
still only 4.6 x 10" Pa. This can be due to a possible small leak in 
sections of the J line which were not leak-tested during the last 
shutdown and the smaller pump on the second section. During the last 
shutdown isolation valves were installed between the vacuum gauges and 
the J beamline and this may also account for the higher pressure 
indicated by these vacuum gauges. 

5.4.2 High-energy beamline 

The pressure in the high-energy beamline was mostly in the low 10" Pa 
range except in the therapy line which varied between 1 and 
2.3x10" Pa. Some problems (mainly bearing failures) were experienced 
with the 50 A.s" turbopumps. All twelve of these pumps have now been 
replaced free of charge and will be swopped during the next shut-down in 
August. On the isotope line the beam struck a closed valve and burnt a 
hole through the valve plate. (See figure 1). The 850 JL.s~ turbopump on 
the large scattering chamber had a rotor failure (see figure 2). 

The 170 i.8~ turbopumps have been running trouble-free. To gain some 
experience in changing the bearings of the 170 pumps, the TP5 pump 
(which had done 11954 hours) was removed for a bearing change. 

Difficulty arises in keeping track of the number of hours a pump has run 
in the case where the electronic drive is replaced or the pump is 
replaced. For this reason we are investigating the possibility of 
mounting an hour meter on the pump itself which will be driven by the 
power to the cooling fan, or to the forepump in cases where there is no 
cooling fan. 



Fig. 1 Hole burnt through closed valve by the beam in isotope 
production beamline. 

/? 

Fig. 2 Failed rotor in 850 SL.s turbo-molecular pump on scattering 
chamber. 
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5.5 The Transfer Beamline Buncher 

Summary: Several modifications were required to the coupling system, 
following failures of two insulators* Despite these problems 
the buncher has given good service during this year. 

5.5.1 Resonator 

No problems were experienced with the buncher resonator itself. 
Occasional discharges have been experienced during start-up following a 
frequency change, but seldom occur during normal running. 

Pre-positioning of the tuning capacitors does not always result in 
precise tuning without some subsequent adjustment. The drive system 
and/or software will need attention to correct this. 

5.5.2 Power amplifier and coupling system 

Several modifications were required to the coupling system as a result 
of component failures. The causes and solutions are outlined briefly 
below. 

High-frequency (hf) heating of some parts of the coupling system was 
greater than expected. The parts affected were a stainless steel 
bellows, which allows movement of the coupling capacitor (which is also 
the trimmer capacitor) {1} across the vacuum interface, and an insulator 
which is the mechanical connection between the coupling capacitor and 
its positioning system. 

The insulator was Initially damaged by heat from one of the 
stainless-steel fixing screws, but there were also indications of hf 
heating of the stainless steel bellows and of the Insulator material 
itself, which could only become worse at higher buncher voltages. 

Both the insulator and the screws were replaced by polypropelene parts, 
which has eliminated the heating problem. The end flange of the bellows 
was modified to reduce capacitive currents, and a copper hf-shield was 
arranged over part of the bellows itself. 

A teflon insulator, which serves as a guide for the stem of the coupling 
capacitor as it passes through the resonator wall, has failed twice at 
widely spaced intervals, apparently from the cumulative effect of 
discharges. 

Recently, following the second failure, the diameter of the insulator 
was increased to incease the tracking length, and sliding contacts were 
fitted between the coupling capacitor stem and the cylindrical electrode 
surrounding it {1} to eliminate voltage build-up and transients between 
them. One outcome of these modifications was the emergence of an 
instability in the amplifier, which was dependent on the position of the 
tuning and coupling capacitors. For some positions a parasitic 
oscillation at 107 Mlfc. was present. Prior to the modifications, 
distortion of the anode waveform had been observed, which was probably 
an Indication of incipient oscillation. It is not yet clear if this was 
a factor in the failure of the insulator. The instability was 
eliminated by means of a damping resistor connected in such a way as to 
couple strongly to the parasitic resonance in the anode circuit* 
Dissipation in this resistor is limited to about 200 watts, which will 
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limit the buncher voltage to about 70 kilovolts. A water-cooled 
resistor is being assembled to remove this limitation. 

5.5.3 Driver amplifier 

The new driver amplifier {1} is in service. A ferrite transformer in 
the power combiner failed fairly soon, but this was repaired and no 
problems have been experienced since. 

Reference 

1. National Accelerator Centre Annual Report NAC/AR/87-01, p 70 
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5.6 Pulse Selector 

Summary: The pulse selector system has been completed and tested and is 
operating successfully. Details of the system were given in 
the previous annual report {1}. 

5.6.1 Installation and Testing 

During May and June of 1987 installation of the control instruments and 
the interconnections were completed. At that stage of testing, limited 
computer control was introduced. 

Initial resonance tests to verify the frequency range of the pulse 
selector showed that a frequency range of 1.2-4 MHz could be 
achieved. This frequency range is 50% lower than the design range of 
2.8 - 8 MHz because the total load capacitance (164 pF) of the 
deflection plates and its associated rf-shielding was much higher than 
expected. 

Tests were conducted at 3.27 MHz to determine the power necessary to 
generate 7.5 kV peak voltage. Above 300 watts irregular tripping of the 
power amplifier occurred owing to a faulty contact finger on the tuning 
coil. A peak voltage of 4.8 kV was measured at 300 watts, giving a 
Q-value of 135.7. These measured results show that 730 watts will be 
required to generate a peak voltage of 7.5 kV. 

The control software has now been enhanced to the same level as that of 
SPC1. The pulse selector is fully controlled from a terminal in the 
control room, shared with the buncher. 

5.6.2 Operation 

Operation of the pulse selector has been very stable and reliable. 
Initially it was operated without any phase or amplitude stabilisation 
and even then gave reliable pulse selection. Typical operational 
conditions for a 66 MeV beam and a selection ratio of 1 in 5 pulses 
(3.27 MHz selected frequency) required 20 watts of rf power for 1200 V 
peak voltage. The pulse selector has been used for a number of 
experiments during the past few months. 

Reference 

1. National Accelerator Centre Annual Report NAC/AR/87-01 (CSIR, 1987) 
P 75 
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SECTION 6 MECHANICAL AND ELECTRONIC ENGINEERING 

6.1 Mechanical Engineering 

The Mechanical Engineering Division provides the other NAC divisions 
with design and construction services: therefore, most of the projects 
undertaken by this section are reported in detail elsewhere in this 
report. Items of special mechanical significance are discussed here. 

The projects which received major design attention during the past year 
were: 

(i) a coupling capacitor for SPC2 
(ii) a bending magnet and solenoid for the ECR ion source 
(iii) a scanner for outer orbits of the SSC 
(iv) a scattering chamber for an experimental beamline 
(v) a beam swinger 
(vi) a rotary target magazine for isotope production 

(vii) a robot arm for isotope production 
(viii) an isotope transport system 
(ix) a target cooling system for isotope production. 

The major projects that were under construction are: 

(i) a magnetic spectrometer 
(ii) a second injector cyclotron (SPC2) 

(ill) extensions to the high-energy beamlines. 

6.1.1 Coupling capacitor for SPC2 

A new coupling capacitor was required for the SPC2 as the design used on 
the SPC1 did not have a long enough stroke. The new design would still 
have to fit in the same restricted space (figure 1). 

The capacitor plate mounting arm has external gear teeth which are 
engaged with a spiral machined inside a cylinder. The cylinder is 
driven externally by a stepping motor mounted at right angles and offset 
from the centre-line of the coupling capacitor. 

The mounting arm is sealed from the vacuum chamber through a flexible 
bellows. Three sets of contact fingers transmit the rf power through 
the mechanism. The capacitor plate has a maximum movement of 50 mm. 

6.1.2 A bending magnet and solenoid for the ECR ion source 

A large bending magnet requiring 2.5 tonnes of soft iron has been 
designed for the Q beamline and will be capable of bending the beam 
through 110*. All components will be manufactured locally but the iron 
has been imported. 

Also required on the same beamline is a large solenoid coil wound from 
several kilometres of copper conductor. This coil is mounted on a 
specially designed table and can be moved along the beamline to Its 
optimum position by a stepping motor. 

6.1.3 Scanner for outer orbits of the SSC 

This mechanism (figure 2) consists of a tantalum finger which is moved 
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in and out of the outer orbits of the SSC in order to determine their 
position. A pneumatic cylinder accomplishes the rapid 120 mm in-and-out 
movement within half a second to prevent burning of the tantalum finger, 
which is mounted on a water-cooled arm. A bellows insulates the 
mechanism from the atmosphere and it is nounted on the injection valley 
vacuum chamber adjacent to the electrostatic extraction channel. 

6.1.4 Scattering chamber for an experimental beamline 

A special scattering chamber is required for experiments that will be 
undertaken by Witwatersrand University. 

The chamber consists of two circular metal discs about 350 mm in 
diameter. These are mounted 30 mm apart and Kapton insulation is 
stretched around the outer perimeter in order to form a vacuum chamber 
between the two discs. 

The targets, six in all, are mounted on a carriage at the centre of the 
chamber. A mechanism can raise or lower each target into the beam 
plane. The angle of the target to the beam plane can also be changed by 
activating a stepping motor. A mounting for a television camera at 23* 
to the incoming beam is also provided. 

6.1.5 Beam swinger 

In order to measure neutron energy using "time-of-flight" experiments, a 
beam swinger capable of bending the incident beam through an angle of 
30* is being constructed. 

This device consists of three bending magnets and their associated 
vacuum chambers which will form a structure six metres long. The pole 
faces form part of the vacuum chamber in order to keep the pole gap as 
small as possible and thus intensify the magnetic field. 

The three-section vacuum chamber uses bellows-seals between the 
individual segments, and 0-ring sealing between the pole pieces and 
vacuum chamber allows for a relative movement of up to 10 mm between 
these sections. The centre magnet pole pieces have been designed with 
removable sections so that the curved pole edges can be modified if 
necessary. 

All the major components are being manufactured in South Africa at 
present. The whole project will be ready for operation early in 1989. 

6.1.6 Rotary target magazine 

Radiation levels in the isotope production area will be very high and 
therefore all material-handling functions will have to be automated. 
The function of the rotary target magazine is to place groups of target 
holders in the beam path and to change these at regular intervals. 

This machine (figure 3) allows for three layers of target holders at a 
time to be compressed against the beam window. Each layer has five 
yokes allowing for target holders of different thicknesses. The yoke 
arms are rotated past the beam window by three stepping motors all 
operating through a common shaft. Gases can be passed down the central 
shaft to the target holders, and electrical connections for the 
instrumentation also use this path. 



6.1.7 Robot arm - isotope production 

The function of the robot arm is to transfer the isotope target holder 
from the rotary target magazine to the isotope transport system. 

The arm has a pneumatic cylinder capable of swinging the unit between 
the magazine and transport system and a second pneumatic unit to move 
the head in and out. The head itself has two small pneumatic cylinders 
which open and close two clamps when a target holder is being 
transferred. 

The unit is mounted outside the target shielding and operates after the 
shielding sections have been separated to reveal the targets. 

6.1.8 Isotope transport system 

An electric rail transport system is used to carry the isotope holders 
to and from the isotope production vault. 

Electric trollies are driven along a central rack in an extruded 
aluminium channel. 

Since the positioning accuracy of the trolley drive is not good enough 
to be acceptable to the robot arm, a special mechanism has been designed 
to line up the yoke on the trolley with the robot arm. This consists of 
two small pneumatic cylinders mounted at the trolley reception point. 
These cylinders push the sub-assembly containing the yoke back to a 
fixed point against a spring. Four side wheels take up the load exerted 
by the robot arm, forcing the holder into the yoke, and four vertical 
wheels provide horizontal positioning. 

6.1.9 Target cooling system for isotope production 

Cooling water at a pressure of up to 70 bar will be supplied to the 
three targets in the isotope production area by a system of pipework 
controlled by electro-pneumatic valves. 

After the isotopes have been formed the cooling water will be remotely 
shut off and the pipework will be drained by passing compressed air 
through the system. 

In addition, cross-over electro-pneumatic valves are provided so that 
the cooling water returning from one target may be used to cool a second 
or third target. 

6.1.10 Magnetic spectrometer 

Construction of this project is progressing well and will be completed 
during 1989 (figure 4). 

The dipole magnets and vacuum chambers have been delivered to site; 
however, the pole pieces had to be returned to the manufacturer as 
certain tolerances were unacceptable. The spectrometer quadrupole was 
damaged during delivery, and is being repaired. 

The beam stop has been installed but services have not yet been 
completed. Power and cooling water services have been routed to the 
centre of the spectrometer. 
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Investigations are taking place to acquire turbo-pumps for the vacuum 
system that have minimal vibration. Two scattering chambers have been 
delivered from overseas. 

The NMR system will soon be ordered from Europe, and preparations have 
been made to do the field measurements in the near future. 

The main coils as well as the collimator carousel and hexapole magnet 
are on site. 

A member of the staff has been sent overseas for a year to study focal 
plane detectors and gas handling systems. 



Fig. 1 Revised coupling capacitor for SPC2. 
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Fig. 2 Pneumatically-driven finger-scanner for outer orbit(s) of SSC. 

Fig. 3 Rotary target magazine for isotope production. 
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Fig. 4 The K-600 spectrometer during assembly. 
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6.2 Electronic Engineering 

During the past year the Electronics group has worked on various 
projects such as an isotope target transport system, short-circuit plate 
control systems for SPC1 and the SSC, a single board micro-controller, a 
tuning capacitor control system, installation of power supplies and 
cables as well as numerous smaller projects. A description of some of 
the larger projects follows. 

6.2.1 Isotope target transport system 

At the isotope production facility, a commercial electric rail transport 
system for transporting targets and radioisotopes has been extensively 
modified for computer control. This system links the two irradiation 
vaults, via a set of mazes, to two rows of hot cells as well as to a 
storage area. The system also incorporates a parking loop where up to 
nine transporters can be parked. 

The target transport control system controls the movement of 
transporters while at the same time monitoring the status of the 
system. Commands are entered from a local controller which also 
displays the status of the system. A mimic panel displays the actual 
position of transporters, whether in transit or parked, and the status 
of the switchers. The whole system (figure 1) is controlled by a Z-80 
microprocessor located in a SABUS cardframe. 

The rail system consists of a continuous aluminium track, with power and 
control rails and a gear rack running between Vault 1 and the receiving 
hot cell A. Switchers are provided to switch a transporter from the 
main track to side tracks serving the parking loop, Vault 2, receiving 
hot cells B and the storage area (figure 2). 

Each transporter has its own geared electric motor operating from a 32 V 
dc supply picked up by means of two copper brushes in contact with the 
power rails. An additional brush feeds a positive voltage into the 
third rail which is used for position sensing. The 32 V electric motor 
has an integral gearbox which turns the drive shaft at approximately 
100 rpm resulting in a track speed of 0.4 m/s. 

The control system consists of four parts. They are the mimic panel, 
the local controller, the SABUS microprocessor, and the hardware 
controller. 

The mimic panel (figure 3) shows the layout of the tracks and the 
positions of the stations three-dimensionally. At every station a 
7-segment display indicates the identity of the transporter parked in 
it. If no transporter is parked in a station, the display is blanked. 
A set of LEDs in the Parking loop indicates the occupied positions. 
Another set of LEDs on the tracks indicates the progress of a 
transporter on the tracks between stations. The status of the switchers 
is indicated by a set of bicoloured LEDs. 

Commands entered on the local controller (figure 4) by means of 
push-buttons are relayed to the microprocessor. If a command is 
received by the microprocessor, the lamp under the push-button will 
indicate this. A dot-matrix display gives messages and information 
regarding the status of the system. Other front-panel features include 
a fault lamp, an alarm and two power supply status lamps. 
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The SABUS houses the microprocessor and a bubble memory for software 
storage. Other modules include three 32-bit relay output cards, one 
80-bit opto-isolator input card, a dot-matrix display interface card and 
a GPIB-interface card. The completed SABUS system together with the 
mimic panel and local controller are shown in figure 5. 

The hardware controller is situated near the rail system. It provides 
power to the tracks and switchers by means of relays controlled by 
SABUS modules. 

All the necessary component parts have been designed, assembled, tested 
and installed. The software for the control is currently being 
developed and commissioning of the whole system is planned for July 
1988. 

6.2.2 A single-board microcontroller 

In 1983 we designed and built a single-board microcontroller, and a 
number of these boards were used in various control systems. The 8073 
processor used ii. the original boards has now been replaced by the much 
more enhanced 8052 version. This decision was taken because of the 
greater availability of the 8052, a fuller BASIC interpreter, its easy 
and well-defined file-handling, and its speed. Memory space has been 
increased to 32 kbytes of non-volatile CMOS RAM and 16 kbytes of EPROM. 
The board allows interactive program development and is equipped with an 
on-board EPROM Programmer. 

The components are Integrated on a standard 220 Euro-card (figure 6). 
Two boards have been completed and tested and ten more are in 
production. 

6.2.3 Tuning-capacitor control system for the SSC 

A drive control system for the SSC was designed and built using the 
single-board microcontroller system. The capacitors are adjusted by 
means of two-speed three-phase motors, which in turn are controlled by 
the tuning-capacitor control system. 

The drive is initiated by a signal from the radio-frequency system in 
the form of a binary address incorporating an offset. An encoder on the 
drive mechanism feeds a signal to the drive unit giving the absolute 
position of the capacitors. The drive unit then switches on the motor 
which drives the capacitors at high speed to slightly beyond the address 
given. The radio-frequency system then supplies the final address to 
which the capacitors are driven using the slow speed for accurate 
adjustment. This system has now been linked to the radio-frequency 
control system for fully automatic operation. 

6.2.4 SPC1 and SSC short-circuit plate control systems 

Interlock control units for the 6 short-circuit plate control systems 
have been completed, together with all the relevant cabling and 
connectors. The Division has also assisted the rf-section in testing the 
link to the radio-frequency control system. Withdrawal of the contact 
fingers on the short-circuit plate is now done automaticaly, reducing 
the time required for a frequency change from 90 to 20 minutes. 
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Further improvements are now being implemented, using the 
newly-developed single-board microcontroller. Software from the older 
system has been rewritten for the new 8052 system, including some major 
changes to reduce the time taken for a frequency change from 20 to 10 
minutes. The first of the six short-circuit plate control units has 
been modified and tested successfully. 
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Fig. 5 The isotope target transport control system. 

Fig. 6 The single-board microcontroller with 32 kbytes of CMOS RAM 
and 16 kbytes of EPROM. 
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SECTION 7 EXPERIMENTS : PHYSICAL SCIENCES 

7.1 Experimental Nuclear Physics 

7.1.1 Differential cross-section for n-p radiative capture at 
E n - 61 MeV 

M S Allie, F D Brooks, D G Aschman, W A Cilliers, M Murray, 
S M Perez, D Steyn 
University of Cape Town 

D T L Jones, W R McMurray, J V Pllcher, J C Cornell, 
B R S Simpson, F D Smit 
National Accelerator Centre 

D W Mingay K Bharuth-Ram 
Atomic Energy Corporation University of Durban Westville 

H G Miller I J van Heerden 
University of Pretoria University of Western Cape 

1 2 The angular distribution of photons from the H(n,y) H reaction at 
EJJ» 61 MeV is being studied using the new collimated neutron beam 
facility at NAC (see section 5.1 of this report.) Deuterons from the 
reaction are detected in an active proton target consisting of an NE213 
liquid scintillator (50 mm dlam. x 50 mm) located at the vertex of the 
experiment. Coincident gamma rays are detected in an array of 9 sodium 
iodide crystals (75 mm diam. * 125 mm) with centres at a radius of 
264 mm (see figure 1). The multiparameter data which are recorded and 
analysed event-by-event include the incident neutron time-of-flight, the 
NE213 pulse height L and pulse shape S, the Nal pulse height, the 
coincidence time delay between NE213 and Nal, and a pattern register 
indicating the gamma detector (or detectors) active in the event. The 
off-line analysis of the multiparameter data enables the very rare np+dy 
capture events to be clearly identified from their kinematics and their 
pulse-shape discrimination characteristics. Figure 2 shows, for 
example, a density plot of counts in the L-S plane obtained in 133 hours 
of running, from one of the Nal detectors, at a laboratory angle of 
90*. The deuteron peak from np-capture is clearly Identified, centred 
at the co-ordinates (L,S) - (36,34). 

The differential cross-section for this reaction may be transformed by 
application of time-reversal invariance to a cross-section for the 
Inverse reaction, deuteron photodislntegration at E * 31.5 MeV. There 
is special interest {1} in measurements at this energy because a number 
of experiments have reported data in disagreement with one another and 
with theoretical predictions. The analysis of the present measurements 
is now under way and comparisons are being made with calculations based 
on the Paris potential and other nuclear potentials. The good signal-
to-background ratios obtained in the raw data (e.g. figure 2) should 
lead to accurate values for the differential cross-section, which 
should in turn permit a critical comparison with the theory. 

Reference 
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Experimental arrangement for detecting gairnas ,mcl deuterons 
from the np+dy reaction. Nine NaT detectors surrounded by 
lead shields form a ring around the central vertex detector 
(NE213 liquid scintillator). The neutron bean niters through 
the gap in the lead shielding (top left). 
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7.1.2 NE213 liquid scintillator response to 61 MeV neutrons using 
the NAC neutron beam facility 

F D Brooks, M S Allie, W A Cilliers, D G Aschman, D Steyn, 
A Buffler, M Murray 
University of Cape Town 

J C Cornell, W R McMurray, B R S Simpson, F D Smit, 
J V Pilcher, D T L Jones, 
National Accelerator Centre 

D W Mlngay K Bharuth-Ram 
Atomic Energy Corporation University of Durban Westville 

Beamline D of the physics target area at NAC is now being used for 
experiments requiring pulsed neutrons at moderate intensity. Protons are 
directed through a radiation and conduction cooled natural lithium target 
(1 to 5 mm thick) and deflected into a beam dump which is shielded from 
the experimental area by iron and concrete. Collimators (50 x 50 mm) 
through the steel shielding may be used to select neutron beams from the 
Li(p,n) reaction at angles of 0*, A* 8* 12", or 16* to the proton beam. 

A neutron time-of-flight resolution of 0.3 ns m~ has been obtained using 
an NE213 neutron detector/target at a flight path of 7 m on the 0* line. 
The pulse selector of the NAC cyclotron has been used to reduce the pulse 
repetition rate to 16 MHz, thereby enabling measurements down to neutron 
energies as low as 20 MeV without pulse overlap problems. 

Figures 1 and 2 show two-parameter spectra obtained from a 
50 mm diam. * 50 mm NE213 liquid scintillator. Three parameters were 
recorded for each event: the neutron time-of-flight T, the pulse height 
L from the NE213 scintillator, and the pulse shape S from the 
scintillator. Figure 1 shows counts (vertical) versus L and S for 61 MeV 
neutrons only, selected (off-line) by a window on the time-of-flight T. 
Protons, deuterons, alphas and other components from different reactions 
in the detector are clearly distinguishable in this L-S distribution. 
Figure 2 shows counts (vertical) versus L and T for proton events; the 
protons were selected by a cut (or corridor) bracketing the proton ridge 
in the L-S plane (figure 1). Prominent features in figure 2 are the 
intense component at the time-of-flight corresponding to 61 MeV neutrons 
and the recoil proton plateau associated with n-p elastic scattering of 
the continuous and weaker low-energy neutron component from the Li(p,n) 
source. The 'cliff at the edge of this plateau shows the locus of 
maximum recoil-proton energy as a function of incident neutron energy (or 
time-of-flight, T). 

Protons, deuterons and alphas from neutron reactions on the carbon 
component of the NE213 scintillator contribute significantly to the 
detector response at these neutron energies, as can be seen in figure 1. 
The deuteron component from the C(n,d) B reaction, for example, shows 
features similar to those observed for the analogous C(p,d) C 
reaction, which has been thoroughly investigated {1} at incident proton 
energies close to 61 MeV. The data obtained for the C(n,d) reaction at 
this energy and at lower energies are being analysed and compared with 
those reported for the C(p,d) reaction. 

Reference 

1. P G Roos, S M Smith, V K C Cheng, G Tibel l , A A Cowley, 
R A J Riddle, Nucl. Phys. A255 (1975) 187 



73 

1 Perspective view of counts (vertical) versus NE213 pulse 
height L and pulse shape S for 61 MeV neutrons. Features 
attributed to n-p elastic scattering and the products of 
neutron reactions on carbon in the scintillator are: protons 
escaping from the scintillator (ep) protons (p), deuterons 
(d), tritons (t) and alphas (a) from C(n,oc) or C(n,n')3a. 

2 Perspective view of counts (vertical) versus neutron titne-of-
flight T and NE213 pulse height L for events identified as 
protons by pulse shape discrimination (see figure 1). The 
ridge on the right corresponds to the intense forward peak of 
61 MeV neutrons from the Li(p,n) reaction at Ep= 65 MeV. 
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7.1.3 Model calculations for continuum yields induced by 200 MeV 
protons on four different targets 

S V Fo'rtsch, A A Cowley, J J Lawrie, J V Pilcher and 
D M Whittal 

Calculations obtained from four different models appropriate to the 
pre-equilibrium part of the (p,p') spectrum are compared with each other 
and with experimental data to determine to what extent the shapes of 
continuum spectra induced by 200 MeV protons on a number of targets are 
reproduced by the models. Inclusive (p,p') spectra were measured for 
the targets 1 2C, 2 7A1, 5 8Ni and 1 9 7Au at 20* (lab). The models are 
discussed below. 

(i) Geometry-dependent hybrid model 

The geometry-dependent hybrid model (GDH) of Blann {1} is a formulation 
in which effects of interactions in the diffuse nuclear surface on 
pre-equilibrium decay are included to take into account the nuclear 
density distribution. Like the exciton model, the GDH model also starts 
from a system of n=p+h excltons, created after the first projectile-
target interaction. In contrast to the exciton model, each exciton in 
the hybrid model interacts independently from the others. In the 
formulation of the GDH model, the geometry-dependent influences are 
manifested in two distinct manners, namely the longer mean free path 
predicted for nucleons in the diffuse surface region and secondly the 
assumption that the hole depth is limited to the value of the Fermi 
energy which is calculated for each trajectory in a local density 
approximation. 

The revised ALICE code ALICE/85/300 {2} was used to obtain the 
theoretical predictions for the four experimental spectra, shown in 
figures 1 to 4. 

In all four cases, the model severely under-estimates the lower 
energy region. The inability of the model to predict the yield near the 
quasi-free energy region correctly, agrees with observations of Ernst et 
al. {3} that the model is not reliable at excitation energies above 
approximately 25 MeV. 

(ii) Infinite slab model (analytic approach) and 

(iii) Fri.mi gas model 

In another model, the single-step contribution to nuclear inelastic 
scattering is analyzed in the independent particle model. The formalism 
for the single-step total cross-section and the response function are 
taken from the work of Bertsch et al. {4}. In the distorted-wave impulse 
approximation the nucleon-nucleon cross-section can be factorized from 
the nuclear response allowing the cross-section to be expressed as 
{4}: 

d2a da 
dQdE dQ 

N f f S(q,E) 
NN 
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where — is the nucleon-nucleon cross-section, N„ff is the effective 
dQ NN 

number of target particles and the nuclear response to the projectile 
scattering probe is given by S(q,E). 

To include the most basic effect of the finite nuclear size, namely the 
breaking of translational invariance, the semi-infinite slab model of 
the nucleus is introduced. Other effects of finite size such as the 
interference between amplitudes from different areas of the «ucleus, are 
not calculable in the slab model. It is assumed that a projectile 
travelling along the surface interacts via a single-step collision. The 
region of importance inside the nucleus is a ring in the equatorial 
plane perpendicular to the beam axis. The implication of this 
assumption is confirmed by the yields of the four different targets 
taken at the quasi-free peak being a function of the mass A (fig. 5), 
which is strongly related to the nuclear radius. The straight line is a 
least-squares fit to the data points. 

Bertsch et al.{A} suggest an approximate analytic solution to the fairly 
complicated expression of the response function by approximating the 
unoccupied states for the particle-hole excitation by plane waves. In 
this approximation, the Pauli blocking is lost due to the complete set 
of states found by the plane waves. This is then restored by 
factorizing the response and introducing a blocking factor 

In the Fermi gas model, the response can be evaluated analytically in a 
similar way {A}. 

Results of the analytic approximation of the infinite slab model as well 
as the Fermi gas model are shown in figures 1 to A. 

Results obtained by means of the analytic approach to the infinite slab 
model reproduce the shape of the continuum quite reasonably after proper 
normalization. However, the predictions of the Fermi gas model tend to 
rise and drop off too sharply and peak at a slightly higher energy. 

(iv) Distorted-wave impulse approximation (DWTA) 

DWIA calculations for 1 2C, 2 7A1, 5 8Ni and 1 9 7Au (figures 1 to A) were 
performed as described by Wesick et al.{5} by means of the code THREEDEE 
{6} for nucleon contributions coming only from the valence shell. In the 
case of Al, the occupation numbers of the Id /2 shell were taken to be 
5 and 6 for protons and neutrons as given in the sum-rule limit with 
binding energies of 8.3 MeV and 13.1 MeV respectively. For Ni, only 
the completely filled If /2 shell was considered, requiring a binding 
energy of 8.1 MeV for the protons and 12.2 MeV for the neutrons. The 
lh /2 shell contributions foi Au appear to have a minor influence on 
the formation of the continuum. 

The calculations were normalized by the factors listed in table 1. With 
the exception of the DWIA model the introduction of normalization 
constants is, however, arbitrary and without physical justification. 

A comparison of the models with the data indicates that the best 
agreement between theory and experiment is obtained with the DWIA model. 
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The calculations generally show serious deficiencies in their ability to 
reproduce the experimental data and this aspect will be studied further. 

Table 1. Normalization constants 

Model 

GDH 

Infinite 
slab 
model 

Fermi gas 

DWIA 

Target 

1 2r 27 
58 
197 

Al 
Ni 
Au 

i 2( 27 
58 
197 

Al 
Ni 
Au 

1 2< 27 
58 
197 

Al 
Ni 
Au 

1 2 r 
27 58 
197 

Al 
Ni 
Au 

Constant 

1.8 
1.0 
0.8 
1.0 

1.37 
2.0 
2.4 
4.2 

1.0 
1.5 
1.7 
3.5 

0.65 For both final 
2.0 and initial 
9 energy prescrip-

20 tions 
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Fig. 5 The yield at the quasi-free peak of the four different targets 
versus A/3 where A is the atomic mass. The solid line is a 
least-squares fit to the points. 
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7.1.4 Continuum yields from C(p,p') at incident proton energies of 
90 and 200 MeV 

S V Fortsch, A A Cowley, J J Lawrie, J V Pilcher, 
D M Whittal, E Friedland* and J C van Staden* 

*University of Pretoria 

The dominant reaction mechanism responsible for excitation of a nucleus 
into the continuum, between the region corresponding to evaporation from 
an equilibrated system and the excitation of discrete states, is not 
known well for nucleon-nucleus scattering in the incident energy region 
of 100 to 200 MeV. 

1 2 The target nucleus C has been chosen for this study because it is 
known {1} to yield a very prominent "quasi-free" peak at an incident 
proton energy of 150 MeV, which is assumed to originate from an initial 
nucleon-nucleon interaction between the incident particle and a nuclear 
constituent. 

Consequently we investigated whether the qualitative features of the 
pre-equilibrium continuum spectra from the reaction C(p,p') as a 
function of incident energy at 90 MeV and 200 MeV could be reproduced by 
a model which assumes a simple quasi-free projectile-nucleon 
interaction. 
The results, which have been accepted for publication {2}, indicate that 
at incident proton energies of 90 MeV to 200 MeV, the quasi-free 
knockout mechanism is an important component of the inclusive reaction 
C(p,p') which leads to protons scattered into the continuum. The 

observed features of the continuum spectra (figure 1) are certainly 
influenced by the effect of this reaction mechanism. 

References 

1. R E Segel, S M Levenson, P Zupranski, A A Hassan, S Mukhopadhyay 
and J V Maher, Phys. Rev. C32̂  (1985) 721 

2. S V Fo'rtsch, A A Cowley, J V Pilcher, D M Whittal, J J Lawrie, 
J C van Staden and E Friedland, Nucl. Phys. (to be published) 



81 

1 1 1 — 

«Cfop') £r = 90 MeV j 

20* 

30* 

N. . 

0 20 40 60 SO 100 

energy [MeV] 

S 
2 

E 

UJ 

C 
•o 

b 
N 

12 

10 

0.8 

0.6 

0.4 

0.2 

0.0 

0.6 

0.4 

0.2 

0.0 

0.6 

0.4 

0.2 

0.0 

0.4 

0.2 

0.0 

0.4 

0.2 

0.0 

0.4 

0.2 

0.0 

- • • 

1 1 1 r 
"C(P.P') Ep= 200 MeV 

40" 

. 60' 

75" 

i i 

0 40 80 120 160 200 

energy [MeV] 

Fig. 1 12 
Continuum spectra for C(p,p') at incident energies of 90 and 
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7.1.5 Development of a detector telescope for studies of the 
reaction A(p,2He) at 200 MeV 

J J Lawrie, A A Cowley, D M Whittal, S V Fortsch and 
J V Pilcher 

2 
The unbound He state has been observed in nuclear reactions induced by 
deuterons and alpha particles at energies below 100 MeV {1,2}. In order 
to determine whether the (p, He) reaction could be used as a 
spectroscopic tool at higher energies we investigated the possibility of 
developing a detection system capable of observing the break-up protons 
from He produced by 200 MeV protons. 

Because of the small angular difference between the break-up protons and 
the increased probability for out-scattering at these higher energies, 
we envisaged detection of both break-up protons in a single NaT 
detector, with the proton-proton coincidence condition derived from two 
vertically displaced delta-E detectors. 

A preliminary low-cost and low-resolution detector telescope, depicted 
in figure 1, consisted of two 3 mm plastic scintillator delta-£ 
detectors (NE102) mounted in front of a single 76 * 127 mm Nal 
detector. The delta-E detectors covered angular ranges of 5* in-plane 
and 0* to +4* and 0* to -4* out-of-plane respectively. The plastic 
scintillators were optically insulated with thin aluminium foil and 
were coupled via light guides to photomultipliers. A single rectangular 
brass collimator defined the angular acceptance of the detector 
telescope. 

The detector telescope was tested in an experiment with 200 MeV protons 
incident on an Al target. Coincidences between the two delta-E 
detectors were recorded using standard fast electronics and an on-line 
computer data acquisition system. Data were recorded at 45* with a beam 
current of 20 nA for ~15 hours and at. 20* with a beam current of 5 nA 
for ~10 hours. 

A preliminary analysis of the data at 45" indicates that, although a 
two-proton locus can be identified in the particle identification 
spectrum (figures 2 and 3) for both real and random coincidence events, 
these two-proton events can not be cleanly separated from the background 
in the energy region of interest. This background in the real 
coincidence spectrum could be due to low-energy particles stopped in one 
of the delta-E detectors that are in coincidence with energetic protons 
detected in the other delta-E detector. Although a favourable real-to-
random coincidence ratio is observed in the coincidence spectrum 
(figure 4) a comparison of two-proton events yielding a sum energy of 
more than 200 MeV indicates that unacceptable time structure was present 
in the beam. In constructing a sum-energy spectrum in which random 
contributions have been subtracted, it was necessary to normalize the 
random contribution to the yield at energies higher than 200 MeV. 
Taking into account the low statistics, large backgrounds and 
uncertainties in the random subtraction, no indication of the (p, He) 
reaction leading to low-lying states in Mg could be identified 
(figure 5). 

Further analysis aimed at reducing the background in the particle 
identification spectra is in progress. 
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7.1.6 Integral excitation functions for proton-induced reactions on 
Mn and Ni in the energy range 20 - 200 MeV 

G F Steyn, S J Mills and F M Nortier 

The measurement and analysis of integral excitation functions for 
proton-induced reactions on Mn, initiated in the previous annual report 
year {1}, have been continued. The previous measurements were extended 
from 66 MeV to 200 MeV and the results obtained over the whole energy 
range from 20 to 200 MeV have been compared with theoretical 
predictions. As a consequence of the fact that Mn/Ni alloy foils were 
employed in the foil-stack irradiations, and Ni foils therefore had to 
be included in the foil stacks in order to enable subtraction of the 
contribution of the Ni content of the alloy, excitation functions for Ni 
as target element were automatically also obtained, and formed an 
inherent part of the present investigation. 

Cross-sections were measured for the production of ' K, 
«•-«•"«Sc, " 8V, « ' « ^ C r , 5 2 , 5 V a n d 5 2 F e f r o m M n ) ^ k i ' H * S c t 

* 8V, M . M . S l ^ 5 2 , 5 V 5 2 F e > 55 ,56 ,57,58 C o a n d 56,57 N i f r o m m . 

Corrections for the contributions of precursors were only applied if the 
precursors were also measured; otherwise the cross-sections are, in 
principle, cumulative. Examples of the measured excitations functions 
are shown in figures 1 and 2, together with relevant earlier results 
{2,3}. In general the present results are in reasonably good agreement 
with previous measurements, where these are available. 

The theoretical calculations were performed by means of the latest 
version of the ALICE computer code, ALICE/85/300 {A}, and were based on 
the geometry-dependent hybrid model {5,6} for the pre-equilibrium 
emission of neutrons and protons, in combination with the Weisskopf-
Ewing evaporation theory {7} for the subsequent equilibrium emission of 
neutrons, protons, alpha particles and deuterons. An excitation energy 
bin-width of 1 MeV was used for modelling the de-excitation cascades. 
For the pre-equilibrium calculations, default initial exciton 
configurations {8} were used, and the intranuclear transition rates were 
based on nucleon mean free paths calculated from free nucleon-nucleon 
scattering cross-sections. Experimental binding energies, taken from 
the 1983 compilation of Wapstra and Audi {9} were read in when 
available; otherwise internally-generated binding energies were used, 
calculated from the Meyers and Swiatecki mass formula {10}. Inverse 
reaction cross-sections were supplied by the optical-model subroutine of 
the code. In the calculation of the level densities the default value 
of A/9 was taken for the level-density parameter and, in addition to a 
pairing-energy shift, a shell-correction shift of the ground state was 
also introduced. This has previously been found to be essential in the 
present mass region, around the closure of the If /2 neutron and/or 
proton shells {11,12}. The pairing and shell-correction shifts were 
calculated in the code from the corresponding terms in the mass formula 
of Meyers and Swiatecki {10}, and were applied back-shifted {13}. 

As has also previously been shown by Michel et al. {2}, the agreement 
between theory and experiment was found to vary from excellent to very 
poor (see figures 1 and 2 for examples). In some cases, e.g. those of 

Sc, K and K, the ability of the theory to describe the measured 
cross-sections by a priori calculations is truly remarkable, taking into 
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account the number of nucleons which are emitted from the compound 
nucleus to produce these nuclei* In other cases, e.g. those of Cr and 

Cr, the complete failure of the model to describe much simpler decay 
cascades (although the shape is often still predicted reasonably 
accurately,) cannot be explained satisfactorily. Attempts at using 
other prescriptions {8,14} for applying the calculated pairing 
corrections have failed to improve the overall agreement with the 
experimental results, although some improvement could be obtained for 
certain individual cases. From a previous study {11} it is known that 
considerably better overall agreement with experimental results can be 
obtained for Ni (as well as Co) if shell-correction shifts calculated 
according to the prescription of Rosenzweig {12,15} are used, albeit 
with a modified version of an earlier code {16}. Preliminary 
calculations with ALICE/85/300 indicate, however, that this is not true 
in the case of Mn. 
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7.1.7 Excitation of giant multipole resonances with 120 and 140 MeV 
alpha particles 

W J Naudé*, D J Swanepoel+, W de K Loubser*, J A Stander* and 
J W Koen* 

•University of Stellenbosch 
"'ïskom 

Although giant resonances are basically independent of projectile type 
and incident energy, their relative separation in the energy spectra, as 
well as the spectrum background, do change with these parameters, thus 
favouring certain particles or energies more than others in these 
studies. 

In an experiment which is complementary to the study of inelastic 
scattering with 66 MeV protons reported previously {1}. 120 MeV alpha 
particles were scattered from 5 8Ni, 9 2Mo, 9 8Mo, 1 6 9Tm, 1 7 6 Y b and 1 9 7Au, 
while 140 MeV alpha particles were scattered from Ni and Ni. 
Scattered particles were detected with a AE-E telescope consisting of an 
E * 150 u Si detector and an E * 5 mm Si (Li) detector. Spectra were 
recorded from 6.5* to 54* in steps of 1.5* to 3.5*. Examples of spectra 
with 120 MeV alpha particles are shown in figure 1. The data for 140 
MeV alphas were recorded several months after the 120 MeV run. These 
spectra unfortunately had poorer quality due to the deterioration of 
resolution of the Si(Li) detector with time. 

Also shown in the spectra of figure 1 are the expected positions of the 
giant quadrupole resonance peak. For these heavier nuclei shown in the 
figure, the fine structure of giant resonances is so dense that a 
characteristic structure appears in the cross-section with an 
approximately Lorentzian shape and one can determine the parameters of 
the giant resonance from the structure. 

After suitable background subtraction the experimental cross-sections 
will be determined as far as possible for separate L-values and the 
experimental angular distributions compared with predictions of 
macroscopic collective model DWBA calculations. 

Reference 

1. National Accelerator Centre Annual Report NAC/AR/87-01 (CSIR, 1987) 
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7.1.8 Continuum decay associated with the scattering of 200 MeV 
12 protons from C 

J V Pilcher, A A Cowley, J J Lawrie aud D M Whittal 

Studies of coincident particle emission from continuum states in nuclei 
can provide a potentially powerful means of understanding the nature of 
e reaction mechanisms which excite the continuum. Previous studies on 
Ni {1,2} indicate that the mechanism is dominated by an intranuclear 

nucleon-nucleon collision as the initial step in the formation of 
continuum yields, and that this is followed by rescattering from the 
Initial spectator part of the target nucleus. 

An experiment to detect coincident protons emitted from the continuum 
induced by incident protons of 200 MeV on C has been described {3,4}. 
In order to test the assumed reaction mechanism, cuts are taken in the 
two-dimensional coincident proton energy spectra. Three cuts, each with 
a total width of 10 MeV, correspond to the detection in one of the 
detector telescopes of protons with an energy centred on 70, 100 and 
130 MeV respectively. Energy spectra of protons detected in a second 
detector telescope from events which fall within two of these cuts are 
shown in figure 1. 

To test the postulated reaction mechanism, data are required for the 
inclusive reaction C(p,p') at incident energies close to 60, 90 and 
120 MeV as a compromise between ignoring or including the binding energy 
of the struck nucleon. Published data {5} at an incident energy of 
61 MeV were used for the first case, and inclusive measurements were 
planned at NAC for the remaining two cases. The measurements at 90 MeV 
were undertaken during the past year {6}, and the measurements at 
120 MeV are scheduled for the very near future. 

A computer program based on the theory of Ciangaru {7} was written. 
This theory requires the folding of a quasi-free cross-section, 
describing the initial nucleon-nucleon interaction, with an inelastic 
cross-section, describing the rescattering of the struck nucleon from 
the spectator part of the target nucleus. The required quasi-free 
cross-section calculations were performed using the distorted-wave 
impulse approximation (DWIA) with the program THREEDEE {8}, and the 
elastic cross-sections were obtained from the experimental Inclusive 
C(p,p') measurements. 

The resultant calculated cross-sections are plotted in figure 1 as the 
solid curves, overlaying the experimental proton spectra for the cuts 
taken at 100 and 130 MeV in the coincident data. In addition to the 
trend in the distributions being well reproduced, the absolute 
magnitudes agree as shown if a value for the total proton and neutron 
inelastic cross-section is chosen approximately 35% lower than the 
accepted proton reaction cross-section. 

The observed agreement between the experimental data and calculations 
may be considered significant, given the simplicity of the model to 
describe the reaction, and lends strong support to the postulated 
mechanism in the formation of continuum yields at this energy. 

w 

ft 
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7.1.9 Nuclear excitation with 40 MeV alpha particles 

D J 9wanepoel+, V J Naudê*, W de K Loubser*, J A Stander* and 
J V Koen* 

*Unlversity of Stellenboch 
~*Eskom 

Gamma-gamma and particle-gamma coincidence spectra were recorded using 
a beam of 40 MeV alpha particles incident on C, 2 7A1, 2 8Si, 3 K and 

Ca targets. The scattering chamber described previously {1} was used 
with the gamma-ray angular correlation table. The gamma-table consists 
of three radial arms which can be rotated independently at three 
different levels. 

For particle-gamma coincidence measurements a AE-E telescope consisting 
of a 20 u silicon transmission detector and a 2 ami silicon E-detector 
was used. Gamma rays were detected with two high-purity Ge detectors of 
about 2SZ efficiency. 

An example of gamma-gamma coincidence spectra on a target of calcium 
oxide evaporated on self-supporting carbon, is shown in figure 1. 

We envisage performing experiments with 40 MeV alpha particles together 
with those being done with 12 MeV alphas on the Van de Graaff 
accelerator in nuclear structure studies of sd and fp-shell nuclei. 

Reference 
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7.1.10 The Reaction **He(p,p'X) for Xgp.d.t.^e at an incident energy 
of 100 MeV 

D M Whittal, A A Cowley, J V Pilcher, S V Fortsch and F D Smit 

Quasi-free knockout induced by 100-200 MeV protons on a target nucleus 
seems to make a large contribution to the proton continuum spectrum, 
especially for light targets {1,2}. Indeed, there is evidence {3-6} 
that the first stage of any proton-nucleus reaction is dominated by 
quasi-free scattering from a single nucleon within the nucleus. 

In a recent study of continuum spectra induced by incident protons of 
100 and 150 MeV on 3He and l*He, Wesick et al. {1} find that the 
experimental cross-sections and analysing powers can be accounted for 
moderately well if the contribution of deuteron-cluster knockout is 
added to the quasi-free nucleon knockout. It is also speculated that in 
the case of He, inclusion of triton-cluster knockout may further 
improve the agreement letween theory and experimental data. 

u We have performed an experiment on the target nucleus He at an incident 
proton energy of 100 MeV in which we observed the scattered proton and 
cluster in coincidence, as this allows direct determination of the 
relative importance of cluster knockout as a component of the continuum 
proton spectra. 

A proton beam with an incident energy of 100 ±0.3 MeV was delivered by 
the separated-sector cyclotron. The target consisted of high-purity 
helium gas regulated to a constant pressure and contained in a gas cell 
with thin Havar windows. Protons at primary angles of 30*, 45* and 60* 
were observed in coincidence with protons, deuterons, tritons and He at 
a range of secondary angles which covered the region of major yield of 
the secondary particles. The secondary detector telescopes were on the 
opposite side of the beam to the primary angles and were positioned in 
the reaction plane as defined by the incident proton beam and a primary 
detector, as well as out of the reaction plane (see figure 1). 
Geometries at which data were obtained are shown in figure 2. Detector 
telescopes consisted of three elements (100 um Si AE followed by 1000 urn 
Si AE with a 50 mm $ x 120 mc Nal stopping detector) for a wide dynamic 
range on all reaction products. Standard fast electronics interfaced to 
an on-line computer were used to process the data and write 
event-by-event tapes for further off-line analysis. 

At present the accumulated data are being analysed. 
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7.1.11 High-energy proton radiative capture 

A Zucchlattl, J P F Sellschop, H J Annegarn, R W Fearick, 
R J Keddy, A Pillay, M C Stemmet, B Cole 
Schonland Research Centre for Nuclear Sciences, University of 
the Uitwatersrand, Johannesburg 

D Aschman, H Murray, D Steyn 
University of Cape Town 

H G Miller 
University of Pretoria 

C Toepffer 
University of Erlangen, Federal Republic of Germany 

The high-energy anti-coincidence scintillation gamma-ray spectrometer 
HAGAR has been used to study the radiative capture of protons by C. 
The basic setup was described in the 1987 Annual Report {1}. The 
experiment has had two further runs since that report, in August-
September 1987 and in February 1988, concentrating on C as target 
nucleus. The results of some measurements were presented at two 
conferences in September 1987 {2,3}. 

13 
Angular distributions of the gamma rays emitted from the N nucleus 
have been measured at emission angles in the laboratory frame from 30* 
to 148"; from six to nine points have been measured per angular 
distribution. Distributions have been obtained for proton energies (lab) 
E p- 40, 43, 46, 48, 49, 50, 52, 54 and 66 MeV. In addition, energy 
spectra have been obtained for the B(p,y) C reaction at E_« 27 MeV, 
for the purpose of defining the detector response function. 
The spectra {1} show prominently the transition to the ground state of 
N, and to the second and third excited states. Less prominent are 

transitions to other states. Nevertheless, it is possible to fit a 
series of peaks to the spectra to extract information on transitions to 
states at excitation energies in the N nucleus from 0.0 MeV to 20 MeV 
{4}. Some complications arise because of gammas from the reaction 
C(p,p'y) C which fall within the gamma energy region of interest at 

certain proton energies. For this reason the initial preliminary data 
analysis has concentrated on transitions to the low-lying excited states 
of N. The angular distributions are strongly forward peaked, 
indicative of strong E1-E2 mixing in the decays. Data for the ground 
state transition are given in figure 1. The data have been fitted with 
a sum of Legendre polynomials to obtain both the total cross-sections 
and the expansion coefficients a^. The cross-sections at various 
excitations in the final nucleus are shown as a function of energy in 
figure 2. We note the presence of considerable structure in the data, 
especially a well-defined peak in the ground-state data at around 
48 MeV. 

At present, data analysis is still proceeding and it is premature to 
draw firm conclusions from the data. However, the Legendre coefficients 
seem to indicate that both dlpole and quadrupole strength is Increasing 
in the 40-50 MeV region of N, In contrast to the case of C where the 
dlpole strength remains constant {4). The theoretical implications of 
the data are being examined by the theorists on the team. 
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7.2 Technical Developments 

7.2.1 Experimental Facilities 

The beamllnes equipped with experimental facilities available to the 
users have been increased, and now include: 

(i) a 1.5-metre diameter scattering chamber, 
(ii) a high-energy gamma ray detector (HAGAR), 

(ill) a 3-arm gamma ray correlation table, and 
(iv) a collitnated neutron beam facility. 

The last of these is described in some detail in section 5.1.6, and 
first experimental measurements are reported in section 7.1.1 and 7.1.2. 

The beam swinger is still being manufactured, although progress has been 
made with the construction of mobile collimators on rails at 0*, 30* and 
60* to the incident beam direction- Refer to section 5.1.4. 

Good progress has also been made with the K=600 spectrometer, which is 
now very nearly ready for field-mapping. Refer to section 5.1.5 and to 
section 6.1.10. 

7.2.2 Data handling 

J Pilcher, C Wikner and K Springhorn 

A number of computer hardware failures occurred during the past year. 
These necessitated the replacement of two 450 Mbyte Winchester hard disk 
assemblies, a servo and controller board for these drives, one of the 
heads of the 200 Mbyte removable disk drive following a head crash, a 
processor and a memory board, and a hard-copy terminal print head. A 
colour graphics terminal power supply failed again, and to eliminate a 
possible cause for these repeating failures, a mains power regulator 
having noise filters and a constant voltage transformer was installed. 

An additional colour graphics terminal and ink-jet plotter, and a 
further 4 Mbytes of memory for the data analysis computer were installed 
during the past year. Two monochrome graphics terminals and a second 
eight-port terminal server are currently on order. A dial-up modem has 
been connected to one of the terminal server ports to facilitate access 
to the data handling system over the public switched telephone network. 
A synchronous modem has been purchased to connect the data analysis 
computer to SAP0NET, the national X-25 packet-switched network, and the 
software to support this X-25 link has been Installed. 

All the printers and plotters have been connected to ports on the 
terminal server to enable transparent access to these devices to be 
gained from any of the data handling system's computers. A serial 
interface for the 600-lines-per-minute band printer was installed to 
enable it to be connected to the terminal server. 

Software has been written for the primary event analysis package used at 
the laboratory to allow replay on this system of data event tapes 
produced by the multi-parameter acquisition computers at the Van de 
Graaff laboratory. This is now used on a routine basis for analysing 
data from experiments performed at the Van de Graaff. 
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A general set of subroutines has been developed to extract histograms 
from the data files produced by the cyclotron-based data acquisition 
system. These routines have been Integrated Into the gamma 3pectral 
analysis program, SAMPO, which Is used extensively at the laboratory. 

A software bug In the data room current-Integration system was 
discovered and corrected. The problem showed up when there was no beam 
current, at which time the software "rectified" any incoming r.olse to 
display random ratios on the beam stop elements. An analogue output was 
also provided on the control room slave display for monitoring the 
stability on a chart recorder. The current-integration system for the 
Radioisotope Production Division is currently under construction. Most 
of the hardware has been built, and the software has been written but 
not tested. 

A number of smaller items and NDf modules were constructed during the 
past year. These include ten transistorised photomultlplier bases, two 
photomultiplier LED pulsers, a dc discriminator, stepping motor driver, 
and an 8-channel programmable stepping motor controller. Four more 
mobile cable racks with a number of patch cables were also constructed, 
one of these being for the Medical Physics Group and one for the Van de 
Graaff Group. 

A dividing wall has been installed in the data room to reduce the noise 
level in the experimental physics area. The source of the noise is the 
fans in the computers and peripherals of the data handling system. 
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SECTION 8 BIOPHYSICAL SCIENCES 

ry: The p(66 MeV)/Be isocentric neutron therapy facility has been 
operational since February 1987. Many of the physical beam 
characteristics have been determined while several research 
projects and preclinical biological calibrations have been 
completed. It Is anticipated that patient treatment will 
commence before the end of 1988. 

8.1 Research and Calibration Projects on Neutron Therapy Unit 

In addition to the physical characterisation of the neutron therapy beam 
the following calibration and research projects were undertaken during 
the period June 1987 to May 1988: 

Measurement of survival curves for V79 cells. 
Determination of mouse foot response. 
Determination of LD50/6 and LD50/30 for whole body mouse 
Irradiation. 
Measurement of RBE using mouse jejunum crypt cell assay. 
Assessment of RBE by measurement of growth inhibition in vicia faba 
merlstem. 
OER determination using vicia faba meristem. 
Measurement of chromosome aberrations. 
Measurement of the RBE of Faure and Pretoria neutron beams. 
Asses8ement of RBE of fractionated doses on pig skin. 
Effect of fractionated irradiation on mouse jejunum crypt cells. 
Microdoslmetric properties of the neutron therapy beam. 
Oxygen gain factor of the neutron therapy beam. 
The effect of radiation on cartilage growth. 
The effect of a beam filter on RBE values at different in-phantom 
depths• 
LET measurements In a filtered and unfiltered beam. 
Measurement of survival curves for B16 murine melanoma "ells. 
Neutron dosimetry intercomparison studies. 
Radiobiological intercomparison using the mouse jejunum crypt cell 
assay. 

Some of the projects are described In this report. The remaining 
projects are either still in progress or the analysis of the data is 
incomplete. 

8.2 Physical Characteristics of the Neutron Therapy Unit 

D T L Jones and M Yudelev 

A description of the neutron therapy system has been given previously 
{1}. Briefly it consists of an isocentric gantry capable of ±185* 
rotation. Field sizes of between 5 x 5 cm and 30 x 30 cm2 are defined 
by a rotatable continuously variable collimator. Neutrons are produced 
by the p(66 MeV)/Be(40 MeV) reaction. 

Basic neutron beam data {1,2} were Initially measured In order to 
provide sufficient Information for radiobiological experiments to be 
undertaken. Some of these experiments Indicated a differential in the 
biological effectiveness of the beam at the surface and at depth In a 
phantom. In order to reduce this differential a 2.5 cm thick 
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polyethylene beam-hardening filter has been mounted in the treatment 
head. In addition beam-flattening filters are now also being used to 
flatten the beam profiles at depth in phantom. Measurements of the 
characteristics of the beam with the new configuration are still in 
progress. 

8.2.1 Dosimetry protocol 

The NAC follows the new uniform international protocol for neutron 
dosimetry {3} which is a joint US/European protocol in which earlier 
differences in the US {4} and European {5} protocols have been 
resolved. With minor exceptions, the protocol is essentially identical 
to the earlier European {5} version which was followed by the NAC. The 
only practical difference as far as the NAC is concerned, is the new 
value given for (ft)c» ^ t e exposure to dose-to-tissue conversion 
factor for Co beams. The new value of 0.00966 Gy.R-* is 0.4% higher 
than the old value of 0.00962 Gy.R . To conform to the new protocol 
all Co calibration factors and neutron dose values quoted prior to 1 
March 1988 should be increased by 0.4%. 

The instrumentation used for neutron beam calibration consists of 
several TE (tissue-equivalent) ionization chambers flushed with 
methane-based tissue-equivalent gas (64.4% methane, 32.4% carbon dioxide 
and 3.2% nitrogen) which are connected through a low-noise cable to an 
electrometer. The identical instrumentation including Interconnecting 
cable is used for calibrating the ionization chambers in a Co beam. 
Exradin type T-2 0.5 cm TE ionization chambers are the primary 
standards although other types of chambers are available for special 
applications and for comparison purposes. 

8.2.2 Calibration of Ionization chambers 

A specially designed facility has been installed at the NAC for 
calibration purposes. The facility consists of an old Co teletherapy 
treatment head (activity of 4707 Ci In March 1967) which has been 
mounted to provide an uncollimated horizontal beam. An optical bench 
system permits highly accurate and reproducible positioning of detectors 
in the beam. Two detectors can be mounted on a special turntable whch 
runs along the optical bench and which can be placed in any position. 
The detectors can be mounted on opposite sides of the turntable 
symmetrically about the beam central axis. Very accurate positioning of 
the detectors is accomplished by using precision pointers. 

The secondary standard device used for calibration is a Baldwin-Farmer 
type NE 2571 0.6 cm ionization chamber. The Farmer ionization chamber 
is mounted on one side of the turntable while the ionization chamber 
which is to be calibrated is mounted on the opposite side. The chambers 
are positioned normally to the beam central axis and usually at about 
80 cm from the source. An acceptable exposure rate of about 0.08 
Gy.min" (May 1988) is achieved at this point. The chambers are 
simultaneously irradiated from one side and several sets of readings are 
taken. This turntable is then rotated 180* and simultaneous 
irradiations are again performed and several more sets of readings are 
taken. The means of the two sets of readings are used to determine the 
calibration factor. This method obviates the need to apply any 
temperature and pressure correction factors, timer correction factors or 
any corrections for beam asymmetry. 
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8.2.3 Neutron beam calibration 

The neutron beam monitors are two independent air-filled unsealed 
parallel-plate ionization chambers made of A150 plastic and are situated 
in the gantry immediately upstream of the wedge filter turret system 
which in turn is immediately upstream of the collimator. From the 
target downstream lie, in order: the target, the flattening/hardening 
filter system, the monitor ionization chambers, the wedge filter system 
and the collimator. Although the two transmission chambers function 
completely independently, they share the same air volume, the 
temperature of which is monitored by a platinum resistance probe. 

A special calibration phantom permitting highly accurate and 
reproducible positioning o ~ the calibration TE ionization chamber has 
been constructed for absolute neutron beam calibration. It is a 
perspex-sided water phantom, 30 cm x 30 cm x 30 cm. The ionization 
chambers fit into special close-fitting perspex sleeves 1 mm thick which 
locate in ports in the side of the phantom. A build-up cap of 4 mm of 
A1S0 plastic is used for the calibration. Although the total chamber 
wall thickness is less than the maximum range of protons produced in 
water, it has been shown that 5 mm wall thickness can be used to measure 
doses with small discrepancies (<0.25Z) for neutron beams in this energy 
range {6} without making corrections for attenuation and ionization 
differences between water and A150 plastic. This has been confirmed by 
measurements at NAC. The reference calibration measurement is at 5 cm 
depth for a 10 x 10 cm field. 

Relative dose measurements are performed in a 60 x 60 x 60 cm water 
phantom. 

8.2.4 Dose measurements 

The total dose rate measured in a water phantom at the SSD of 150 cm is 
21.19 mGy.min" .uA~ * for a 10 x 10 cm field at maximum dose without 
beam filtration. The corresponding figure when the flattening and 
hardening filters are inserted is 15.13 mGy.min" . uA . Target currents 
of 28 uA are routinely used giving a total dose rate of about 420 
mGy.min' with the new beam configuration. For unfiltered beams the 
total dose at a depth of 10 cm in water relative to a 10 * 10 em field 
varies from 0.81 for a 5 x 5 cm2 field to 1.37 for a 30 x 30 cm2 field. 

8.2.5 Build-up 

Relative dose measurements have been made in the build-up region with 
unfiltered beams using a TE extrapolation ionization chamber mounted in 
a perspex phantom for 5 x 5, 10 x 10 and 25 x 25 cm fields. The 
measurements reveal very little difference In the shapes of the curves, 
which exhibit very broad maxima between thicknesses of 1.1 and 2.2 g.cm 
of A150 plastic. Slight differences in the "surface" (at depth of 7 
fflg.cm ) doses and the depths of the dose maxima could be discerned, 
both values Increasing with increasing field size. The measured values 
are given in table 1. The build-up curve for a 10 x 10 cm field Is 
own In figure 1 where it Is compared with typical build-up curves for 
Co and 8 MV photon beams. The skin sparing properties of the p(66)/Be 

beam are less pronounced than those of 8 MV photons due to the nature of 

*This value is about 7% higher than quoted previously {1,2}. The 
previous current measurement was found to be in error. 

tt 



110 

to-/ 

20 

I H . H l i n 

10x10 cm2 

— p(66)/Be SSD =150cm 

8MV SSD =100cm 
6 0Co SSD =80 cm 

I I I 
1 2 3 

DEPTH IN A150 lg.cnr 2) 

Fig. 1 The build-up of absorbed dose for an unfiltered p(66)/Be beam for a 
10 x 10 cm f i e ld . Also shown are typical build-up curves for Co 
and 8 MV photons. The curves are normalised to 100 at maximum 
dose. 
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Fig. 2 Restoration of skin sparing by 1 and 2 mm thick lead filters for a 
10 x 10 cm field measured with a TE extrapolation ionization 
chamber. 



the energy deposition processes of neutrons and to charged-particle 
contamination in the neutron beam. 

Preliminary measurements with filtered beams indicate a marginal 
improvement in skin sparing. 

Once charged-particle equilibrium has been established it is possible to 
restore skin sparing by means of heavy metal filters which absorb the 
charged particles but have little effect on the neutron beam. This 
phenomenon Is illustrated in figure 2, which shows that 1-2 mm of lead 
can adequately, but not completely, restore skin sparing. The 
subsequent build-up curves are, however, much steeper than the primary 
curve, probably due to the production of short-range heavy charged 
particles in the lead. 

8.2.6 Dose distributions 

Dose distribution measurements have been made in a 60 * 60 * 60 cm 
water phantom using either 0.3 cm or 0.05 cm TE ionization chambers. 
Differences in measurements made with the two chambers were negligible. 
Measured depth dose curves for unfiltered 5 x 5 , 10 x 10 and 25 x 25 cm2 

fields are shown in Fig. 3 where they are compared with depth dose 
curves for typical Co and 8 MV photon beams. The 50% depth dose occurs 
at 13.7, 16.2 and 19.A cm (unfiltered) and 1A.2, 16.7 and 20.3 cm 
(filtered) for the 5 x 5 , 10 x 10 and 25 x 25 cm2 fields respectively 
and the doses at 10 cm depth relative to the maximum dose are 
respectively 62.5%, 70.3% and 76.4% (unfiltered) and 64.8%, 71.8% and 
77.2% (filtered). The corresponding numbers for 8 MV photons for a 
10 x 10 cm field are 16.8 cm and 70.7% respectively. 

Crossplane profiles measured with unfiltered beams at 2, 10 and 20 cm in 
water are shown for 5 * 5, 10 x 10 and 25 * 25 cm2 fields in figure 4. 
The increase In the penumbra with depth due to increased neutron 
scattering and gamma production is readily seen. The widths of the 
penumbrae between the 20% and 80% dose levels at 2„cm depth are 6.5, 7.0 
and 10.2 mm for the 5 x 5 , 10 x 10 and 25 x 25 en/ fields respectively. 
Profile measurements have also been made in air to assess the 
performance of the collimator. For a 10 x 10 cm field the penumbra In 
air was found to be 5.9 mm, well within the specification of 8 mm. 
Isodose curves measured for an unfiltered 10 x 10 cm field together 
with those of a typical flattened 8 MV photon beam are given In 
figure 5. The two sets of curves are rather similar except for the 
widths of the penumbrae• 

A summary of selected beam characteristics for 5 x 5 , 10 x 10 and 
25 x 25 cm fields are given in table 1 together with 8 MV photon beam 
data. As previously described the major differences between the 
physical characteristics of the p(66)/Be and 8 MV beams occur in the 
build-up and penumbrae regions. These differences are largely due to 
the different interaction mechanisms of neutrons and photons and are not 
attributable to any basic design deficiencies in the neutron therapy 
system. 

8.2.7 Hardening filters 

Experimental data has shown that the use of polyethylene beam-hardening 
filters reduces the differential between the RBE at the surface and at 
depth in a phantom. In order to achieve an acceptable compromise 
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Fig. 3 Central-axis depth dose curves for an unfiltered beam measured with 

a TE ionization chamber in a water phantom. Typical depth dose 
curves for Co and 8 MV photons are also shown. The curves are 
normalised to 100 at maximum dose. 
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Fig. 4 Crossplane dose profiles for different field sizes for an 
unfiltered beam measured with a TE ionization chamber at depths of 
2, 10 and 20 cm in a water phantom. The curves are normalised to 
100 on the central axis. 
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5 Longitudinal Isodose distribution for an unfiltered beam measured 
with a TE Ionization chamber for 10 x 10 cm field in a water 
phantom compared with a typical flattened 8 MV photon distribution. 
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6 Doses measured for different field sizes at 10 cm depth in a water 
phantom as a function of polyethylene filter thickness. The doses 
are normalised to 100 for a 10 x 10 cm field with no filter. 



114 

20 

E 
u 19 

U J 
</l 
O 
O 

£ 
s 18 
u. 
o 
X 
t— 
Q. 
U J 

o 17 
10xK>cm* 

_L A. 
2 4 6 8 

POLYETHYLENE FILTER THICKNESS (cm) 
10 

7 The variation of 50Z depth dose with polyethylene f i l t e r thickness 
for 10 x 10 cm and 20 x 20 cm f i e l d s . 

0.50 

^surface 

'max 

0.45 

0.40 

WITH FILTER 

10 20 
SIDE OF SQUARE FIELD (cm) 

30 

8 The effect of a 3 mm thick steel filter on the ratio of "surface" 
dose to maximum dose. 



between reduction in RBE differential and reduction in dose rate a 
series of measurements was performed with polyethylene filters of 
different thicknesses in order to assess their effect on dose rate and 
beam penetration. 

Table 1 : Therapy beam characteristics 

Field size (cm * cm): Neutrons 
5 x 5 10 x 10 25 x 15 

8 MV photons 
10 x 10 

d (i max A150) 

"Surface dose"* (rel. to max) 
d_Q. (cm water) - unfiltered 

- filtered 

12 

41% 
13.7 
14.2 

15 

43% 
16.2 
16.7 

18 

50% 
19.4 
20.3 

16 

22% 
16.8 

D. n (water)(rel. to max.) 
1 c n - unfiltered 62.5% 70.3% 76.4% 

- filtered 64.8% 71.8% 77.2% 
70.7% 

Relative dose (10 cm water) 0.808 1.000 1.314 

20% - 80% Penumbra (mm): 
Air 5.4 5.9 7.9 -
2 cm in water 6.5 7.0 10.2 7.0 
10 cm In water 9.2 13.4 17.6 10.0 

The data above apply to unfiltered neutron beams unless otherwise 
stated. 

* "Surface dose" means, the dose at a depth of 7 mg.cm -2 

The polyethylene filters were placed at the exit of the collimator. 
Figure 6 shows the results of dose measurements made in a water phantom 
at a depth of 10 cm for different field sizes. The results are 
normalised to zero filter thickness for a 10 x 10 cm field. Central 
axis depth dose curves were also measured for 10 x 10 cm and 20 x 20 
cm fields with different filter thicknesses. The change in the 50% 
depth doses for the two field sizes is shown In figure 7. 

For practical reasons the final filter decided on for the clinical beam 
was 2.5 cm of polyethylene located in the flattening filter drawer 
between the target and the collimator. Detailed measurements with this 
arrangement still have to be completed. The dose reduction at dose 
maximum for a 10 x 10 cm field using the clinical hardening filter only 
is 19.9%. 

8.2.8 Charged-particle filters 

A filter consisting of 3 mm of mild steel covered with plastic was 
supplied with the system and can be placed over the exit of the 
collimator to absorb charged particles in the neutron beam. The effect 



of this filter and additional filters on the build-up characteristics of 
otherwise unfiltered beams has been examined. Measurements were made 
with an extrapolation ionization chamber mounted in a 30 x 30 x 30 cm 
perspex phantom. The front face of the phantom was placed at the SSD of 
150 cm. Figure 8 shows the effect of the filter for different field 
sizes. The ratio of "surface dose" (actually the dose at a depth of 
7 mg.cm~ ) to the maximum dose (the dose measured behind 15 mm of A150 
plastic) is plotted for the situations with and without the filter. As 
can be seen the effect of the filter increases with field size, but 
there is only a marginal reduction in the "surface" dose. 

Measurements were also made with some other filter combinations and the 
results are shown in table 2. These data illustrate that filters 
attached to the collimator exit reduce the "surface" dose marginally 
while filters placed on the phantom surface actually increase the 
"surface" dose. This can probably be ascribed to the production of 
charged particles in the filter materials. 

Table 2: Effects of charged particle filters for 10 x io cm2 field 

FILTER/POSITION surface 
D max 
% 

No filter 43.1 
S on collimator 42.6 
S on phantom 65.0 
(S+L) on collimator 38.9 
(S+L) on phantom 65.9 
(S on collimator) + (L on phantom) 47.2 

S » 3 mm plastic-coated mild steel 
L * 2 mm lead 
collimator: placed at collimator exit 
phantom : placed on surface pf phantom 

8.2.9 Flattening filters 

The upstream face of the drawer containing the flattening filters is 
located 13.75 cm downstream of the target. The flattening filter system 
consists of two different circular filters: one is used for fields with 
both x and y dimensions small; both filters are positioned in the beam 
for large x or y dimensions* The Initial design of the filters has been 
modified to improve the beam flatness and to allow for Incorporation of 
the 2.5 cm thick polyethylene hardening filter between the two 
flattening filter positions. The entire filter unit can be manually 
withdrawn from the beam by means of a lead screw. A scale drawing of 
the cross-section of the filter systems through the beam central axis is 
shown in figure 9. 

The effect of the flattening filters Is illustrated in figures 10 and 11 
which show crossplane scans at depths of 2 cm and 10 cm for field sizes 
of 10 x 10 cm and 25 x 25 cm respectively. In order to achieve a flat 
profile at depth a concave profile can be produced near the surface for 
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small-field steel flattening filter (Fl). This combination (HI + 
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. 12 Surface dose enhancement ("horns") and flatness measured for 
various field size and flattening filter combinations. The 
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a range of field sizes. The dose enhancement at the surface 
("horns"), defined as D M A X ^ A X I S at 2 cm depth, and field flatness, 
defined as S ^ A X / ^ I N a t 1 0 c m depth over 80Z of the field size (FS) 
for fields larger than 10 x 10 cm and over (FS - 1 cm) for fields 
smaller than 10 x 10 cm , were investigated for various field sizes and 
filter combinations* The results of these measurements are shown in 
figure 12. If no I>MAX/DAXIS ratio is plotted it means that there is 
a convex profile at 2 cm depth. 

The data clearly show that the small filter should be used for field 
sizes with dimensions less than 16 cm and the dual filter for larger 
field sizes. 
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8.3 Research and calibration projects 

8.3.1 Dosimetry Intercomparisons 

D T L Jones, S Vynckier+ and S W Blake* 
"'"Université Catholique de Louvain, Belgium 
*MRC Cyclotron Unit, Clatterbridge Hospital, U.K. 

The NAC has been involved in neutron dosimetry intercomparison studies 
at the Université Catholique de Louvain, Belgium (UCL) {1}, and at the 
MRC Cyclotron Unit, Clatterbridge Hospital, U.K. {2}. A recriprocal 
visit was paid to the NAC by UCL personnel in order to undertake both 
dosimetry {3} and radiobiological intercomparison studies. 

Such intercomparisons are essential to provide the basis for the 
exchange of clinical and other information and are also essential 
prerequisites for collaborative clinical trials. Furthermore, in the 
case of physical dosimetry, such intercomparisons are necessary to 
verify that participating institutes conform to international standards 
and procedures. 

Only the physical dosimetry intercomparison measurements undertaken with 
tissue equivalent ionization chambers have been analysed. Measurements 
were also made with Geiger-Muller (GM) counters in order to derive the 
gamma dose component in the neutron beam, but analyses are not yet 
complete. 

The routine followed was the same at all three centres: the ionization 
chambers used were calibrated in a Co beam and the responses were then 
measured under different conditions in the respective neutron beams. 
The calibration factors measured in these studies differed by a maximum 
of 0.2% from the standard values used for the chambers,, after correction 
for different electrometer calibrations and tissue-equivalent gas 
compositions. The neutron beam measurements are briefly described 
below. 

The tissue equivalent chambers used are designated T-2 (0.5 cm ), IC-17 
(1 cm 3) and ET-2 (1.5 cm 3). 

8.3.1.1 Unlversité Catholique de Louvain 

Four ionization chambers (3 from UCL and 1 from NAC) were used in this 
study. The neutron calibrations were performed at the neutron therapy 
facility, CYCLONE, Louvain-la-Neuve, Belgium. Neutrons are produced by 
the reaction of 65 MeV protons on a beryllium target in which the 
protons lose 35 MeV, the excess energy being dumped in a graphite 
backing. A 2 cm thick polyethylene filter is used to harden the beam. 
A fixed vertical beam configuration is used. All measurements were 
performed at an SSD of 162.5 cm with a 10 x 10 cm field size. Beam 
currents were about 14 uA giving a dose rate at dose maximum of about 
240mGy.min . 

The ionization chambers were mounted in a special calibration water 
phantom (30 x 30 x 30 cm ) in which the position of the chambers 
relative to the phantom was highly reproducible. A build-up cap of 4 mm 
of A150 plastic was used for all the measurements. Measurements were 
made at depths of 2 cm and 10 cm in water with the chambers flushed with 
TE gas or filled with static air. Further measurements were made in air 
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at the SSD with the chambers placed downstream of a 2 cm thick sheet of 
A150 plastic. 

Figure 13 shows the percentage deviation from the mean of the individual 
measurements. As can be seen the results are in remarkable agreement 
and Individual measurements differ from the mean by a maximum of ±0.52. 
The response of the NAC chamber differs from the mean by -0.10% on 
average. 

8.3.1.2 MRC Cyclotron Unit, Clatterbridge Hospital 

Only two ionization chambers, (both type T-2, one each from MRC and NAC 
were used in this study). The neutron calibrations were performed at 
the MRC Cyclotron Unit's isocentrlc neutron therapy facility at 
Clatterbridge Hospital, Merseyside, U.K. Neutrons are produced by the 
reaction of 62 MeV protons on a beryllium target in which the protons 
lose 36 MeV, the excess energy being dumped in a copper backing. All 
measurements were performed with the gantry at 90*, at the SSD of 150 
cm, with a 10 x 10 cm field size. Beam currents of about 22 uA were 
used giving a dose rate of about 360 mGy.min" at dose maximum. 

The ionization chambers were mounted in a special calibration water 
phantom (50 x 50 x 50 cm ) in which the chambers could be precisely 
positioned at different depths. A build-up cap of 4 mm of A150 plastic 
was used for all the measurements. Measurements were made at depths of 
2.5 cm, 5 cm and 10 cm with the chambers flushed with TE gas or filled 
with static air. 

Table 3 summarises the results of the neutron measurements. As can be 
seen the response of the NAC chamber is systematically higher than that 
of the MRC chamber by an average of 0.82Z. The origin of this 
systematic difference is not known but could be due to differences in 
composition of A150 plastic. The results are nevertheless highly 
satisfactory and well within the expected uncertainties for such 
measurements* 

Table 3 : Summary of neutron beam calibrations at MRC 

Gat filling Depth in water 
Response 
NAC T-2 
MRC T-2 

% 

Static air 5 
10 

100.79 

TE gas 2.5 
5 

10 

100.59 
101.01 
100.88 

Mean: 100.82 
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13 Dosimetry intercomparison at Université Catholique de Louvain: 
deviation of measured response from the mean. The numbers in 
brackets are the serial numbers of the chambers. 
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14 Dosimetry intercomparison at NAC: deviation of measured response 
from the mean. The numbers in brackets are the serial numbe..» of 
the chambers. 



8.3.1.3 National Accelerator Centre 

Six ionization chambers were used in this study (3 from UCL and 3 from 
NAC). For these measurements the neutron beam was filtered by 2.5 cm 
of polyethylene only. No flattening filters were used. The ionization 
chambers were mounted in the special water phantom (see Section 8.2.2) 
of size 30 x 30 x 30 cm . The ionization chambers (fitted with their 
build-up caps) w>re located in special close-fitting perspex sleeves, 
1 mm thick which locate in ports in the side of the phantom. The 
measurements were made with the standard 4 mm thick A150 build-up caps 
fitted to the chambers* All measurements were made with the gantry at 
0* and for a 10 * 10 cm field. Proton beam currents were about 27 uA 
giving a dose rate at a depth of 2 en- in water of about 460 mGy.min" 
for the 10 x 10 cm2 field. 

Measurements were made at depths of 2 cm, 5 cm and 10 cm in water with 
all the ionization chambers* Additional measurements were made with the 
T-2 chambers in air at the SSD of 150 cm. For these measurements the 
chambers were fitted with a 15 mm A150 build-up cap. 

A summary of the results are presented graphically in figure 14. As can 
be seen the results with the UCL IC17 and ET-2 chambers are on average 
about 0.5% and 1.3% respectively lower than the means. However, a 
similar though less pronounced effect was observed in the earlier 
measurements made at UCL {1}. In these earlier measurements the 
responses measured with the same IC17 and ET-2 chambers were on average 
0.4% and 0.6% respectively less than the doses measured with the UCL 
T-2 chamber (No* 178). One can conclude that there are systematic 
differences between these IC17 and ET-2 chambers and the T-2 chambers 
which have been used in this study. These differences probably relate 
to Incorrect geometric correction factors and differences in the 
composition of the TE plastic used to construct the chambers* Similar 
results with these same chambers have been observed in other intercompa-
rlson studies {4,5}. 

If only the T-2 chambers are considered the results obtained are 
randomly distributed about the means with maximum deviations of -0.3%, 
+0.2%. 
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8.3.2 Pig skin - assessment of relative biological effectiveness of 
fractionated doses 

G Blekkenhorst*, A Hendrikse*, C Kent*, D T L Jones, W L J 
Hendrikse, M Yudelev+ and M A le Roux+ 

*Groote Schuur Hospital 
•*Faure Hospital 

Irradiations with neutrons were performed during June/July of 1987. 
Forty-two 5 x 5 cm fields situated on the sides of 11 pigs (4 fields per 
pig) were irradiated with 66 MeV p/Be neutrons. Doses were 20.6, 21.6, 
22.6, 23.5, 24.6, 25.9 and 27.8 Gy, given in 12 fractions over 4 weeks 
on Mondays, Wednesdays and Fridays. Six fields were irradiated at each 
dose level. The fractionation scheme was that which was originally 
proposed for patient treatment. 

The reactions of the skin to ionizing radiation occurs In 2 phases, 
viz. (i) an early reaction ranging upwards from mild erythema, lasting 
no more than about 6 weeks after the last radiation treatment and (11) a 
late reaction, ranging from hair loss and up, and which needs to be 
assessed for up to 15 months following radiation. 

The values for relative biological effectiveness of the neutron beam for 
fractionated doses compared with Co gamma radiation, (also given as 
fractionated doses), could then be calculated for an end-point for each 
of early or late skin reactions. For the early reaction, using moist 
desquamation as the end-point, the ED50 for Co gamma radiation (18 
fractions in 39 days) was 74.16 Gy, and for 66 MeV p/Be neutrons the 
E D 5 0 (12 fractions in 26 days) was 21.67 Gy, so that the RBE in this 
case was 3.42. For the late reaction, with dermal necrosis as end-
point, the ED50 for cobalt-60 was 62.20 Gy and for the fast neutrons the 
preliminary value of ED 5 0 is 20.47, so that the RBE is 3.04. The result 
Is preliminary in that assessments of the late skin reaction at 9 months 
rather than at the full 15 months were used In the calculations. 

Other calibration experiments using single-dose studies (see this 
report) performed after the above experiment, indicated that the RBE 
varied with depth, which is disadvantageous In a clinical situation. 

Thus it was necessary to install a hydrogenous (polyethylene) filter 
downstream of the beryllium target to "harden" the beam. As a result of 
the altered biological effectiveness of the beam, it was clear that the 
pig skin experiment would have to be repeated. The irradiation of the 
second series of pigs took place during April and May of 1988. The 
fractionation scheme was altered from the previous Monday, Wednesday, 
Friday pattern to Tuesday, Wednesday, Thursday for 4 weeks, a pattern 
which it has now been decided will be used initially in the clinical 
situation. Preliminary results for the second pig skin study are 
expected in October/November 1988. 
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8.3.3 Mouse foot response - assessment of relative biological 
effectiveness of single doses 

G Blekkenhorst*, A Hendrikse*, C Kent*, D T L Jones, W L J 
Hendrikse, M Yudelev+ and M A le Roux+ 

*Groote Schuur Hospital 
"•Taure Hospital 

This calibration experiment was performed during July of 1987. The 
right hind feet of groups of mice were exposed to graded doses of 
neutrons (66 MeV p/Be) or Co gamma rays. Radiation was given as 
single doses. The response of the mouse feet to the two different types 
of radiation was assessed or "scored" for a period of 45 days after 
radiation. The maximum reaction over the observation period was plotted 
against radiation dose. An isoeffective end-point corresponding to skin 
breakdown was chosen (score 2). The Co gamma dose to achieve this was 
41.1 Gy, whereas the neutron dose was 19.4 Gy. The RBE is thus 2.1. A 
value of 2.2 for the same assay with a 16 MeV d/Be neutron beam has been 
reported {1}. 

Reference 

1. J Denekamp and S B Field, Eur. J Cancer 10 (1974) 241 

8.3.4 Vicia faba meristem - assessment of relative biological 
effectiveness 

G Blekkenhorst*, E R Bering*, A Hendrikse*, C Kent*, D T L 
Jones, W L J Hendrikse, M Yudelev+ and M A le Roux + 

*Groote Schuur Hospital 
"•Taure Hospital 

Vicla faba roots of initial length approximately 10 cm were irradiated 
with graded doses of neutrons up to 1 Gy. Growth in 10 days was 
measured and the dose which resulted in a fractional growth of 0.5 
(compared to mean growth of unirradiated roots) was determined. This 
was found to be 0.525 Gy. This value compares favourably with a value 
of 0.53 Gy obtained in the 65 MeV p/Be beam at Louvain-la-Neuve {1}. 
It was found that the dose of Co gamma rays required for the 0.5 
fractional growth was 139.6, so that the RBE was 2.66 in the present 
work. 

Reference 

1. J Gueulette, private communication 
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8.3.5 The effects of neutron radiation on cartilage growth 

G D Cilliers, C M Cilllers and M Nissenbaum 

Johannesburg and Hi11brow Hospitals 

Vertebrae in the distal portion of the tails of A-day-old Sprague Dawley 
rats were irradiated with fast neutrons from the Faure cyclotron. 
These rats were left to reach maturity at 12 - 13 weeks, at which time 
diagnostic X-rays were taken of the tails. 

The ratio of the average length of vertebrae in the distal portion of 
the tails as compared with the proximal portion was calculated. From 
these ratios, the percentage stunting in cartilage growth is calculated. 

The results obtained with the Faure neutron beam (p(66)/Be) show an 
average RBE of 1.15 at the ED50 level as compared to results obtained 
for cartilage stunting on the Fretoria neutron beam (d(16)/Be). This 
RBE value must be considered as approximate as the experiment at the 
Pretoria cyclotron was performed on 7-day-old baby rats. 

8.3.6 Determination of the relative biological effectiveness (RBE) 
of the unfiltered p(66)/Be neutron beam in relation to 

Co irradiation 

8.3.6.1 Mouse jejunum crypt cell assay 

L BShm*, S de Roubaix*, D T L Jones and M Yudelev+ 

*Tygerberg Hospital 
+Faure Hospital 

The assay was adopted from the method of Withers {1} using three 
10-week-old female BALB-C mice per cage and dose point. Field size was 
20 x 20 cm , SSD - 150 cm. Depth of mice in a perspex phantom was 
4.1 cm. Dose variation within the field was not determined and no 
hardening and flattening filters were employed. Midline dose was 
determined by use of a tissue-equivalent ionization chamber. Neutron 
dose rate was about 0.5 Gy.mln , y-ray dose rate was about 1.4 
Gy.min . 

Mice were killed after 3.5 days, the jejunum was fixed in 5% buffered 
formalin and sections were cut from 3 different positions to count 
crypts. Surviving crypts were Poisson-corrected and the number of 
surviving crypt cells plotted against the Irradiation dose. The RBE was 
determined at a survival level of 10 cells. 

A typical set of survival curves is shown In figure 15 and a summary of 
measurements is given In table 4. From two sets of experiments the 
average RBE of 10-cell survival level was found to be 1.69 which 
compares favourably with the value of 1.65 determined for the Fermilab 
Installation by Cohen {2}. 
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Fig. 15 Typical survival curves for mouse jejunum crypt cell assay. 
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Fig. 16 Typical survival curve for V79 cells with unflltered p(66)/Be 

neutrons. 



Table 4 Mouse jejunum crypt cell assay (single fraction) BALB-C 

Date Dose (Gy) Co Dose (Gy) neutrons 
at 10 cell survival at 10 cell survival 

RBE 

I 5.5.87 15.00 
18.5.87 15.00 
26.6.87 14.50 
2.7.87 14.88 
9.7.87 

II 30.7.87 -
3.8.87 14.50 
18.8.87 -
28.8.87 15.70 
21.9.87 15.95 

8.73 

1.71 
1.71 
1.66 
1.70 

Mean: 1.695 

1.58 -1.61 

1.71 -1.74 
1.74 -1.77 

Mean: 1.692* 

9.15 

9.00 

•Compare result of Cohen (Fermilab) using B6CF1 mice: RBE - 1.65 

8.3.6.2 V79 Chinese Hamster lung fibroblast cell colony assay 

L Bóhm*, J Michie*, A Serafin*, J P Slabbert, D T L Jones and 
M Yudelev4" 

*Tygerberg Hospital 
"hFaure Hospital 

The assay was adopted from the procedure of Puck & Marcus {3}. Tubes 
with suspensions of 2 * 10 cells from log phase cultures suspended in 
1 ml of MEM medium were irradiated in a 21 x 21 x 13 cm water tank 
(LWH) at a depth of 28 mm (98% depth dose) with a horizontal beam.The 
dose rates were 2.8 Gy.min and 0.5 Gy.min and the dose ranges 
4.3-10.5 Gy and 2.5-6.2 Gy for Co and neutrons respectively.Cells were 
counted, diluted and plated in triplicate according to a predetermined 
schedule. After 5 days colonies were fixed in methanol-acetic acid 
water 1:1:8 v/v/v stained in 0.01% Amido black in fixative and colonies 
of approximately 200 cells/T-25 flask were counted. Irradiations were 
done on the same cell plating on the same day using cell passages below 
20. The RBE was calculated from: 

RBE 
D o( 6 0Co) 

D 0 (neutrons) 

using paired runs (table 5) and the final average RBE was found to be 
1.71 ± 0.4 (95% confidence limit). 

The average RBE for the Fermilab p(66)/Be neutron beam in relation to 
250 kV X-rays at 1, 10, 50 and 70% survival has been given as 1.8, 2.2, 
2.6 and 3.8 {2}. The corresponding figures for the Faure beam are 2.0, 
2.3, 3.3 and 4.3 which are consistently higher. The differences are most 
likely due to the different reference radiation. 



Table 5 RBE-data of Faure neutrons based on V79 Chinese Hamster Lung 
fibroblast cell survival 

Paired 6 0Co Neutron RBE 
cperiments 

°o Do 
5/6 1.58 0.86 1.84 
7/8 1.61 0.93 1.74 
12/14 1.51 0.85 1.77 
13/15 1.36 0.77 
16/18 1.97 0.98 2.00 
17/19 1.49 0.95 
22/24 1.62 1.06 1.53 
23/25 1.87 0.94 

Mean* 1.71 ± 0.4 

•Averaged after pooling all Co and neutron data, 
excluding bad data and fitting to multi-target equation 
S - 1 - (l-e- D/ Do) N 

An interesting observation relating to the unfiltered Faure beam is the 
fact that the survival curve shows a strong B-component (Figure 16). A 
similar degree of double-event inactivation is also shown by the 
Fermilab neutrons {4}. 

Table 6 RBE of fast neutrons versus Co-irradiation 

Centre: Faure MRC {5} Fermi {2} Louvain {7} Tamvec {1} 
Source: p(66)/Be p(62)/Be p(66)/Be d(50)/Be d(50)/Be 

V79 cells 1.71 
Mouse gut 1.69 
Mouse foot {8} 2.10 
Mouse LD50(6) 
Vicia faba {8} 2.66 
Pig skin {8} 3.9 
OER (V79) {9} 1.7-1.8 

An overview of the present state of calibration of the unfiltered 
p(66)/Be Faure neutrons is given in table 6. While a strict comparison 
of the various beams is not possible owing to differences in the 
physical characteristics of the beam (e.g. nuclear reaction, spectrum, 
y-contamination, target thickness, reference radiation, dosimetry 
protocol) and the reference survival level, the data nevertheless allow 
the following general conclusions to be drawn: 

(a) that the biological properties of Faure neutron beam in all 
Important end-points closely resemble the biological properties of 
other neutron installations of similar energy; 

1.72 0.70 
1.55 0.65 

1.7±0.2 

1.7-1.8 

1.95 

1.65 

1.6-1.7 1.7-1.8 



130 

(b) that determination of the low-energy neutron component may be 
desirable; 

(c) that a neutron/neutron intercomparison with either Clatterbridge, 
Fermilab or Louvain-la-Neuve is justified to assess established 
clinical protocols. 

References 
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8.3.7 Determination of the relative biological effectiveness (RBE) 
of the filtered p(66)/Be neutron beam in relation to Co 
irradiation 

8.3.7.1 Effect of polyethylene filtration on the soft neutron compo
nent as determined by the mouse crypt cell assay 

L Bolim*, S de Roubaix*, D I L Jones and M Yudelev+ 

*Tygerberg Hospital 
+Faure Hospital 

A 2 cm polyethylene filter was installed in the filter drawer of the 
lsocentric unit which also contained a beam-flattening filter. 
Additional filtration consisted of 1 cm polyethylene and 2 mm lead 
placed on top of the 400 x 400 x 300 mm mouse cage. The in vivo mouse 
jejunum crypt cell assay was used on BALB-C mice as in 8.3.6.1. Neutron 
irradiation was at 2.5 cm and at 13.5 cm depth (in perspex). Crypt cell 
survival is given in figure 17. 
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The RBE was calculated from the ratio: 

Photon dose at 10 cell survival 
Neutron dose at 10 cell survival 

Thus RBE (2.5 cm) - 1 5 , ° ° ** - 1.697, 
8.84 Gy 

and RBE (13.5 cm) . 1 5 - 0 0 <% , 1 < 6 2 7 
9.22 Gy 

giving an RBE difference of 4.1%. 

V79 cell survival also indicates a reduction of the depth dependence and 
a remaining RBE difference of 3-5Z {1}. 

The RBE for the unfiltered p(62)/Be Clatterbridge beam determined by the 
in vivo mouse gut assay at 12 cm depth was 1.40 and H Z lower than at 2 
cm {2}. 

Reference 

1. J P Slabbert, this report 

2. S Hornsey, Br. J. Radiol, (in press) 

8.3.7.2 V79 Chinese Hamster lung fibroblast cell colony assay 

L B6"hm*, G Lombard*, A Serafin*, D T L Jones and M Yudelev+ 

*Tygerberg Hospital 
"hPaure Hospital 

The permanent Installation of a flattening filter and a 2.5 cm 
polyethylene beam-hardening filter at the beginning of 1988 necessitated 
a new in vitro measurement of the RBE. In view of the experience of 
Gueulette {1}, we also decided to irradiate the two sets of cells for 
the same period of time to ensure constant repair. Assuming an RBE of 
1.6 and a neutron dose rate of 0.45 Gy.min at an SSD of 150 cm, the 
photon dose rate used was 0.71 Gy.min- at an SSD of 97 cm. Other 
irradiation conditions and methodological details were as given In 
8.3.6.2. 

Table 7 Effect of filtration on RBE 

Neutron modality n D q RBE 

Fermi — unfiltered 3 120 1.65 
Faure — unfiltered 3.8 95 1.69 
Faure — filtered 2 40 1.77 
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The survival curves indicate that the filtered neutron beam shows a much 
reduced shoulder and lower D q (figure 18). While filtration and 
removal of low-energy neutrons were expected to reduce the RBE, it was 
found that the RBE actually increased from 1.69 to 1.77. We attribute 
this to a small dose rate effect in the previous irradiations which was 
eliminated in the current measurements. 

Reference 

1. J Gueulette, Thesis (Université Catholique de Louvain, 1982) 
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SECTION 9 RADIOISOTOPE PRODUCTION 

Summary: The trial production runs started in the previous rfB° r t 

period were continued and have been extended to 6a, 
8 1Rb/ 8 1 mKr and 1 U I n , the production of which will be 
taken over from the Pretoria cyclotron at the end of this 
year, when that machine is scheduled to be shut down. After 
commissioning of the target water cooling system and the 
helium cooling system for beam foil windows at the beginning 
of this year, these production runs could also be extended to 
high beam, currents (up to 50 uA). Test consignments of a 
number of products have been supplied to various potential 
future users, and I, in the fprm of Na I capsules as well 
as I-sodium hippurate, and Fe-citrate have actually been 
used with success in trial diagnostic studies on patients. A 
procedure for labelling IPPA and 3-IPMPA with 1 2 3 I has been 
developed, while initial work has also been done on the 
radloiodination of monoclonal antifibrine antibodies. The 
last major facility needed for the commencement of the routine 
radioisotope production programme, namely the multiple-target 
facility, is now ready for installation in the production 
vault within the next few weeks, and routine production runs 
are expected to start in November 1988. 

9.1 Facilities and Equipment 

9.1.1 Control systems 

The control systems for both the target water cooling system and the 
helium cooling system for beam foil windows have been built up to the 
stage where they can be manually operated. They now have to be 
interfaced to their respective control microcomputers, after which final 
debugging of the control software can be done. The monitoring 
instrumentation of the water cooling system also still has to be 
calibrated properly. 

The installation of the hardware for the upgraded control system for the 
electric-rail-transport system for targets, Including a microcomputer, a 
new control and display mimic-panel and the complete rewiring of the 
rail network, has been completed. The control software is in its early 
stages of development. 

Progress on the sub-system for the control of the target transfer 
mechanism and the rotary target magazine system in the vault was 
hampered by the fact that these devices have not yet been available for 
interfacing. Further development of this control system will, however, 
receive the highest priority as soon as the above-mentioned devices have 
been Installed in the vault during the next few weeks. 

A microcomputer-based beam monitoring system is under development. This 
unit will provide an indication of the beam current stopped on each 
sector of a four-sector beam collimator in front of the production 
target, as well as a display of beam current and accumulated charge on 
the target itself. A remote display unit will also be provided for the 
cyclotron operators. 
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9.1.2 Target handling facilities 

The rotary target magazine system has now been thoroughly tested, and 
the necessary small modifications have been made to improve its 
reliability. The local shielding around this facility has been 
completed, while the mechanism for the transfer of targets between it 
and the electric target transporters has been manufactured and tested. 
Assembly and alignment of all these systems is now in progress and their 
installation in the vault should take place within the next few weeks. 

A target transfer mechanism at the receiving hot cell is also in an 
advanced stage of design. 

9.1.3 Cooling systems 

After a considerable delay due to various problems the target water 
cooling system was finally commissioned at the beginning of 1988. The 
system was tested to deliver a pressure of 60 bar and a flow rate of 180 
i/min when both the high-pressure pumps are running. It is now in 
regular use, but only low pressures (<5 bar) and low flow rates 
(<10 X/min) have been used up till now. 

The helium cooling system for beam foil windows has also been installed, 
tested and taken into use. The prototype double foil window has thus 
far successfully withstood 66 MeV proton beam currents of 50 \xA, focused 
to a beam spot size of 10 mm in diameter without showing any signs of 
deterioration. 

9.1.4 Hot cells 

The basic concept of hot cell design has been agreed upon, and wiring 
and services have been duplicated on all five chemistry cells. All 
apparatus for chemical separations will be affixed to the rear panels, 
and remote control of heating units, evaporation units, switching 
valves, etc will be done with control units mounted in the racks in 
front of the cells. This will allow for any cell to be used for any 
separation once the rear panel and the front control systems have been 
exchanged. 

The experience gained at the Pretoria cylotron has proved to be valuable 
in the development of facilities in the hot cells at Faure. Separation 
processes require items such as ac and dc motor speed controls, heater 
controls and liquid-level sensors. Units to perform these functions 
have been designed and prototypes of the hardware are presently under 
construction. Various approaches are being pursued for the chemical 
operations - from extremely simple systems, manually operated with 
tongs, to more sophisticated systems using solenoid valves for eventual 
computer control. 

An experimental parting tool for the opening of encapsulated targets was 
designed and installed in the receiving hot cell. A few trial opening 
operations yielded promising results. A die for the investigation of a 
press-opening technique has also been manufactured and will be tried out 
shortly» Attention is now being given to the containment of cross-
contamination in the receiving hot cell. 
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9.1.5 Radiopharmaceutical manufacturing facilities 

Specifications for radiopharmaceutical manufacturing facilities were 
drawn up using the Pharmaceutical Manufacturing Facility Checklist of 
the Medicines Control Council (MCC) as a guideline. This checklist does 
not include specifications for the handling of radioactive nuclides. It 
was therefore necessary to introduce modifications to satisfy both the 
requirements for the manufacture of radiopharmaceutical products and the 
handling of radioactive materials. The final design consists of a 
"clean room" for the sterile preparation of production chemicals, 
utensils and packing vials, as well as a radiopharmaceutical preparation 
and dispensing room. The air supply to both rooms will be filtered and 
temperature-controlled according to required specifications. The final 
preparation and dispensing of radiopharmaceuticals will be performed in 
specially adapted sterile bio-hazard flow cabinets. With construction 
of the rooms under way and equipment on order, the facilities should be 
ready for commissioning during September 1988. 

9.2 Methods and Procedures 

9.2.1 Radionuclide Production 

S J Mills, F M Nortier, P M Smith-Jones, G F Steyn, 
R F Verbruggen, P Anderson, R J N Brits and F J Haasbroek 

The trial production runs reported in the previous Annual Report {1} 
have been continued in order to t.st and perfect production procedures. 
In the case of I, a number of test consignments have actually been 
supplied to various potential future users, and on 18 August 1987 this 
radioisotope became the first produced at Faure to be administered to 
patients, when it was used on a trial basis at a local hospital for 
diagnostic studies of the thyroid. This was also the first time that 
relatively pure I was produced in South Africa for diagnostic use. 
Since then, consignments of I-sodium hippurate and Fe-cltrate have 
also been supplied to two other hospitals for trial diagnostic studies 
on patients. In all cases, very satisfactory results were obtained. 

After the announcement of the scheduled shut-down of the Pretoria 
cyclotron at the end of 1988. these trial runs were extended to the 
production of 6 7Ga, 8 1Rb/ 8 1TCr and 1 U I n , which will have to be 
taken over from the Pretoria Cyclotron Group at that time in order to 
ensure an uninterrupted supply of these radioisotopes to the users. 

Since the commissioning of the target water cooling system for radio
isotope production early in 1988, a number of high-Intensity (up to 50 
pA) irradiations could also be performed for the first time. However, 
because of the unavailability of the target handling and transport 
systems, as well as the local shielding around the target position in 
the vault, these irradiations were restricted to the minimum, and in 
most cases only lasted long enough (~15 minutes) to show up possible 
thermal failure of the target. 

9.2.1.1 Production of 2 8Mg 
28 

The radioisotope Mg can only be produced at the NAC on a very limited 
scale on a routine basis - that is, utilizing a 66 MeV proton beam - via 
proton-induced spallation reactions on elements like P, S, Si or Ar 
{2}. Ideally, much higher beam energies (160 to 200 MeV) should, of 
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course, be used in order to obtain reasonable yields {2}. However, in 
view of the relatively small demand of a particular potential user (50 
uCi at a time), some exploratory thick-target yield measurements on a 
stack of thin pressed NaCl tablets have been performed below 66 MeV - an 
energy region in which practically no data for CI are available in the 
literature {2,3}. As a consequence of these results {figure 1}, the 
first delivery of Mg is now planned to take place within the next few 
weeks. A pressed NaCl cr LiCI tablet, sealed in an aluminium capsule in 
the same way as the Nal targets used for the production of I (see 
section 9.2.1.7), is envisaged as production target. The chemical 
separation of the Mg as well as the preparation of a suitable 
Mg/ Al generator will be undertaken by the user. 

9.2.1.2 Production of 5 2Fe 

The irradiation of pressed MnCl2 tablets, sealed in aluminium capsules, 
with ~50 uA protons beams of 66 MeV was successfully demonstrated, and 
the first consignment of Fe has recently been produced and 
dispatched. The chemical separation method previously reported {4}, was 
applied. The apparatus is at present being adapted for installation in 
a hot cell. With an energy window of 64 - 44 MeV, typical yields of 
~150 uCi/uAh at EOB are obtained after chemical separation, in excellent 
agreement with thick-target ^ield calculations based on the measured 
excitation function of the Mn(p,4n) Fe reaction (see figure 2 and 
section 7.1.6). The Fe impurity content was established by the 
Radioactivity Standards Division and was found to be 0.35%. At present 
the pressing of the tablets introduces unnecessarily high amounts of 
carrier Fe into the final product, but we plan to solve this problem by 
using non-ferrous dies or by electroplating of a non-ferrous material on 
the dies. 

52 The production of Fe from a Ni target has also been studied, partly in 
collaboration with the Paul Scherrer Institute in Villigen, Switzerland 
{5}, and partly as a consequence of the above-mentioned measurement of 
the Mn(p,4n) Fe excitation function, in which use was made of foils 
of a Mn/Ni alloy. As is shown in figure 2, the use of Ni instead of Mn 
can be expected to enhance the thick target yield of Fe by ~30% at an 
incident energy of 64 MeV. From a target manufacturing viewpoint, Ni 
should also be more suitable. The target chemistry associated with Mn 
or the presently-used MnCl2 targets is, however, considerably simpler 
and the radioactive waste much less than for a Ni target; therefore n o 

further development is planned, unless the demand for Fe should 
increase drastically. 

9.2.1.3 Production of 6 7Ga 
6 7 The production of Ga via (p,xn) reactions on Zn targets has been 

Investigated. Initial low-intensity irradiations, utilizing the proton 
energy range 29 - 16 MeV, produced Ga yields and Ga impurity levels 
consistent with those reported in the literature for this energy range 
{6}. In a systematic study, Bonardi and Birattari {7}, however, showed 
a consistent increase in the "useful" Ga yield with incident energy up 
to 45 MeV. This effect is now being pursued to still higher energies by 
measuring the Ga and Ga excitation functions up to 100 MeV. 
i en 

Attention is also being given to the Implementation of the Ga/Zn 
separation procedure at present being used at the Pretoria cyclotron. 
An attempt is being made to improve this procedure. It has been 
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Fig. 1 Experimental thick-target yield curve for the production of 
Mg by proton bombardment of NaCl at energies below 66 MeV. 
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established experimentally that Ga is extracted from 9M HC1 solutions by 
organic adsorbents (eg. Amberlite XAD-4) which do not contain ion-
exchange groups. This approach is being investigated as a possible 
rapid separation method. A suitable separation apparatus is also being 
developed and constructed. 

9.2.1.4 Production of 7 5Se 
7 5 A single batch of Se has been produced for local consumption. The 

production method, developed at the Paul Scherrer Institute in Villigen, 
Switzerland in collaboration with one of the NAC's staff members {8}, 
used a target of KBr and 64 - 40 MeV protons. After irradiation, the 
short-lived activities were allowed to decay for six weeks. The 
aluminium target capsule was then removed and the salt dissolved in 
water, acidified with HC1, Se carrier added (as H^SeO) and Se 
precipitated with N2H5OH. The elemental Se was filtered off with a 
0.22 nm filter and dissolved in HN03. 

9.2.1.5 Production of 8 1Rb/ 8 1 mKr 
8 1 Excitation functions for the production of Rb via proton bombardment 

of natural Kr gas have been measured by irradiating stainless steel gas 
cells of 40 mm dia * 100 mm, filled with Kr at a pressure of 1.5 bar, 
with 60 - 40 MeV proton beams, obtained by degradation of the primary 66 
MeV beam by means of aluminium degraders immediately in front of the 
0.25 mm thick stainless steel entrance windows of the cells. After 
irradiation, the Rb produced was throroughly washed out of each cell 
and measured yspectroscopically. The preliminary results obtained are 
presented in figure 3, together with earlier results up to 45 MeV {9}. 
No results above 45 MeV are available in the literature. Based on these 
results and the target design of Waters et al. {10}, a design concept 
for an optimized conical production target has been drawn up. This 
target will utilize the energy range 53 - 45 MeV at a pressure of 14 bar 
(length 210 mm) and will be transported to a hot cell for recovery of 
the Rb after irradiation. The expected yield is ~30 mCi/uAh at E0B. 
Work on the design of both the gas target and the Rb recovery system 
in the hot cell is under way. 

81 
The option to produce Rb from RbCl targets is being considered as a 
possible interim arrangement. Deductions from published data {11} 
indicate that it should be possible to produce approximately 250 mCi of 
Rb in less than two hours using thin RbCl targets (64 - 59 MeV proton 

energy interval). It has been confirmed experimentally that the total 
Rb in these targets can be accommodated on the AG MP50 resin in five of 
the new glass-type generators developed at the Pretoria cyclotron 
(~0.18 g Rb per generator). Currently five generators are produced per 
production run at this facility. 
9.2.1.6 Production of U 1 I n 

In order to obtain the required very low impurity level for In» 
the utilization of an enriched Cd target for the production of In 
by means of the (p,2n) reaction is envisaged {12}. The chemical 
processing of a Cd target has been investigated and a method based on 
cation exchange in HBr has been developed. The Cd target is dissolved 
in HNO3, converted to bromide form, redissolved in 70 ml of 9M HBr and 
loaded onto a 20 mi column of AG50W-X4. Further washing with 40 mi of 
9M HBr effectively removes all traces of Cd. The In is removed from 



10' 

10' 

10" -

10 ,-l 

• THICK TRRGET YIELD (mCi/MRh) 

o YIELD (RCERBI) (tnCi/pflh/MeV) 

! • YIELD (NHC) (mCi/nRh/MeV) 

• 

• 

0 • 

• 
• 

1 • 
l 

i 
1 

i 
• 

• 

M 

0 
• * 

o ° o o 4 

_ 
0 

0 
0 

' • 

I I 

0 

. 1 ... , , , , , , , , 1 
[ 0 

- 1 0 ' 

- 10 

- 10 
0 

10 
20 30 40 50 

ENERGY (MeV) 
60 

Experimental yields (mCl/nAh/MeV) for the production of 8 1Rb 
by proton bombardment of natural Kr gas, together with 
calculated thick-target yields based on these measurements 
(crosses: preliminary NAC results; circles: ref. {9}). 



142 

the column with 30 mi. 9M HC1. Current efforts are being expended on the 
recycling of the enriched Cd target material. 

9.2.1.7 Production of 1 2 3 I 

A pressure welding technique for sealing the pressed Nal tablets under 
vacuum in the aluminium capsules has now been perfected, and greatly 
facilitates target preparation. A target sealed in this way has already 
successfully withstood a 66 MeV beam current of 50 uA. The target 
capsule is cooled on the front and rear faces by means of 1 mm thick 
cross-flow water layers. Attention is at present being given to 
modifying the target support to prevent bulging of the faces due to 
pressure build-up inside the capsule. 

123 The I recovery system previously installed in one of the hot cells 
{13} has been refined. Various problems experienced in the past, such 
as blocking of the various traps, have been resolved and a yield of 
about 10 mCi/fiAh is now being obtained consistently. The solvent used 
to dissolve the target has been changed to NaOH to permit the use of 
stainless steel components. This medium also suppresses the release of 
Iodide and free iodine. The whole system has been changed from remote 
manipulation with tongs to remote control with solenoid valves and is 
now semi-automated, pending a final microcomputer control system. 

9.2.1.8 Production of 2 0 1 T 1 

Natural Tl targets, 0.7 mm thick, are now being used for the production 
of Tl. Yield and impurity level figures comparable to those quoted 
in the literature {14} for the production energy range 28.6 - 22 MeV 
have been confirmed. 

A high-intensity (~25 uA) run with the bare metal target in the cooling 
water showed severe erosion of the target material, causing considerable 
contamination of the cooling water. Encapsulation of the Tl target 
seems the obvious solution to this problem. Thermal effects in such an 
encapsulated target and the opening of the target capsule after high-
intensity irradiation are currently being investigated. 

Following the initial failure of natural Pb targets {1}, excitation 
functions for proton-induced reactions on Pb have been measured. The 200 201 results obtained for Tl and Tl are consistent with those reported 
in the literature {15}, but a slight shift In proton energy was noticed 
\~2 MeV). Much higher Tl impurity levels than those tabulated in 
reference {15} were, however, obtained for the lower energy regions 
considered by these authors. Furthermore, it was found that the 
assumption that only (p,xn) reactions occur, is invalid. Direct 
production of HPb (and Pb) was clearly observed, and although 
no Tl is produced directly, its formation via 2 0 2 m P b is 
detrimental to the final radioisotopic purity of the Tl. Work is now 
in progress on the early separation of the 81 isotopes. This should 
provide a purer radiopharmaceutical product, free of the normal Tl 
contamination associated with a Tl target. 

9.2.2 Radiopharmaceuticals 

R F Verbruggen 
123 Na I, adsorbed on glucose in gelatine capsules, was tested in vivo in 



thyroid diagnostic studies at a local hospital. The results were 
evaluated with respect to performance of the tracer, i.e. in terms of 
image quality and uptake by the thyroid. The final results were 
considered very satisfactory by the medical group at the hospital. 
About 450 \id was administered to each patient. 
123 

1-sodium hippurate was used at another hospital. The radio
pharmaceutical was labelled according to the method previously described 
{4,16}, and was free of any radiochemical impurity such as I and 
o- 1-benzoic acid, or chemical impurities such as hippuric acid and 
benzoic acid. The higher photon fjyx obtained with increased 

I-sodium hippurate doses compared to -sodium hippurate, resulted 
in improved kidney images. 
A procedure for labelling 15-(para-iodophenyl)-pentadecanoic acid (IPPA) 
and 15-(para-iodophenyl)-3-methylpentadecanoic acid (3-IPMPA) with I 
was developed {17}. The technique is based on an isotopic exchange, 
starting from pure p-iodophenyl compounds and using one granule of 
metallic Sn in acetic acid. No I is lost by also labelling the ortho 
analogue, as is the case when a non-regioselective electrophilic 
aromatic substitution is used on 15-phenyl-pentadecanoic acid or 
15-phenyl-3-methylpentadecanoic acid. The method results in an overall 
radiochemical yield of more than 96%, obtained in a total reaction time 
of 45 minutes. Quality control of the radiopharmaceuticals is performed 
by means of HPLC. Under optimum labelling conditions, chemical and 
radiochemical impurities were only found to be present when they already 
existed in the cold substrate, illustrating the importance of 
preparative HPLC purification of the cold product'. 

Initial work has also been done on the radioiodination of monoclonal 
antifibrine antibodies. The reaction is based on the use of iodogen 
(l,3,4,6-tetrachloro-3a,6a-diphenyglucouril) as the oxidising agent. 
When used in solid phase, it is capable of effectively incorporating the 

I with minimum damage to the labelled protein. The labelling was 
started by the addition of an acetone solution of iodogen to the 
monoclonal antibodies in buffered saline. Reproducible yields of 85-90% 
were obtained within 5 minutes. Separation of the free I from the 
labelled antibodies was performed on a 2 ml DEAE-Sephadex column. 

9.2.3 Bio-evaluation of labelled compounds 

P L Dwyer and R F Verbruggen 
131 The I-sodium hippurate renogram has proved to be very valuable for a 

variety of kidney problems. Since the radiation dose to the kidney can 
become significant, a radioisotope such as I, with a higher photon 
flux that will give better information with a lower radiation dose, 
justifies a careful evaluation. As with any nuclear medicine procedure, 
the clinical utility of radioisotopic renal function measurements 
improves with better statistics of the data. To demonstrate this for 
1 2 3 I versus 1 3 1 I , we administered 200 ^Ci 123I-sodium hippurate to 
3 - 4 kg New Zealand white rabbits. The information density obtained as 
a result of using I-sodium hippurate produced improved quality of the 
kidney images. This also permits a more accurate estimation of the 
slopes of the renogram or the time needed to reach its peak value 
(figure 4). In no case did the thyroid show up, indicating that no free 
iodine was present. 
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Similar results were obtained for 1 2 3I-AMP ands 1 2 3I-MIBG. 

No clinical reaction after administration to the rabbits was noticed in 
any of the experiments-

9.3 Registration of Radiopharmaceuticals 

P Andersen, F J Haasbroek and S J Mills 

Provisional guidelines for the registration of radionuclides as 
medicines have been received in response to the discussions held with 
the registrar of the Medicines Control Council {18}. With regard to 
information required in applications for registration, distinction is 
made between established preparations, i.e. preparations which are well 
established and routinely used locally and/or abroad, and new 
preparations. The registration requirements also take into 
consideration the special properties or radiopharmaceuticals, such as 
the very small amounts of active substances normally present, the 
absence of any pharmacological effects and the fact that the inactive 
components are normally well-known and non-toxic Furthermore, the 
radiopharmaceuticals are always administered by medical specialists in 
nuclear medicine departments and usually not more than once to a 
specific patient within a year. Authorization has been obtained from 
the Minister of National Health and Population Development to 
manufacture radiopharmaceuticals at the Faure facility and applications 
for the registration of I capsules and 1-sodium hippurate 
injection have been submitted to the Registrar of Medicines. Routine 
productions will start as soon as the facilities at Faure have been 
completed and approved by the MCC and the registrations are finalized. 
Applications for the registration of other products such as Tl-
chloride injection and Fe-citrate are in preparation. 
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SECTION 10 STANDARDIZATION OF RADIOACTIVITY 

201 Summary: A solution of Tl was standardized and a sample was sent to 
the Bureau International des Poids et Mesures for comparative 
measurement. This indicated that the actual activity was 
about 7% lower than specified and the result was withdrawn 
from the registration tables. Trial measurements on I were 
conducted in preparation for an international comparison of 
activity measurements of this radioisotope. Ce, Cd and 

Cs sources were prepared for a number of users of 
radioisotopes. A new method for determining the activity of 

Fe was investigated. A Monte Carlo program was written to 
calculate the interaction probability of photons in the 
detection systems used. 

10.1 International Comparisons 

10.1.1 Participation in the International Reference System (SIR) of 
the Bureau International des Poids et Mesures (BIPM) 

An absolute standardization of the short-lived (72,9 hours) radioisotope 
Tl, which was produced by the Radioisotope Production Division at 

Faure, was undertaken, using the liquid scintillation coincidence 
counting method. A sample was submitted to SIR for comparative 
measurement, which indicated that the sample activity was about 7% lower 
than the value specified by the NAC This has been ascribed to a 
possible chemical preparation problem which manifested itself as a 
slight precipitation during the separation of the sample into a dilution 
for measurement purposes and the preparation of the SIR sample. This 
viewpoint was supported by a measurement made on a dry source prepared 
from the dilution using a calibrated intrinsic germanium detector 
system, where agreement to within 2% was found with the absolute 
measurement. The NAC requested that the result be withdrawn from the 
SIR registration tables. Another standardization of Tl will be 
attempted at a later date. 

10.1.2 International comparison of activity measurements 

led on the success of a restricted trial comparison of a solution of 
I {1}, the BIPM launched a full-scale intercomparison of this 

radioisotope with the reference date set for 1988.06.15. The 
standardization laboratory of the NAC is one of about twenty 
laboratories worldwide who are participating in the comparison. 
Extensive trial runs have been undertaken by the NAC to investigate 
possible problems associated with the various counting techniques 
available for determining the activity of I. Consistent results were 
obtained from four different methods. A determination of an accurate 

12 5 
half-life value for I is also being undertaken at the request of the 
BIPM to help clear up discrepancies that exist between presently 
available values. 
A report {2} describing the NAC participation in the international 
comparison of activity measurements of a solution of Cd {3} has been 
completed. 
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10.2 Maintenance of Laboratory Standards 

10.2.1 Standard sources 
139 A primary standard of Ce was prepared for the Pretoria Cyclotron 

Group. 
109 Dry sealed sources of Cd were requested by the Radioisotope 

Production Division at Faure. Weak sources of <260 kBq were prepared by 
evaporating a quantity of a standardized solution onto plastic tape which 
was mounted on a thin steel ring backing. The sources were sealed with 
thin tape to minimise attenuation of the low energy photons. A dry 
standardized source of I, prepared in the same manner, was also 
supplied. 

137 Standard low activity solutions of Cs were prepared for the 
University of Stellenbosch as well as for a local firm specializing in 
instruments to measure low level activity in foodstuffs. 

10.2.2 Additional projects 

A new method of measuring the activity of Fe directly without using a 
tracer was investigated. The detection set-up has not yet been 
optimised, and the results are only accurate to within 5% at this 
stage. The determination of the Fe impurity concentration, using the 
new technique, formed part of a project undertaken by the Radioisotope 
Production Division to measure excitation functions for the production 
of 5 2Fe. 

In many instances, an accurate knowledge of the interaction probability 
of emitted photons with the scintillator material in the counting cell 
is required. The probability is a function of photon energy, counting 
cell dimensions and the scintillation medium. A Monte Carlo computer 
program written for this purpose is being carefully checked before it is 
used to generate the required data. 
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SECTION 11 RADIATION SAFETY AND REGULATORY ASPECTS 

Summary: The installed area radiation monitoring system performs well. 
A new data-logging system, especially for dose rates around 
the accelerators and beamlines, has been installed. An upward 
trend in radiation doses to personnel is noted. Training of 
radiation workers continues. A radioactive waste management 
system for the whole NAC has been finalized and is in its 
final stages of construction. Problems have been encountered 
with the air handling installation for radioactive areas. 

11.1 Radiation Safety Beam-interlock System 

The radiation safety beam-interlock system in and around the 
accelerator, beamline and radioisotope production vaults has performed 
well during the year. A test procedure has been developed by means of 
which all components as well as the functioning of the safety equations 
and computer could be thoroughly tested. 

A sophisticated data-logging system that will keep record of dose rates 
at all the detectors of the area radiation monitoring system, as well as 
the detectors in the outlet air stacks, has been completed and 
installed. The software for controlling the system is also ready and 
undergoing commissioning tests. 

11.2 Personnel Dosimetry 

The number of radiation workers at the NAC has remained between 170 and 
180 during the year. Dose and medical records of all these radiation 
workers have been transferred to disc on a PC and are updated on a 
4-weekly basis. 

Owing to the increased activities of the neutron therapy and 
radioisotope production programmes and the increased activation of the 
SSC and beamline components, the total radiation dose to personnel is 
still on the increase. During the last 12-month period 172 radiation 
workers picked up a total dose of 40.0 mSv (4.0 rem), giving an average 
annual dose of 0.23 mSv/person. Most radiation workers, however, 
registered no dose. The above-mentioned total dose was spread over only 
25 persons, giving an average annual dose of 1.60 mSv/person. The 
highest annual average dose (3.13 mSv/person) was received by members of 
the Radioisotope Production Division, while the highest annual dose to a 
single person was 6.44 mSv, received by a member of the Neutron Therapy 
Division. 

Measurements of H in urine samples from a member of the Van de Graaff 
Group have been made locally for the first time. This person handles H 
targets for nuclear physics experiments and sometimes becomes slightly 
contaminated. 

11.3 Training of Radiation Workers 

A new approach to the training of radiation workers has been 
implemented. Small groups of approximately 10 persons at a time were 
given review lectures and shown videos on radiation safety, after which 
open discussions followed, where all questions of the radiation workers 
were answered and discussed. This produced very satisfactory results 
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in reassuring everybody concerned, both as to the dangers and the safety 
procedures implemented. 

11.4 Management of Radioactive Materials and Waste 

11.4.1 Waste disposal 

No waste disposal has thus far been necessary, as the total volume of 
both solid and liquid waste has not increased dramatically. The number 
of activated redundant beamline components is, however, slowly becoming 
a problem, but it is expected that the new fenced radioactive storage 
area in the basement of Block D which is planned for the very near 
future, will considerably alleviate it- Shielding inside this area will 
be provided by loose shielding blocks that can be stacked in any 
configuration necessary. 

A tank system comprising three 2500-litre polycarbonate containers for 
low-level radioactive liquid waste management has been installed in the 
basement of Block D. This system will be used mainly for contaminated 
waste water from the cleaning of floors, etc in radioactive areas, 
washing of laboratory coats and decontamination of radioactive 
components. High-level liquid radioactive waste is collected in smaller 
containers and stored behind walls built of shielding blocks. 

The new water cooling system for radioisotope production targets poses a 
rather severe radiation hazard in the basement of Block D during 
production runs and access to this area is restricted during these 
occasions. 

11.4.2 Maintenance of accelerators and beamlines 

Repairs to some activated components of the accelerators, beamlines and 
neutron therapy isocentric system had to be made. The highest surface 
dose rate thus far encountered, i.e. 1.2 Sv/h (120 rem/h), was measured 
on the septum magnet SPM1. Relatively minor radiation doses were picked 
up by maintenance personnel, however. During shut-down periods complete 
radiation surveys were made, and it was found that after the first day 
of shut-down, the general background in the SSC vault had usually 
dropped to below 2.5 |iSv/h (0.25 mrem/h). Movable shielding screens 
with thick lead-glass windows are used during maintenance work. 

Pieces of activated stainless steel beamline that were exposed to direct 
proton beams were analysed after a few ,days. The most abundant 
radioisotopes present were Co, Co and Mn. It is believed that 
these are also responsible for most of the radiation background in the 
vaults. 

11.4.3 Air handling system 

The air handling system of Block D in general still does not function 
satisfactorily. Complaints were investigated by the suppliers and some 
faults were rectified, but the system does not seem to be able to 
operate reliably for lengthy periods. 

The air filters of the whole air handling plant are due for replacement 
after approximately four years of service. A radiation survey of these 
filters showed no contamination due to the activities on the site. 



PART B: THE PRETORIA CYCLOTRON FACILITY 

SECTION 12 

12.1 Introduction 

The primary facility at the Group's disposal is a locally built 110 cm 
solid-pole cyclotron which was commissioned on 26 January 1956 
(figure 1). It has an external beamline leading to an adjacent 
experimental hall that houses a fast-neutron therapy facility. The 
variable-energy, multi-particle machine (5.8-15.3 MeV protons, 
11.5-17.3 MeV deuterons, 18-38 MeV 3He-particles and 23-34.6 MeV 
He-particles) is designed for the bombardment of both internal and 

external targets for the production of radioisotopes. The fast-neutron 
therapy facility, which was created in collaboration with the 
Johannesburg, H F Verwoerd and Hillbrow hospitals of the Transvaal 
Provincial Administration, could thus far only be used for radiation 
physics, dosimetric and radiobiological studies. The fact that the 
facility could not yet be commissioned for therapy is one of the main 
reasons for the planned closure of the Pretoria facility. More details 
of this decision are presented in the following section. 

The current activities of the PCG are divided into five main categories 
and progress is reported under the following headings:-

(a) Cyclotron operation and development 
(b) Production of radioisotopes 
(c) Radiation physics 
(d) Radiobiology 
(e) Services to industry and other organisations. 

12.2 Closure of the Pretoria Cyclotron Facility 

The CSIR executive announced on 16 June 1987 that the Pretoria Cyclotron 
facility is to be closed down by the end of 1988. This decision was 
prompted mainly by the following two considerations: 

Firstly, the facilities at Faure are scheduled to be fully operational 
by the end of 1988 and consequently it will then be possible to continue 
the current Pretoria activities at Faure. Secondly, although a stage 
was reached where suitable beams could be delivered for neutron therapy, 
the additional major expense required to improve the overall reliability 
of the machine to suit the treatment of patients could not be 
justified. Here, the age and certain inherent shortcomings of the 
machine were decisive contributing factors. The closure of the Pretoria 
cyclotron together with the merging of all the NAC activities at Faure 
will further bring about significant savings in running expenses. Tha 
most far-reaching implications of the imminent closure are that tha 
planned neutron therapy programme has had to be cancelled and thai 
demand for beam time on the Faure cyclotron will be greater. The 
decision and announcement of the planned closure was made well in 
advance to facilitate proper planning for the transfer of personnel and 
activities to Faure, and to make provision for the uninterrupted supply 
of medical Isotopes to users* 

The Pretoria cyclotron has been in full-time operation for more than 
thirty years and has proved a worthwhile venture. It has been used for 
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a wide variety of applications such as experimental nuclear physics and 
related studies, biophysical studies with fast neutrons and the 
production of radioisotopes. As a research tool in the various fields, 
it contributed to the publication of more than 420 scientific papers and 
reports by both internal and external users. 

A large number of people received training at this facility. This is 
reflected by the 38 theses which were compiled for master's and doctor's 
degrees. The training and experience gained by scientists and engineers 
on this machine largely contributed to the successful local design and 
construction of the new Faure cyclotrons. 

The radiation physics and radiobiological research programmes were 
initiated in 1981 and besides the evaluation and calibration of fast 
neutron beams for therapy, more fundamental physical and radiobiological 
aspects of the neutron beam have been investigated. The experience 
gained and work done at the Pretoria facility have already proved of 
value for the programmes at Faure and the transfer of this group will 
undoubtedly contribute further to the advancement of efforts at Faure. 

Since the radioisotope production programme was started in 1965, it has 
grown to approximately 1000 consignments of radioisotopic products 
delivered annually to 16 different hospitals and biomedical 
institutions. Research and development have always formed an important 
part of this programme. Over the years, surplus beam time has been used 
for the production of the longer-lived industrial isotopes, most of 
which were exported. This undertaking has served as a useful source of 
additional income. Of the some 20 different radioisotopes that have 
been produced, 1 8 F 2 2Na, s !Fe, 6 7 G a , ™Br, 8 W l n K r , 8 5Sr, 1 0^Cd, 

In, I and Ce are the most important. The planned merging of 
the two isotope production groups of the NAC, together with the greater 
variety of radioisotopes that can be produced at Faure, will most 
certainly contribute to the expansion of our isotope production 
programme. 

12.3 Cyclotron Operation and Development 

Summary: Following the announcement in June 1987 that the Pretoria 
Cyclotron will no longer operate after November 1988, all 
development work on the machine has been terminated. 
Operating conditions for the therapy beam have deteriorated 
considerably and on-target currents have been limited to 10 uA 
for the remainder of 1988. It was none the less possible to 
maintain the machine successfully for the continuation of the 
radioisotope production programme and for certain physical and 
biological studies. 

12.3.1 Maintenance and development 

Since the announcement in June 1987 that the Pretoria Cyclotron will be 
decommissioned at the end of 1988, all development work on the machine 
has ceased. Although this decision was largely determined by the fact 
that the minimum conditions required for a successful neutron therapy 
programme could not be met, the overall viability of operating an 
obsolete accelerator was an important factor. 

A consistent 40 |iA deuteron current or. the therapy target was in fact 
realized in the last quarter of 1987. Thir, was achieved by employing an 
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adjustable slit system {1}, thus eliminating the need to raise the 
magnetic median plane by means of an external resistor. However, 
following, a machine shut-down during the December recess, operating 
characteristics again reverted to the unacceptable pre-1986 conditions* 
The extraction efficiency dropped from 50Z to 30Z and the overall 
transport efficiency to the therapy target was down from 30Z to 12Z. 
Suspicions of a misaligned upper pole plate were supported by subsequent 
vacuum leaks at the O-rings which maintain vacuum between the upper pole 
plate and the vacuum chamber. Although it was possible to overcome the 
vacuum problem, the apparent restricted movement of the upper pole plate 
was indicative of a hardening of the O-rings through radiation damage. 
To replace the O-rings would require that the machine be shut down for 
at least one month. The radiation exposures to key personnel and the 
ongoing isotope production programme did not permit this, with the 
result that external beam currents have been limited to 10 uA for the 
remainder of 1988. Consequently, all radiobiological studies are now 
performed in non-collimated fields. 

12.3.2 Utilization 

During the past year the total operational time amounted to 7309 hours, 
about 16Z more than last year. This was due mainly to the decision not 
to undertake a major service, as the cyclotron will only be in operation 
until mid-November. The cyclotron was available for 5500 hours during 
which time 5058 beam hours were logged. This represents a running 
efficiency of 93Z. A breakdown of the cyclotron utilization is 
presented in table I. 

Table I. Cyclotron operation 

Utilization Hours Z 

Planned service 232 3.2 
Interruptions 1 577 21.5 
Radioisotope production 5 058 69.2 
Experiments 442 6.1 

Total 7 309 100 

References 
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12.4 Production of Radioisotopes 

Summary: Because of the imminent closure of the Pretoria cyclotron, 
efforts were joined with the Faure group in preparing for the 
continuation of the radioisotope production programme at the 
new facility. The completion of a new separation method for 
Na from Mg targets and work done on Rb/ Nr 

generators for perfusion studies are reported below. Studies 
were initiated to develop a kit for the labelling of 
monoclonal antibodies and other proteins with In. The 
possibility of filling pre-sealed vials with radiopharmaceuti
cals was investigated. 

12.4.1 Separation of 2 2Na from Mg 

F von S Toerien and R J N Brits 

The separation method previously described {1} was further developed. 
Determination of a number of relevant distribution coefficients led to 

22 
the optimization of certain parameters. To test the method, tracer Na 
was separated from one gram of Mg. The final Na solution contained 
less than 50 ug Na, about 50 ug K and 300 ug Mg. These impurity levels 
are about an order of magnitude lower than those obtained with the 
current separation method. Owing to the low Na concentration, some Na 
activity is lost through adsorption during the separation process and 
consequently the yield is only 90%. 
An enclosed system was designed to perform this separation remotely. 
The beaker containing the bombarded Mg target shavings is positioned 
hydraulically for dissolution and transfer. While the Na fraction is 
eluted from the ion-exchange column, the eluate is evaporated in a small 
conical teflon beaker. To prevent the beaker from overflowing, a 
conductivity sensor is used to control the pump feeding the ion-exchange 
column. When the elution is completed, a photoelectric sensor coupled 
to the column stops the pump. Satisfactory results were obtained In a 
full production run using the new method and apparatus. 

12.4.2 Rb/ M- generators for perfusion studies 

R J N Brits, F J Haasbroek 

Requests for Rb/ TCr perfusion generators have been received. In 
order to prepare a suitable perfusion generator, a Rb/Na separation is 
unavoidable when NaBr is used as target material. Initially encouraging 
results were obtained with a liquid-liquid extraction method using 
tetraphenylboron in nitrobenzene to extract Rb from a NaBr solution 
{2}. In practice however, this approach was not successful. Using new 
techniques, the preconcentration of Rb with arnmoniummolubdatophosphate 
(AMP) {3} was once more investigated and subsequently implemented. The 
present method entails the quantitative adsorption of Rb from a NaBr 
solution onto about 5 mg AMP. The AMP is dissolved in aqueous ammonia, 
triethanolamine is added and the NH 3 evaporated. The Rb in the 
resultant solution Is loaded efficiently onto Biorad AG MP50 resin in a 
small generator. An apparatus has been constructed to perform these 
operations remotely. 

Presently we construct generators from plastic filter holders. These 
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generators cannot be sterilised and an improved design consisting of a 
small glass column (1.2 ml capacity) has been investigated. In trial 
runs this generator performed well. 

12.4.3 Labelling of proteins with n i I n 

P Andersen 

There is a growing interest in the use of radiolabelled monoclonal 
antibodies for the localization of cancerous tumours, and consequently 
in the development of new procedures for chelating metallic 
radionuclides to the antibodies. An investigation has therefore been 
initiated to develop a kit for the labelling of monoclonal antibodies as 
well as other proteins with In. As this is a new field for us, the 
initial part of ths project is aimed at acquiring experience and 
developing the necessary skills* 

12.4.4 Filling of pre-sealed vials with radiopharmaceuticals 

P Andersen 

It is standard practice for medical personnel to withdraw solutions for 
intravenous injections by piercing needles through the rubber stoppers 
of multi-dose vials. The possibility of filling sterilised sealed vials 
with pharmaceuticals in the same manner was therefore considered. Such 
a method would greatly simplify the measures required to ensure the 
sterility of the injection, but might cause unacceptable levels of 
contamination by rubber particles released during the piercing process. 
Tests were performed to obtain an estimate of the number of particles 
that can be released when such a procedure is followed. The rubber 
stopper of a sealed vial was pierced ten times by a 0.7 x 32 mm needle, 
each time at a different position. A number of vials (18 in all) wf;re 
treated in this way using a new needle for each vial. The particles 
counted for various size ranges are summarised in table 2. The largest 
particle found was 400 um. Although the average number of particles per 
piercing (9.6) is within the acceptable limits stated by the USP (4) we 
decided not to implement this procedure until further tests have been 
performed. Automatic filling with a mechanical device might cause more 
damage to the rubber stopper than manual piercing. 

Table 2 Particles released by piercing rubber stoppers with a needle 
(0.7 x 32 mm) 

The size of the The number of particles 
particles in ^m per 100 punctures 

10 330 
20 210 
30 120 
40 80 
50 80 
60 30 
70 20 
80 20 
90 8 

>100 58 
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12.5 Radiation Physics 

Summary: The past year has been devoted entirely to the evaluation of 
lineal energy spectra measured in the d(16) and p(66) fast 
neutron beams generated at Pretoria and Faure. An inter-
comparison study revealed good agreement with microdosimetric 
parameters determined at similar centres. The proportional 
counter measurements were further exploited to evaluate the 
photon fraction in the mixed n/y radiation fields. A 
microdosimetric assessment of beam quality was of particular 
value in determining the optimum thickness of a beam-hardening 
filter for the p(66) therapy beam. 

12.5.1 Lineal energy spectra and data acquisition 

P J Binns 

The measurement of single-event spectra in the d(16)+Be beam has 
previously been reported {1}. Preliminary evaluation of the principal 
microdosimetric parameters yielded values that differed by 10-15Z from 
those determined at similar high-LET centres. Subsequent to these 
initial measurements, several improvements have been incorporated to 
allow measurements in the lower lineal energy range, facilitating more 
exact data collection. The use of propane instead of methane-based TE 
gas proved the most significant improvement by enhancing the signal-to-
noise ratio. This enabled a more reliable evaluation of the photon 
component in the mixed radiation field. Pulse-height data covering 
three lineal energy ranges is now accumulated simultaneously and the raw 
data binned into 40 logarithmic intervals per decade instead of the 20 
intervals used previously. 

12.5.2 Microdosimetric re-evaluation of d(16)+Be beam 

P J Binns, G W Meyer and J H Hough 

Having implemented the above improvements, central axis measurements in 
the d(16)+Be beam were repeated with two objectives in mind: to 
re-assess the microdosimetric parameters for intercomparison purposes 
and to evaluate the in-phantom photon component. Measured values for 
the dose-average lineal energy corrected for saturation (y*) are 
summarized in table 3 together with data obtained at other centres 
employing the d+Be reaction. The relevance of y* for intercomparison 
studies has been discussed by Menzel {2}. The tabulated data suggests 
that variations in y* are more marked for deuteron energies <15 MeV than 
that observed above 15 MeV. It should be noted that as regards the d+Be 
reaction, increasing neutron energy does not yield smaller y* values. 

The photon components evaluated from normalized lineal energy spectra 
are juxtaposed in table 4 with values obtained using the paired chamber 
technique. For the latter measurements the estimated experimental error 
is 5% whilst an overall error of 13%, as stated by Waker {3}, is 
indicated for the microdosimetric data. 
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Table 3 Intercomparison of y* values determined at centres utilizing 
the d+Be reaction (thick target). Field size 10 x 10 cm 

Depth 
(cm) 

y* (keV urn-1) 
Depth 
(cm) d(14) a d(15) b d(16) c 

5 
10 
15 
20 

24.7 
23.6 
24.0 
23.2 

31.6 
30.3 
28.7 
27.3 

33.1 
32.2 
31.0 
29.8 

Free in air - 30.9 32.6 

a Ref {4} 
b Ref {2} 
c NAC (Pretoria) 

Table 4 Evaluation of in-phantom photon component in a d(16)+Be 
neutron beam (10 x 10 cm). Estimated errors in brackets 

Gamma . Fraction (%) 
Central axis 
Depth (cm) Paired chamber* Microdosimetry 

2 4.0 (0.2) 4.0 (0.5) 
5 5.1 (0.3) 5.3 (0.7) 
10 7.4 (0.4) 7.3 (1.0) 
15 10.1 (0.5) 9.5 (1.3) 
20 13.2 (0.7) 13.0 (1.7) 

* These values differ slightly from those recently 
reported {1}. Variations can be ascribed to the 
different Be targets used. 

12.5.3 Intercomparison of d(16) and p(66) therapy beams 

P J Binns and J H Hough 

An intercomparison study of the d(16)+Be beam at Pretoria and the 
p(66)+Be beam at Faure has recently been completed {5}. Figures 2 and 3 
respectively show probability distributions measured at both facilities, 
on central axis and 15 cm off-axis. A shift of the fast proton peak to 
lower lineal energies with increasing neutron energy is apparent in both 
figures* In-beam data was obtained at depths ranging from 2 cm to 20 cm 
and for square field sizes varying between 5 x 5 cm and 20 x 20 cm. 
From an analysis of the pooled data an average value and standard 
deviation was calculated for each microdoslmetrlc parameter. Values for 
the p(66) beam are summarized in table 5. For the d(16) beam, average 
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Fig. 2 Probabil i ty d i s t r i bu t i ons determined in-phantom, on cen t ra l 
axis for a 10 x 10 cm f i e ld . The p(66) and d(16) spectra were 
measured at 10 cm and 5 cm depth respec t ive ly . 
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Fig. 3 Lineal energy distributions measured 15 cm off central axis. 
Radiation conditions as in Fig. 2. 
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values of 5.53, 65.6 and 31.3 keV urn" were respectively calculated for 
?F> YD a n (* y*« A similar pattern emerges from the variation 
analysis. By dividing the entire lineal energy range into sub-sections, 
the dose contributions to diferent y intervals can be quantified as a 
function of depth and lateral displacement. Figure 4 shows the 
variation of the different y intervals with depth whilst the 
corresponding profile analysis is illustrated in figure 5. 

Table 5 Average in-beam values for yp, yn and y* for the p(66) beam 
for varying depth and field sizes 

Av. value C.O.V. Max. Value Min. Value 
(keV um - 1) (Z) (keV >un) (keV urn-1) 

5.56 5.8 6.07 4.88 
73.5 2.2 74.8 70.4 
24.3 3.2 25.9 23.1 

For the present intercomparison study, the statistical uncertainty 
associated with a single measurement is more pertinent than systematic 
errors such as calibration uncertainties. Experience of repeated in-air 
measurements in the Pretoria beam over a period of some months realized 
standard deviations better than 6%, 2% and 1% respectively for yp, 
yn and y*. In table 6 the characteristics of the p(66) beam are 
compared with those of the p(65) beam at Louvain-la-Neuve {6}. 
Allowing for the stated overall uncertainties, the results for ýn and 
y* are seen to be consistent. The difference in the yp parameters is 
probably accentuated by the termination of the p(66) spectra at 
0.3 keV um~ , below which point no data was collected. Values calculated 
for the different y intervals are, however, in excellent agreement. 

Table 6 Microdosimetric parameters and absorbed dose fractions on 
central axis (10 x 10 cm field at 5 cm depth). 

Louvain-la-Neuve NAC (Faure) 

3.64 5.93 

77.6 74.5 
24.0 24.9 

y F 

y* 

y* 

y < 20 0.577 0.572 
20 < y < 150 0.282 0.285 

y > 150 0.141 0.143 
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4 Depth dose curves for the total dose Dj together with curves 
for three y intervals representing different radiation compo
nents: recoil protons Dp, heavy particles Dc tN fo a n <* gamma 
rays Dy. For the p(66) beam, o-particles are included with 
the heavy recoils. For the d(16) beam, the selected intervals 
are y<4, 4<y<l40 and y>140 keV \im -1 For the p(66) beam the 
lower intervals are y<2 and 2<y<140 keV \m - 1 
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Lateral distonce (cm) 

10 

5 Dose profiles for the total dose Dx and the various radiation 
components. The radiation conditions are as in fig. 2. 
(y-interval8 as in fig. 4.) 
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In an intercomparison of two therapy facilities with different neutron 
energies {7}, the applicability of y* as a monoparameter of beam quality 
was demonstrated. Considering the extended energy range of the NAC 
intercomparison, it was of some interest to determine a ratio of y* 
values and correlate this with biological findings. A series of 
radiobiology assays was recently performed by irradiating V79 cells 
under conditions of maximum build-up. Using D 0 values, an average RBE 
ratio for the two different beams was determined to be 1.31 ± 0.24. A 
prediction based on the ratio of the average y* values yielded 1.29 ± 
0.06. 

12.5.4 Radiation quality and beam filtration 

P J Binns and J H Hough 

A radiobiological study of the effect of a hydrogenous filter on the 
quality of a p(43)+Be beam has revealed a variation in beam quality at 
different depths within a phantom {8}. More recent measurements at the 
Clatterbridge neuton therapy facility {9,10} have, however, yielded 
results that are not entirely compatible. Before embarking on similar 
radiobiological assays in the Faure therapy beam, microdosimetric 
measurements were performed to quantify the degree of quality change 
with filtration. 

Track lengths of 2 urn were simulated in unit density tissue and lineal 
energy spectra determined at 2.5 cm depth with different thicknesses of 
polythene positioned at the throat of the collimator. The results of 
this investigation are depicted in figure 6, together with radiobio
logical data (to be discussed in section 12.5.3). The value of y* 
determined at 15 cm depth with and without filtration concurred with 
that evaluated at 2.5 cm depth using a 5 cm thick filter. The variation 
observed in figure 6 was supported by the radiobiological assay and 
demonstrates the value of microdosimetric measurements in the assessment 
of beam quality. 

12.5.5 In-phantom photon component for the p(66) beam 

P J Binns and J H Hough 

To reduce possible discrepancies in both the intercomparison and 
filtration studies, the measured lineal energy distributions were 
respectively terminated at 0.3 and 1 keV \im~ before calculating the 
various microdosimetric parameters. An additional series of more 
exacting measurements was performed to determine the photon fraction at 
different depths within a water phantom. 

The results are shown in figure 7 together with values determined by 
means of the paired-chamber technique using a Geiger-Ntiller detector 
from Louvain-la-Neuve {11}. For intercomparison purposes the photon 
fractions measured at Louvain-la-Neuve are also shown. All the data 
depicted in figure 7 was acquired with beam-hardening filters in the 
beam: 2 cm polythene at Louvain-la-Neuve and 2.5 cm at Faure. 

In conclusion, the presented microdosimetric data reflects physical beam 
characteristics very similar to those observed in the p(65)+Be therapy 
beam at Louvain-la-Neuve. 
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Microdosimetric evaluation of the effect of a hydrogenous 
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p(66)+Be therapy beam. The y* values were determined for the 
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12.6 Radiobiology 

Summary: The ongoing radiobiology programme at the Pretoria Cyclotron 
has proved invaluable for the pre-clinical calibration 
measurements at the Faure neutron therapy facility* Using 
biological endpoints complementary to those employed by 
radiobiologists at Faure, RBE and OER studies were 
successfully completed. Of note was the radiobiological 
assessment of beam quality as a function of filtration. These 
measurements were decisive in optimizing the thickness of the 
hydrogenous filter. The evaluation of synergistic effects in 
mixed radiation fields has been extended to mammalian cells 
and has concentrated on biological responses in mixed fields 
of varying quality. 

12.6.1 RBE and OER studies at Faure 

J P Slabbert and H L Jones 

The determination of RBE and OER values in the p(66)+Be neutron therapy 
beam formed part of the pre-clinical calibration programme at Faure. 
For the present studies V79 cells in suspension were irradiated under 
conditions of maximum build-up. Two models were used to fit curves to 
the survival data, namely the multi-target and the linear-quadratic 
models. The calculated parameters are summarized in table 7 together 
with Co data. RBE _ values of 1.67 and 1.86 were respectively 
calculated using D 0 and 5 values. At Clatterbridge [p(62)+Be] a value 
of 1.55 was determined using 250 kV X-rays as reference source {1}. 
Assuming an X-ray vs. photon RBE of 1.15 for V79 cells, this translates 
to 1.78 which is compatible with the Faure values. 

Large circular-shaped anoxia chambers were constructed (from aluminium) 
to accommodate five 90 mm diameter petri dishes for irradiation in a 
vertical beam. 

Measurements covering two dose ranges (4-8 Gy) and (0.5-3.0 Gy) were 
performed. Since the low-dose data did not permit the calculation of 
D 0 values, the OER in this instance was evaluated at 1 Gy in air and 
found to be 1.42 ± 0.14. In the high-dose range the D 0 ratio yielded 
a value of 1.73 ± 0.23 which is in full agreement with an OER of 1.7 
determined at Fermilab {2}. The observed reduction in the OER at lower 
doses underscores a study conducted with CH0 cells {3}. Employing the 
parameters a and P in table 7, an OER vs. dose-in-air curve was 
generated and this relationship together with that for Co photons is 
shown in figure 8. For photons a similar reduction of the OER is 
observed at low doses, highlighting the relevance of this parameter in 
high-LET therapy. 

12.6.2 The relevance of D at low doses 

J P Slabbert 

The mean inactivation dose (D) has previously been employed in the 
evaluation of data from this laboratory {4} and its successful 
application to data analysis in specific cases is well demonstrated 
here. D 0 values are calculated from the distal portion of the 



Table 7 Survival-curve parameters measured for determining RBE and OER with p(66)+Be for neutron therapy. 

MODALITY OER CONDITIONS »0 o x 10 B x 10 D 
(Gy) (Gy-1) (Gy-2) (Gy) 

Neutrons/p(66) - 0.76 (0.07)+ 3.32 (0.65)+ 1.34 (0.15)+ 1.55 (0.07)* 
Photons/60Co - 1.27 (0.10) 2.02 (0.77) 0.32 (0.07) 2.89 (0.33) 

Neutrons/p(66) High dose (air) 0.45 (0.04) 0.87 (0.88) 2.72 (0.22) 1.55 (0.08) 
High dose (N2) 0.78 (0.08) 1.37 (0.78) 0.81 (0.12) 2.41 (0.19) 
Low dose (air) - 4.41 (0.89) 0.98 (0.49) 1.50 (0.03) 
Low dose (N2) - 3.18 (1.23) 0.39 (0.42) 2.17 (0.04) 

RBE: 1.67 (0.20); D Q values OER: 1.73 (0.23): (DQ values, high-dose curve) 
1.86 (0.23); D values 1.55 (0.15); (5 values, high-dose curve) 

1.45 (0.04); (5 values, low-dose curve) 
1.42 (0.14); (at 1 Gy in air, low-dose curve) 

+95Z confidence errors in brackets 
•Error estimation: see section 12.6.1 
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Oxygen enhancement ratios for Co photons and p(66)+Be 
neutrons generated from experimental data covering different 
energy ranges (4-8 Gy and 0.5-3.0 Gy). Mean standard 
deviations are indicated. 
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Survival fractions determined at 2.5 and 15 cm depths with no 
filtration. The presence of a soft neutron component in the 
unattenuated radiation field renders the beam more effective 
near the front surface of the phantom. 
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survival curve which usually spans higher doses. In contrast D values 
are determined by integration over the whole dose range and are thus 
dominated by the surviving fractions at low doses. Bearing in mind that 
the RBE for high-LET radiation increases at low doses, it is anticipated 
that an RBE derived from D values would be larger (1.86 compared to 
1.67). The opposite is true for OER values which decrease at lower 
doses (1.55 compared to 1.73). Moreover, good correlation should be 
observed when analysing the low-dose curve (1.45 compared to 1.42). 

The coefficients a and 6 describing the linear-quadratic fit to the 
experimental data are covariant parameters. With this mathematical 
property as premise, the 95% confidence limits were used to calculate 
limiting D values. 

12.6.3 Effect of soft neutrons in a p(66) beam 

J P Slabbert, H L Jones and J H Hough 

As stated in section 12.5.4, this biological assay was preceded by a 
complementary mlcrodosimetric evaluation. Having identified a 
significant variation in y*, radiobiological measurements were performed 
using asynchronous V79 cells in vitro. The cells were cultured as 
monolayers following standard techniques. Three hours prior to the 
irradiation the cells were trypsinized, appropriately diluted following 
a single route and seeded into 25 cm7 growth flasks. The cells were 
allowed to attach to the surface of the growth flask before 
irradiation. The flasks, filled with complete medium, were orientated 
such that charged-particle equilibrium was realized in the tissue 
culture medium. 

Survival fractions were determined at 2.5 and 15 cm depths, with and 
without filtration. Linear-quadratic curves were fitted to the data and 
the parameters obtained with no filtration and a 5 cm filter together 
with the calculated D values are given in table 8. Without filtration a 
change in beam quality is indicated by a distinct shift to lower 
survival fractions at 2.5 cm depth (figure 9). The beam is hardened by 
the attenuating medium and no significant variation in the effectiveness 
of the beam is observed when a 5 cm thick filter is present (figure 
10). 

The data plotted in figure 6 was obtained by calculating dose ratios at 
the 40% survival level which approximates to clinically prescribed 
doses. The statistical difference between these data sets is best 
illustrated by the 95% confidence ellipses drawn in figure 11 where the 
2.5 cm (no filter) ellipse is clearly separated from the others. A 
difference is also evident from the ratios of the tabulated D values: 
1.12 ± 0.05 (no filter) and 1.01 ± 0.08 (with 5 cm thick filter). In 
seeking a compromise between filtration effect and diminished dose rate, 
a 2.5 cm thick polythene filter was inserted in the isocentric head, 
approximately 15 cm from the target assembly. 
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Table 8 Survival-curve parameters with and without filtration (field 
size 20 x 20 cm). 

Polythene filter Depth in a x 10 P x 10 D 
thickness water 
(cm) (cm) (Gy-1) (Gy"?) (Gy) 
0 2.5 4.76 (0.54)+ 1.12 (0.12)+ 1.38 (0.05)* 
0 15.0 3.72 (1.35) 1.14 (0.31) 1.55 (0.05) 
5 2.5 3.98 (0.79) 1.08 (0.20) 1.52 (0.07) 
5 15.0 4.39 (0.99; 0.93 (0.25) 1.51 (0.09) 

+95% confidence errors *see section 12.6.1 for error estimates 

12.6.4 Synergistic interaction between neutron and photon damage 

J P Slabbert, H L Jones and J H Hough 

Previously reported studies in mixed fields demonstrated a correlation 
between observed survival data and the responses predicted by selected 
biophysical models {5}. Vlcia faba root tips were irradiated and the 
formation of micronuclei and growth inhibition used as end-points. This 
investigation has now been extended to include mammalian cells and more 
specifically to evaluate the effectiveness of different neutron/gamma 
mixtures. Two cell lines with different radiosensitivities (V79 fibro
blasts and Chinese hamster ovary cells CH0-K1) were irradiated in 
d(16)+Be neutron and Co photon fields whilst simultaneous irradiations 
were performed for different mixtures (n75/y25, nso/YSO and n2s/Y75). 
Fitted survival curves to V79 data (linear-quadratic model) are shown in 
figure 12 together with predicted independent action responses. The 
various parameters describing the fitted curves to the survival data are 
given In table 9. 

Table 9 Parameters describing curves fitted to V79 and CHO survival 
data. 

System Neutrons* Photons a 6 D 
% % (Gy- 1) (Gy- 2 ) (Gy) 

V79 100 0 0.3313 0.1897 1.39 
75 25 0.1119 0.1696 1.86 
50 50 0.2367 0.0839 2.04 
25 75 0.1057 0.0619 2.84 

0 100 0.0629 0.0309 4.19 

CH0-K1 100 0 0.6784 0.0667 1.22 
75 25 0.6956 0.0272 1.31 
50 50 0.3904 0.0481 1.86 
25 75 0.3474 0.0328 2.15 
0 100 0.3233 0.0129 2.62 

*The gamma contamination In the neutron beam was 2%. 
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In an attempt to quantify the apparent non-independent action observed 
for the different mixtures, non-biophysical models or procedures were 
employed. Mixed field responses were successfully predicted for all 
three n/y mixtures by the lesion additivity (LA) model {6} using linear 
isobolograms (figure 13). These findings are further demonstrated by an 
evaluation of the index of interaction I {7} for each n/y mix. For both 
the CHO and V79 data, the values of I in the observed survival range do 
not deviate significantly from unity. Whereas an iso-effect line 
delineates between antagonistic and synergistic action in the LA model, 
Steel and Peckham {8} define an envelope of additivity, i.e. a region of 
additivity. The severest limitation of this technique or procedure is 
that it is only fully compatible with sequential irradiations {9}. This 
is demonstrated in figure 14 where the divide between additivity and 
supra-additivity is a function of sequencing and hence the confirmation 
of true synergism remains unresolved. 

The different radiosensitivities of the two cell lines are exemplified 
by the enhancement ratios (ER) evaluated from the experimental data. 
The ER is analogous to the OER and is simply the ratio of the doses 
required to produce the same effect {10}. Enhancement ratios were 
calculated at the 1% survival level and are plotted in figure 15 as a 
function of the n/y mix. Both cell lines exhibit larger ER values for 
smaller neutron fractions with the more radioresistant V79 cells 
displaying greater overall enhancement. 

Except for the tabulated n7s/y25 parameters, the data in table 9 
reflects various trends as well as the characteristics of the two cell 
lines exposed to radiation fields of varying quality. The greater 
radiosensitivity of the CHO cells is manifested in a smaller D value and 
is also evident in the larger a values, indicating greater efficiency in 
the creation of intra-track damage at low doses. The V79 p values are 
on the other hand larger, facilitating greater interaction and hence 
larger ER values (figure 152» Finally, the variation in beam quality is 
quantified by the changing D values. 

Although different perspectives on the interaction of neutron and photon 
damage were gained in the application of the various non-biophysical 
models, a variation in synergistic interaction for different 
neutron/photon mixtures could not be quantified. Using the Zaider and 
Rossi {11} interaction term for mixed field Irradiations, the percentage 
of cells killed due to the synergistic effects of neutrons and photons 
was calculated {12}. The curves in figure 16 clearly predict higher 
percentages for smaller neutron fractions. The experimental curves 
depict the best fit to the survival data and correlates well with the 
predicted curves at higher doses. The deviations observed at lower 
doses can be ascribed to greater uncertainties in this region and 
identifies the need for more accurate data at low doses. 

References 

1. D K Bewley (Personal communication) 

2. E J Hall and A Kellerer, in "High LET radiation in clinical 
radiotherapy", Eds. G W Barendsen, J Broerse and K Breur, (Pergamon 
Press, Oxford, 1979) p 171 



174 

5 V79 

/ • \ 4 x>> 
X N^. 
u v N """-"v. Mod* I 

• 3 \ « N ^ S . 
• N. v ^ v 
0 

C 
0 2 -

N ^ \ L 
-t) 
3 " V O N \ 
• ^ v ^ \ 
Z 1 Mod* I \ N \ 

e 

—1 1 1 1 1 1 

4 6 8 
Photon do«« (Gy) 

10 12 

14 Envelope of additivity calculated for V79 cells at 12 level 
according to the procedure prescribed by Steel and Peckham 
(8). Experimental data points are also shown. Different 
sequencing produces two envelopes. 

a » 75 
X ntutron» in mtxkurt 

15 Enhancement ratios calculated at the 1% level for different 
neutron/photon mixes. The differing responses for the V79 and 
CHO cells are discussed In the text. 



175 

16 The percentage of cells that are killed due to the synergistic 
interaction between neutron and photon damage. The 75%, 50% 
and 253! refer to the neutron fraction in the mixed field and 25% refer 
whilst E and P 
predicted curves. 

to the neutron fraction in the mixed field 
respectively identify experimental and 
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12.7 Services to Industry and other Organisations 

12.7.1 Health Physics 

Physicists of the Division of Production Technology and the Pretoria 
Cyclotron Group are jointly responsible for the regulatory aspects 
concerning the use of radioactive materials at Scientia and for 
implementing the Department of Health's Regulations Concerning the 
Control of Electronic Products. Advice was given on the protection of 
personnel against the hazards of ionizing radiation. The handling, 
storage and disposal of radioactive wastes for the PCC and other CSIR 
Institutes were undertaken and the upkeep of records and registers was 
continued. 

12.7.2 Commercial production of radioactive isotopes 

The commercial production of radioisotopes was continued during the past 
year and the production figures for short-lived radioisotopes supplied 
to 15 South African hospitals and biomedical institutes are summarised 
in table 10. There was a significant increase in both the number of 
consignments and total activity produced for 6a, Rb/ \ r 
generators and In. This is mainly due to a continued increase in 
demand for these isotopes and the fact that more beam time was available 
for production. 

Table 10 Medical radioisotopes delivered to South African hospitals and 
other organisations (previous years' figures in brackets) 

Radioisotopes Consignments Millicuries 

t7.Ga .. 520 (365) 
,}Rb/ 8 1 Kr (generators) 358 (334) 
}„In 103 (68) 
l 2 3 I 7 (12) 
2 0 3 P b 0 (1) 

10918 (7990) 
16529 (131C?) 
531 (365) 
10 (21) 
0 (16) 

As in the past a number of long-lived radioisotopes were produced for 
industrial purposes (table 11). Four sealed cadmium-109 sources (100 
mCl each) were also produced and the annual number of medical and 
industrial isotope consignments has for the first time exceeded one 
thousand. 

Table 11 Radioisotopes produced for industrial purposes (previous 
years' figures In brackets) 

Radioisotopes Consignments Millicuries 

22 
85 

109; 
139 

Na 
Sr 
Cd 
Ce 

1 (1) 
4 (4) 
15 (14) 
6 (7) 

20 (15) 
65 (64) 
5230 (4920) 
73 (73) 
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PART C: THE VAN DE GRAAFF FACILITY 

SECTION 13 THE 6MV VAN DE GRAAFF ACCELERATOR 

13.1 Operation 

The accelerator and facilities of the Van de Graaff Group are utilized 
by approved users from a number of university and research organisations 
either separately or together with NAC staff. Outside users who have 
participated in the work reported in this annual report are listed later 
in sections 24 and 25. 

During the calendar year 1987 the accelerator was operational for 5320 
hours making a total to December 1987 of 124 170 hours since its 
installation in 1963/64. The accelerator is still reliably used 24 
hours per day six days per week for most of the year. Beams of light 
ions (protons, deuterons and helium-4) and heavy ions (oxygen and 
phosphorus) have been provided at energies ranging from less than 1 
up to 12 MeV. A maximum current of about 35 uA of protons was achieved 
using a double mass hydrogen beam from a Penning ion source. 

The analysis of machine usage for the year 1987 was: 

nuclear and atomic physics 39% 
nuclear analytical chemistry 28% 
solid state and materials science 17% 
biophysical sciences 1% 
machine conditioning and maintenance 15% (unchanged from 1986) 

13.2 Maintenance 

The accelerator charging belt has now run for over 40 000 hours. This 
is a remarkable achievement and the belt, though showing evidence of 
surface wear, still appears good for additional use. Time will, however, 
be set aside for a belt change in November 1988 and a new belt has been 
ordered to provide a back-up spare should another belt change become 
necessary. 

No problems have been experienced with the accelerator tubes despite 
continued operation up to 6 MV. Replacement tubes are available when 
required. 

During 1987 the accelerator tank had to be removed 19 times for ion 
source maintenance, change of ion sources (Penning and Duoplasmatron) 
and change or refills of ion source gas bottles (6 gas bottles can be 
installed simultaneously for use separately or to provide gas mixtures). 
Some of the thermomechanical leaks do not shut off tightly and will 
be replaced. Leaking valves give rise to small gas admixtures. This 
is particularly troublesome when running with double mass hydrogen 
(deuterium contamination), helium-4 (double mass deuterium contamination), 
and doubly-charged helium (double mass hydrogen). 
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Maintenance was required to repair pressure leaks caused by faulty O-rings 
on the Penning source. It was found that some brown Viton O-rings have 
a rough surface and leak under tank pressure. A grease-lubricated 
turbo-pump failed. The manufacturers have agreed to replace it with 
an oil-lubricated model. The corona points for voltage stabilisation 
were sharpened. 

The liquid nitrogen trap associated with the main accelerator tube turbo-
pump has until now been a small volume trap (because of space limitations) 
which required refilling every 8 hours. This trap has now been replaced 
by a cold-finger trap using a copper cylinder fitted to a discarded 
Ge(Li) detector support which has a dipstick into a large-volume cryostat. 
This requires filling only twice a week. 
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SECTION 14 NUCLEAR REACTIONS AND STRUCTURE 

Summary : The work reported here aims to extend the available information 
on nuclear level structure and to provide information about 
nuclear and nucleon interactions. The use of neutrons as 
probe or reaction product is a feature of the research items 
outlined in section 14.1 The objective of the work reported 
in section 14.2, using charged-particle induced reactions, 
is to provide a more complete data base for deriving level 
parameters for specific nuclei. 

14.1 Reactions and Techniques Involving Fast Neutrons 

14.1.1 Neutron inelastic cross sections and the level structure of 
159Tb, 232xh and 238u 

W R McMurray, I J van Heerden*, E Barnard5, D T L Jones and 
R Carolissen 

* University of Western Cape, Bellville 
§ Previously Atomic Energy Corporation, Pretoria 

The (n,n') and (n,n'Y) reactions provide useful information on the low-
lying level structures of heavier nuclei. Our work on 1 5 9Tb, "*Th 
and 2 3 { JU is awaiting completion. The 1 5 9 T b results were reported as 
an honours project by R Carolissen (UWC). 

14.1.2 Nuclear structure studies with (n.d) reactions 

K Bharuth-Ram*, W R McMurray, R Naidoo*, D AschmanS and 
L Qangule* 

* University of Durban-Westville 
§ University of Cape Town 

Interest in nucleon pick-up reactions has been heightened by recent 
claims that pick-up reactions display only 60-707. of the total transition 
strength {1,2}. We have previously reported on the 9 0Zr(n,d) 8 9Y reaction 
{3} and have also obtained results on the 2 7Al(n,d) 2 6Mg and 5 6Fe(n,d) 5 5Mn 
reactions, all at E n - 22 MeV. The experimental technique {4} has been 
further refined. The charged-particle reaction products are detected 
in a spectrometer consisting of multiwire proportional counters and 
a plastic scintillator which allows simultaneous accumulation of particle 
discriminated energy spectra over an angle range of 80°. New proportional 
counters have been constructed and the optical coupling of the 
scintillator h38 been improved. A study has been made of the source 
of background counts in the deuteron spectra, and proton and deuteron 
backgrounds have been considerably reduced. 

The 2 7Al(n,d) 2 6Mg reaction yielded four prominent deuteron peaks 
(figure 1) corresponding to the ground, 1st, 2nd and "5th" excited states 
of the residual 2 6Mg nucleus. The 5th state is actually a group of 
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states centred at 4.3 MeV. Deuteron spectra were derived from the 
event-by-event data in angle-folded mode for reaction angles from 2.5° 
to 55°. The new data were analysed using the NAC data reduction computer 
systems. Comparison between experimental and theoretical cross-sections 
were carried out via the relationship 

a(0)EXP = 3/2 D 0 C 2 S o(0) D WBA 

The DWBA calculations were performed in the local-energy approximation 
which included corrections for non-locality and finite-range effects 
of the optical model potentials. 

Experimental angular distributions and distorted-wave fits are shown 
in figure 2. Table 1 compares the deduced spectroscopic factors with 
model predictions and values obtained by other workers. The C 2S factors 
obtained from the 2 7Al(n,d) 2 6Mg reaction are seen to be in good agreement 
with shell model values and with other proton pick-up results. 

Additional data has been obtained for the 5 6Fe(n,d) 5 5Mn reaction which 
is still being processed. A preliminary study of the 5 1V(n,d) 5 0Ti 
reaction motivated a more careful examination of background spectra 
resulting from neutron interactions with the proportional counter gases. 

Table 1. Table of spectroscopic factors for the 27Al(n,d) reaction. 

refs. gs- 1.8lMeV 2.93MeV 4.3MeV 
Shell model 5 0.29 0.75 0.29 1.80 

Weak coupling 6 0-33 1.67 - 3.00 
Rotational 6 0.33 0.60 - 0.06 
Wildenthal 7 0.30 1.05 0.23 2.15 

Cujec 8 0.46 0.86 0.29 -
Wagner 9 0.27 0.92 0.19 1.95 
Brady 6 0.24 0.72 - 1.87 

Present work 0.27 0.88 0.18 1.65 
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14.1.3 Deuterated anthracene spectrometer for 5 to 30 MeV neutrons 

F D Brooks*, W A Cilliers*, B R S Simpson, F D Smit, M S Allie*, 
D T L Jones and W R McMurray 

* University of Cape Town 

The deuterated anthracene spectrometer consists of a deuterated anthracene 
crystal 10 mm in diameter x 21 mm, with deuterium-to-hydrogen ratio 
D/H = 99, mounted via a small perspex light pipe on a photomultiplier 
connected to a special pulse shape discrimination unit. This 
spectrometer has unique features which arise principally from two factors: 
firstly, from the prominent forward recoil peak associated with enhanced 
backscattering of neutrons in D(n,n)D elastic scattering, and secondly, 
from the direction-dependent scintillation characteristics of deuterated 
anthracene which are similar to those of natural anthracene {!}. These 
characteristics provide means for enhancing the forward recoil peak 
relative to other components in the pulse height spectrum and this leads 
to a spectrometer with a simple line shape, a single peak in the pulse 
height distribution for each energy group in the incident neutron spectrum 
{2}. The energy resolution has been shown to decrease from about AE/E 
= VI, at 7 MeV to about 3% at 30 MeV neutron energy compared to the inverse 
behaviour of neutron time-of-flight measurements which increases from 
about 2% at 7 MeV to 4% at 30 MeV for a 6 m flight path and timing 
uncertainty of 1.3 ns (FWHM). 

References 
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Charged-Particle Induced Reactions 

The level structure, gamma ray branching and mean lifetimes 
of states in **3Sc 

L D Olivier*, M P Janse van Rensburg^, R E Julies*, S Froneman*, 
D M van Rooyen, W J Naudé*, J W Koen*, M G van der Merwe', 
J A Stander* and W A Richter* 

* University of Stellenbosch 
§ ESKOM 
t Department of Health 
£ University of Western Cape 
¥ UNISA 

(a,py) reactions on 1*0Ca, 5 2Cr, 1 9F, 2 6Mg, l + 8Ti and 5 1 V at E a = 12 MeV 
have been used to excite levels in ^Sc, 5 5Mn, 2 2Ne, 2 9A1, 5 1 V and 5l*Cr. 
Gamma rays were observed in coincidence with associated protons using 
a multiparameter data acquisition system. The results on **3Sc have 
been published {1}. 

Proton-gamma coincidence spectra of the 51V(a,py)5*Cr reaction are shown 
in figures 1 and 2. Very good gamma resolution was achieved over a 
two-week period which makes a consistent analysis of the data possible 
in the case of this relatively weak reaction. 

To complement the experimental work on 5 1V, shell-model calculations 
have been carried out to compare the experimental level scheme of 5 1V 
{2} as well as the experimental electromagnetic transition strengths 
{3} with theoretical predictions. In the calculations a new semi-
empirical effective interaction is used. The interaction involves a 
parameterised form of two-body matrix elements based on one-boson exchange 
potentials (OBEP) fitted to bare G-matrix elements of the Paris potential 
{4}, and employing schematic interaction forms with variable parameters 
to simulate the core-polarisation terms. 

Table 1. Transition strengths in 5 1V 

INITIAL STATE FINAL STATE B(E2)<« fm') B(f! l ) (« N

a * 10 - ' ) 

E^KEV) Jw Ef(KEV) Jf EXPT. THEORY EXPT. THEORY 

321 5/2" 0 7/2" 164*21 193 5.3*0.3 0.75 

929 3/2* 0 7/2" 88*11 78 - -

929 3/2* 321 5/2" 127*32 

OR 13*7 

134 0.04*0.09 

OR 3.0*0.9 

0.20 

1608 11/2" 0 7/2" 148*32 83 - -

181<4 9/2" 0 7/2" 30*16 32 0.75*0.70 2.0 

1814 9/2" 321 5/2" 30*19 21 - -

2410 3/2" 0 7/2" 72*38 61 - -

2410 3/2* 321 5/2" 54+IOO 
- 40 

OR > 310 

5 200*60 

OR < 19 

330 

2699 15/2" 1608 11/2" 67*5 49 - -

lHN2fi<ioaoi3*t 

14.2 

14.2.1 
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The theoretical level scheme is compared in figure 3 with the measured 
spectrum. In table 1 the predicted and experimental transition strengths 
are presented. In both cases the theoretical and experimental values 
show good agreement. 

One of us (LDO) is developing a computer program to analyse particle 
and gamma spectra within the capabilities of a personal computer. The 
program is in GWBASIC and can be used on any IBM-compatible computer. 
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14.2.2 Angular correlation measurements with (q,py) reactions 

M G van der Merwe"'*, S Froneman*, L D Olivier^, R E Julies*, 
W J Naudé*, J W Koen* and J A Stander* 

* University of Stellenbosch 
§ ESKOM 
t Department of Health 
-r University of Western Cape 
¥ UNISA 

Experiments have been carried out to determine mixing ratios of gamma 
ray transitions in 4 3Sc >

 2 2Ne and 2 9A1 using (a,p-y) reactions and Method 
II of Litherland and Ferguson. The results on **3Sc have been published 
{1}. Measurements on 2 9A1 were partly repeated to improve on counting 
statistics for the weaker transitions. 

Reference 

1. S Froneman, W J Naudé, W A Richter, J A Stander and J W Koen, Z. 
Phys. A327 (1987) 469 
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14.2.3 Spins of excited states in 5 SMn, 2 2Ne, 2 9A1, 5 1 V and 5**Cr 

M P Janse van Rensburg^, D M van Rooyen, L D Olivier', 
R E Julies*. S W Steyns, W J Naudé* and J A Stander* 

* University of Stellenbosch 
§ ESKOM 
t Department of Health 
* University of Western Cape 

Limited success is achieved in using Litherland and Ferguson's Method II to 
determine simultaneously the spins of excited states and the mixing 
ratios of gamma ray transitions in a particular nucleus. Under more 
relaxed experimental conditions the measured cross-sections of (a,py) 
reactions at E a = 12 MeV can be compared with Hauser-Feshbach predictions 
to determine spin values. Upper limits of gamma ray transition strengths 
are also taken into account in the assignment of spin values. 

14.2.4 A feasibility study of the use of the NAC Nal(Tl) Compton 
suppression shield for high-resolution (p,y) studies 

J P L Reinecke*, J J A Smit* and W R McMurray 

* University of Potchefstroom 

The NAC Compton suppression detector was designed to provide for a range 
of different experimental situations {1}. Because of the more complex 
design of the detector and the increase in dead spaces and cladding 
material, it can not be expected to perform as well as a detector designed 
specifically for one purpose {2}. The aim of this study was to check 
the effectiveness of the NAC detector for the observation of low-intensity 
y-transitions following proton capture. 

The experimental layout is indicated in figure 4. Output signals from 
the six photomultiplier tubes on the main Nal(Tl) segments and the two 
attached to Nal(Tl) plugs were fed into a single preamplifier-amplifier 
channel. The voltages on the phototubes were adjusted to give equal 
outputs for the same Y ~ e n e r 8 v * T n e summed spectrum gave an energy 
resolution of about 100 keV (FWHM). The Ge detector with 17% relative 
efficiency and 2 keV resolution for 6 0Co y-rays was connected to a 
parallel amplifier channel. The bipolar outputs provided timing 
discriminator signals for coincidence/anti-coincidence events. With 
1.5 us amplifier timing constants the overall timing resolution was 
about 125 ns (FWHM) and as the random count rate was small no attempt 
was made to optimise the timing. 

Unsuppressed and suppressed spectra were recorded simultaneously through 
two ADC's using calibration y-sources. With 6 0Co the background 
suppression factor obtained from the ratio of integrated counts between 
300 and 1100 keV was 4.3. This compares well with simple systems used 
at Daresbury (factors of about 3.5) {3} but not so well with a system 
designed for a single purpose as used at Utrecht (factor of about 11.2) 
{4}. 
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Spectra were also obtained for the y~d e cays from the (p,y) resonance 
on 2 5 M g at E p = 1714 keV. The spectra in figure 5 were obtained from 
a 14-hour run with 35 uA of protons on a water cooled target. These 
spectra show a background suppression factor varying from about 8 at 
7.5 MeV down to about 3 at 1.5 MeV with no loss of full-energy photopeak 
yields (within 3%). The average fraction of single and double-escape 
peak yields in the suppressed spectrum relative to the yields in the 
unsuppressed spectrum is 0.28 and 0.08 respectively. 

The suppression efficiency of the shield depends critically on the 
detection in the Nal(Tl) shield of low-energy Compton photons. For 
the data presented here, the Nal(Tl) detector was biased at about 100 
keV. A lower bias did not significantly improve the full background 
suppression factor for 6 0Co. A bias of 30 keV might have improved the 
suppression factor close to the photopeaks. It can be assumed that 
the metal detector cladding separating the segments and plugs of the 
NAC shield will largely absorb less than 30 keV photons. Some improvement 
in the background suppression factor could be sought by using an n-type 
Ge detector (which has a very thin dead layer) and a detector with a 
larger relative efficiency. 

References 

1. S J Mills, NAC Internal Report NAC/EF/82-01 (1982) 

2. P Herges and H V Klapdor, Nucl. Instr. & Meth. _18_9 (1981) 415 

3. D M Todd and P J Nolan, Daresbury report DL/NUC/TM59E (1982) 

4. H J M Aarts et al., Nucl. Insf.r. & Meth. 177 (1980) 417 



188 

No. 

7 -
6 -
5 

• — • — • 

a . 

— — — 
!L_i_!!_ 

E„ (keV) 

•3223 
•3162 
•3075 

-182Í. 
835 
0 

s l V ( a , p w ) 5 ' C r 
E T = 12.0 MeV 

8 S = 55° 
Target: 230jug/cm 2 S , V on 

36 jag/cm2 C 

tm^jutj+t* 
2000 2400 2800 3200 3600 400C 4400 4800 

Channel number 

F i g . 1 Gamma ray spectrum from the 5 1 V(a ,pY) 5 1*Cr r e a c t i o n s . Gamma 
r a y s were observed in co inc idence wi th the a s s o c i a t e d p r o t o n s . 

Ea= 12,0 MeV 
9 P = 29° 
Target: 230ug/cm2 5 1 V on 

36 ug/cm 2 C 

•* • * • ! ,,I.\M 

1700 1900 2100 2300 2500 2700 2900 3100 3300 3500 3700 3900 4100 
Channel nurber 

Fig. 2 Proton spectrum from the 5 iV( a,py)51*Cr reaction. 
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predicted levels and those used in the fit to the data. The 
latter levels are connected to their experimental counterparts 
in (b). 

Plan of the detection system as used for (p,y) measurements. 
The accelerator beam enters from the lower left of the figure 
and is directed onto a water cooled target opposite the 
collimator aperture in the lead shielding surrounding the 
detector. A Nal(Tl) monitor detector next to the target 
is used to position the beam energy on the desired (p>y) 
resonance. 
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Fig. 5 Suppressed and unsuppressed spectra from the 25Mg(p,-y) resonance 
at E p = 1714 keV. 



H ZA 9oooi3S 
191 

SECTION 15 ATOMIC PHYSICS 

15.1 Beam Foil Spectroscopy 

Summary: Beam foil spectroscopy is used to excite outer-shell atomic 
transitions which are generally not observable by other 
spectroscopic techniques. The excitations of the outer atomic 
shells are induced by passing an accelerated atomic beam through 
a thin carbon foil. 

15.1.1 Beam-foil lifetimes of the 4p 4Dj levels in Ar II 

F J Coetzer*, T C Kotze* and P van der Westhuizen* 

* University of Stellenbosch 

The radiative lifetimes of the 4p Dj levels in Ar II have been studied 
by various groups using different techniques. Discrepancies between 
the reported lifetimes, as well as the need for reliable level lifetimes 
in various fields, e.g. rare-gas plasmas, rare gases as laser media 
and theoretical calculations, prompted yet another experimental 
investigation. 

A 0.5 MeV argon beam, with a beam current of approximately 4 uA, was 
sent through a thin carbon foil with a typical areal density of 10 
pg cm"2. Figure 1 shows a section of the Ar spectrum between 431.0 
and 443.0 nm. The decay curves of all primary as well as cascading 
levels were obtained. A partial energy level diagram, indicating the 
relevant terms and transitions studied is shown in figure 2. All decay 
curves were analysed using the multi-exponential curve-fitting program 
DISCRETE {1}. These results were then used as input data in the computer 
program CANDY {2} which performed the ANDC-analysis. From the analyses 
it was found that a satisfactory solution of the ANDC equation was 
obtained when different cascade levels were included for the fine 
structure components of the 4p T)j levels. The best solution in the 
analysis of the J = 7/2 and J = V2 levels was obtained when the 4d F 
and 4d P levels were used as cascade levels. The best solution of the 
J = V2 level was obtained when the cascade combination of 5s P and 
6s **P were used. 

The multi-exponential decomposition of the decay curves as well as the 
cascade-corrected radiative lifetimes of the 4p Dj levels are given 
in table 1. 

References 

S W Provencher, J Chem. Phys. 64 (1976) 2772 

2. L Engstrom, Nucl. Instr. & Meth. 2£2 (1982) 369 
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Table 1. Multi-exponential decomposition of some decay curves obtained 
in Ar II 

Observed 
wavelength 

(nm) 
Transition Lifetimes 

(ns) 

434.8 ip ' D v , - 4 S 'p. 6.78 • 0.08 f a ; 

8.22 í 0.10 (-1.90 • 0.09; 35.06 • ^.5^^(b> 

442.6 «P *Dv, - 4fl "p 
' / I 

7.47 i 0.05 i a ; 

8.40 • 0.11 (-1.84 * 0.11; 36.46 i 3.65) < b > 

443.0 *P • * » • / , - 4 s 6.66 • 0.06<a) 

7.72 i 0.12 (-1.80 i 0.15; 29.90 ± 1.79) f 6 J 

433.1 ip SD' - 49 
'/2 

*p, 6.80 i 0.08fa'' 
7.55 i 0.22 (-1.97 ± 0.20; 31 .25 i 3.13) ( b > 

438.0 ip '*!/, " 4 s *'»/ , 7.16 • 0.03 f o' 
7.86 ± 0.19 (-1.99 * 0.11; 26.38 • 2.65) ( b l 

420.2 5s k p v , " 4" '"•v . 3.50 t 0.22 (-1.51 t 0.22; 24.19 i 0.09) ( b ! 

351.4 

358.8 

244.0 

348.1 

id 

id 

6e 

id 

4.73 • 0.13 (104.5 

3.25 í 0.08 (-1.48 

3.29 • 0.19 (-1.36 

4.21 í 0.08 (81.16 

• 5S.2)<b) 

• 0.12; 24.17 • 0.80) ( b > 

• 0,23; 18.46 l 1.94) < b > 

t 15.66,"" 

(a) Results obtained by the ANDC-analysis: the uncertainty in the life
time is the value given by CANDY. 

(b) Results of multi-exponential curve-fitting. Cascade lifetimes 
are given in parentheser,, where a negative value denotes a growing-in 
cascade. 



19^ 

z r> o 

z o 
t— o 
X 
Q. 

00 

uoooo 

120000 

100000 

80000 

60000 

40000 

20000 

431.0 435.0 439.0 

WAVELENGTH (nm) 

443.0 

F i g . 1 Por t ion of the a rgon spectrum from 431.0 nm to 443.0 nm. 



194 

m*p nd*D np'D° nd*F 

Fig. 2 Partial energy-level diagram for argon, indicating the relevant 
terms and transitions studied. 
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SECTION 16 NUCLEAR ANALYSIS 

16.1 Basic Studies 

Summary: Basic studies in nuclear analytical techniques include the 
examination of underlying assumptions and the development 
and extension of techniques involving the use of ion beams 
for elemental and mass analysis. 

16.1.1 The assessment of the matrix effect in analysis using PIPPS 
with protons 

C Olivier*, M Peisach and H J Morland* 

* University of Stellenbosch 

Homogeneous spiking of a sample with a known amount of a standard 
containing the sought analyte may be used to analyse a sample of unknown 
composition. If the mass of the spiking material is relatively small, 
the elemental concentration c is related to the measured count N of 
proton-induced prompt gamma rays by 

Nx = cx 
^xs cx + cs 

where N x and N x s are the signal intensities from the original and spiked 
sample respectively, c x is the concentration of the required element 
in the unknown sample and c s is the added concentration of that element" 
as a result of the addition of the spike. Provided the properties of 
the sample matrix are not effectively changed by the spike, the solution 
of c x should give a unique result independent of the value of c s. That 
this is not the case was demonstrated by measurements made on each of 
four spiked samples of the ore BCS 308, using the yields of the gamma 
rays of 378 and of 1434/1440 keV. The calculated chromium concentration 
was back-extropolated to zero concentration of the added spike. The 
true concentration was found to be 29.59 ± 2.13% Cr by mass from the 
378 keV gamma ray and 28.50 ± 1.86% from the higher-energy gamma rays, 
which are in good agreement with the known concentration of 28.41% by 
mass. It was noted that an error of 9.3 and 6.0% respectively is made 
per 1% Cr added spike for each gamma ray. 

It would therefore be convenient to be able to determine the effect 
of the so-called matrix effect of the sample in advance and hence make 
the appropriate corrections. 

It has previously been shown {1}that by spiking lithium and chromium ores 
respectively with compounds of boron and lithium, elements which are 
absent in the samples, the induced prompt-gamma yields from these elements 
can be used in a comparator method to determine the ranges of protons 
in the unknown samples, and hence the concentrations of the analyte 
elements in a similar comparator method. In this investigation CHROME 
ORE I was spiked with compounds of boron and sodium as the range elements 
and the results were compared to those when lithium compounds were used 
{1}. The pure spiking compounds and comparator standards are listed 
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in table 1. The measured ranges are given in table 2 and the results 
of analyses are summarized in table 3. The overall mean, which reflects 
the value calculated from all the range values, is in good agreement 
with the known chromium content of the ore. 

Table 1. Pure spiking compounds and comparator standards 

Spiking compounds LiOfl, Li2COj, Li 2(COO) 2, Li2Si03, LiA102l 

Li 2Ge0 3 

B, B 4C, CaBg, LaBg, CeBg 

N^COj, CH3COONa, NaCl, N a 4 P 2 0 7 l NaBr0 3 

Standards (NH 4 ) 2 Cr 2 0 7 , K 2 C r 2 0 7 l C r 2 0 3 ) PbCr0 4 Cr 

Table 2. Measured ranges in the standard ore CHROME ORE 1 

Range element 

Li 

B 

Na 

E (keV) x 

429 

479 

428 

2124 

440 

1637 

Ranges(mg cm' 2] 

51.77 ± 2.799 

53.05 ± 3.10 

56.17 ± 4.35 

58.80 ± 3.73 

49.11 ± 2.85 

47.34 ± 3.17 

Table 3. Analytical r e s u l t s of standard chromium ore 

Range element Cr—content/% bv mass 

Found 

(Mean value) 

Overall mean 

Li 32.27 ± 1.38 

B 29.22 ± 1.25 32.08 ± 1.05 

Na 34.76 ± 1.61 

Reference 

K nown 

31.52 

1. National Accelerator Centre Annual Report NAC/AR/87-01 (CSIR, 1987) 
p 173 



16.1.2 Search for molecular effects in range corrections, using protons 

C Olivier*, M Peisach, H J Morland* and B S de Wet* 

* University of Stellenbosch 

The previously reported study { 1} on possible molecular effects, as 
shown by the variation of proton stopping power of compounds, was 
continued. 

(i) Phosphorus 

The prompt 1266 keV 3 1P p(l,0) and 2233 keV 3 1P p(2,0) gamiaa rays induced 
by 5 MeV protons were measured during the irradiation of 12 pure 
phosphorus compounds of known composition. To check thsir purity, these 
compounds were analysed for their phosphorus content, by chemical analysis 
using the method of ammonium phosphomolybdate precipitation, redissolution 
of the precipitate in excess standard alkali and back-titration with 
acid. The value of any molecular effect was found to be S 7.9%. 

(ii) Fluorine 

The yield of the prompt 110 keV 1 9 F p(l,0) and 197 keV ] 9F p(2,0) gamma 
rays induced by 5 MeV protons from the irradiation of a range of pure 
fluorine compounds of known composition is currently under investigation 
in the search for possible molecular effects. 

Reference 
1. National Accelerator Centre Annual report NAC/AR/87-01 (CSIR, 1987) 

p 175 

16.1.3 High-resolution spectrometry of low-energy photons 

L G Lackay*, D Gihwala* and M Peisach 

* Peninsula Technikon, Bellville 

Prompt photons with energies between 20 and 200 keV are not often favoured 
for analytical use because the resolution of Ge(Li) detectors is 
insufficient to cope with the high density of photopeaks that occur 
in that energy region of the spectrum, and the efficiency of Si(Li) 
detectors is very low for photons above about 30 keV. Using thin 
intrinsic germanium detectors, a survey was carried out of the photons 
in this energy region, emitted under proton bombardment of 77 stable, 
non-gr.seous elements in the pure form or in the form of pure compounds. 
From the survey, the photons that were potentially useful for analysis 
(sensitivity less than 1000 ppm) were identified and their yields were 
measured for proton bombarding energies from 3.5 to 6.0 MeV. The yields 
and sensitivities for one such elemental study, that of titanium, is 
shown in table 4. 
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Table 4. Yields and sensitivity results of identified gamma rays from 
the proton bombardment of pure titanium 

Ef(keV) Assignment 
3.5 4.0 

Yield 

4 .5 

(Counts 

5.0 

liC-' ) 

5.5 6 .0 HeV 
Scnsltivllr 
(Mg-j-'-C-'l 
at 6 MeV 

32.9 Ti-50 n(4,3) 39 790 2 800 4 400 7 500 :• 800 640 
35.3 Ti-50 n(3.2) 47 1 300 5 030 8 500 13 100 21 300 350 
58.2 Ti-47 n(2,l) 68 85 1 700 3 500 6 400 10 700 710 
62.2 Ti-47 11(2,1) 96 690 1 760 2 500 3 200 4 700 
87.5 Ti-47 nll.O) 22 200 3 400 7 600 14 000 22 300 400 
90.7 Ti-49 nll.O) 830 3 500 8 700 13 100 19 000 27 000 300 
94.) Ti-50 n(2,1) 40 2 000 8 300 17 11)0 20 300 48 400 180 
98.0 Ti-46 n(4,2) 8 52 74 210 410 7 900 920 
112.5 Tl 48 ti(2, 1 ) 6 IB 38 66 4 700 30 000 230 
152.9 Ti-49 n(2,0) 110 380 1 000 1 800 2 100 2 500 
159.8 Ti-48 p(l,0) 370 1 500 3 700 5 700 8 000 11 500 420 
210.8 Ti-48 n(3,l) 10 19 36 43 ISO 2 500 
226.2 Ti-50 11(1,0) 10 290 1 300 2 700 4 900 8 900 450 
260.0 TÍ-4B n(3,0) 4 8 43 110 290 500 
308. 5 Ti-48 nll.O) 5 5 9 13 1 350 6 400 540 

Some subjects for more intensive study were identified. These are: 
(i) The use of the high-yield gamma rays of 110 keV and 197 keV 

for the determination of fluorine. 
(ii) The analysis of several transition metals in matrices such 

as steel and biological material. 
(iii) Rare-earth elemental analysis in geological ores. 
(iv) Determination of minor components of noble metals in essen

tially a gold matrix. 

16.1.4 Chemiscrption of caesium on II-VI compounds 

R Tenne*, M Peisach, C A Rabe, C A Pineda^ and D Mahalu* 

* Dept of Materials Research, Weizmann Institute of Science, 
Rehovot, Israel 

S Cape Provincial Administration 

When CdSe crystals were used in solar cells with a Cs-polysulphide 
solution, the photovoltaic efficiency was much higher than with cells 
using Na-polysulphide. One possible explanation was that caesium adsorbed 
on the surface induced a shift in the work function of the semiconductor. 
Work was therefore undertaken to study a series of II-VI compounds and 
their behaviour in solutions containing caesium. 

(i) Studies on zinc selenide 
A comparison of caesium adsorption on ZnSe crystals from chloride and 
sulphide solutions was carried out. Rutherford backscattering of 2 MeV 
1*He+ ions was used to analyse the surface and near-surface layers of 
the crystals while the composition was deduced from simulated spectra 



which best fitted the experimental data. The elemental composition, 
and in particular the presence of Cs, was confirmed by PIXE analysis, 
using 3 MeV protons at the Faure Van de Graaff accelerator. 

In the chloride, caesium was present on the surface and diffused through 
the crystal with a decreasing concentration to a depth of up to 140 nm. 
Evidence was also obtained of partial removal of surface zinc, possibly 
by dissolution, leaving a non-stoichiometric ZnSe with excess selenium 
in the first 40 nm of the crystal and a smaller Se excess for the next 
50 nm. Evidence of hydrolysis was also obtained to a depth of about 
90 nm. 

With sulphide solution the concentration of caesium w<-. ; much lower than 
with the chloride solution. The surface of the crystal was covered 
with a thin layer of 1.5 nm of Cs, but the Cs diffused into the crystal 
to a total depth of 180 nm, with the Cs concentration decreasing with 
depth. There was no evidence of crystal decomposition. As a result 
of these tests, further work was restricted to sulphide solutions. 

The effect of exposure to light using the sulphide solution showed that 
at first a caesium layer builds up on the surface with limited diffusion 
inward. Longer exposure showed that the Cs concentration profile extended 
to about 310 nm but at a much lower concentration level. 

A systematic study of the effect of washing the dipped crystal with 
water without exposure to light, showed that directly after a 15 min 
immersion of ZnSe in caesium sulphide and quickly rinsing off the adhering 
liquid, the Cs concentration profile formed a -surface layer as well 
as a diffused layer within the crystal to a depth of 50 nm, which did 
not change with further washings. The presence of Cs on the rinsed 
ZnSe crystals was confirmed by PIXE analysis. 

(ii) Studies on cadmium sulphide 
Crystals of CdS were allowed to interact with caesium sulphide for varying 
periods of time. Thereafter the crystals were quickly rinsed and 
analysed. As was the case with ZnSe, the shorter exposure showed a larger 
concentration of surface Cs, which implied that surface adsorption was a 
rapid process but the extent of retention of Cs was determined by the 
duration during which diffusion into the crystal was allowed to take 
place. Prolonged water treatment removed Cs from the outermost subsurface 
layers as well, but no change could be detected in the Cs concentration 
in the deeper levels. 

(iii) Studies on cadmium selenlde 
The experimental procedure was the same as that used for ZnSe. However, 
the preparation of clean reference surfaces of CdSe required alkali 
treatment, which if not correctly performed, resulted in a deposit of 
elemental selenium on the crystal surface. 

Channelling studies on CdSe crystals cut along the 0001 plane were carried 
out for different crystals. The angular scan for both faces of the 
crystal showed excellent channelled dips and all 12 main channels were 
clearly observed. The backscatter spectra of randomly orientated crystals 
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showed the presence of low concentrations of caesium to a depth of about 
80 nm. When compared with the channelled direction no Cs was observed, 
indicating that the Cs occupied crystal sites and hence was 
substitutional. 

(iv) Studies on tungsten selenide 
The effect of etching WSe2 crystals for different periods showed a 
systematic preferential depletion of selenium. The variation of the 
ratio of Se:W in the surface layer with etch duration is shown in 
figure 1. 

(v) Chemisorption of iodine on molybdenum selenide 
The adsorption of iodine is difficult to study from backscatter data 
when the adsorbed species is in the elemental state, because the iodine 
is volatilized by the heating effect of the bombarding beam. Preliminary 
investigations to establish the magnitude of the effect were carried 
out on crystals of MoSe2 that had been exposed to iodide. Backscatter 
spectra were measured consecutively and the observed iodine concentration 
was monitored. In this preliminary study it was found that the iodine 
content did not change from one analysis to the next, indicating that 
there was no volatilization of iodine. It was concluded that the adsorbed 
species was iodide. A typical spectrum is shown in figure 2. 

16.1.5 Study of semionic materials 

G Dagan*, D Cahen*, M Peisach and C A Pineda' 

* Dept of Structural Chemistry, Weizmann Institute of Science, 
Rehovot, Israel 

§ Cape Provincial Administration 

The ternary chalcogenide semiconductors, with ABX2 stoichiometry 
adamantine structure, and A=Cu or Ag, are known to have low but 
significant ionic conductivity, while retaining their semiconducting 
character. Several pieces of experimental evidence point to the 
monovalent species as the ones involved in ionic conductivity. Because 
these ions in interstitials, vacancies or antisite occupancy can serve 
as dopants as well, the materials have the interesting property that 
their semiconducting properties are, in principle, controllable by control 
of ion migration in them. Such materials are termed "semionics". 

The possibility of Cu/Ag exchange in AInSe2 was studied using electrical 
potential differences with or without thermal assistance. In experiments 
of this type, several kinds of electrodes are used. 

Ag or Cu: These are ionically blocking, electrically conducting. 
They can also serve as sources or sinks for the oxidized 
or reduced species. 

Agl or Cul: These are ionically conducting, electronically blocking 
electrodes, allowing isolation of the ionic current. 

C/I or C/S: These are electronically conducting and good sinks for 
ions. 
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Fig. 1 The variation of the Se:W ratio with the duration of etching 
of a WSe2 crystal . 
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Fig. 2 Backscatter spectrum of MoSe2 treated with iodide. The iodide 
was present mainly as a surface layer, but no volatilization 
occurred during analysis. 
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Different electrical potential differences were applied in a solid state 
electrochemical set-up. In such case the negative electrode was analysed 
for accumulation of Ag or Cu. 

The crystals were analysed by 2 MeV **He+ Rutherford backscatter and/or 
proton-induced PIXE either with 1.8 MeV protons at the Weizmann Van 
de Graaff accelerator or with 4 MeV protons at Faure. 

16.1.6 Matrix corrections for the determination of trace elements 
in thick biological samples by PIXE 

C A Pineda* and M Peisach 

* Cape Provincial Administration 

The concentration C^ of an element i deduced from the observed count 
Yj measured during a PIXE analysis of a uniform thick target is given 
by 

Ci = YiFi / Q Ki, 

where Q is the integrated bombarding current and K^ is the parameter 
determined by the experimental conditions and includes the thin target 
yield, geometrical factors, efficiency and the effect of external 
absorbers. The parameter F is the reciprocal of the matrix correction 
factor and includes the effects of sample stopping power and X-ray 
absorption. Published tables of ECPSSR ionisation cross-sections {1}, 
proton stopping powers {2} and mass absorption coefficients {3} were 
used to calculate the values of F for 12SZS56 and for proton bombarding 
energies of 1, 2, 3 and 4 MeV. 

Homogenized dried powders of 14 different reference standards of 
biological materials were compressed into pellets thick enough to stop 
the bombarding beam, and analysed by PIXE. The composition of the organic 
components of the matrices was determined by backscatter analy's. Since, 
in unknown biological materials, the composition of the organic components 
is not known and is often assumed to be that of cellulose, F-values 
were calculated for Chlorella standard reference material NIES-CRM-3 
for both the known and assumed organic compositions. It was found that 
for the elements 12áZál9 the difference between the two F-values was 
appreciable but decreased with increasing Z, until at Z219 the difference 
became small and could be neglected. This implied that for the elements 
19SZS56 a reasonable organic composition could be assumed without 
affecting the calculated value of F. 

Using the known composition of the biological standards, F-values were 
calculated for each element. Comparison of the F-values for the same 
element in different standards showed a small standard deviation. The 
mean value could thus be used aa a representative F-value for all 
carbonaceous organic materials. A universal reference curve (see figure 
3) was constructed for the chosen range of elements and for each selected 
bombarding energy. For practical application interpolation could be 
made to any bombarding energy in the range 1.0 á E p á 4.0 MeV. 
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Verification of the validity of the calculated F-values was obtained 
from the determination of the trace elements in the known standard 
materials. 

References 
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16.1.7 PIXE from rare earths by energetic protons 

M Peisach and C A Pineda* 

* Cape Provincial Administration 

The analysis of rare earths by PIXE using protons of a few MeV depends 
on the measurement of the L X-rays. Since these X-rays have overlapping 
energies, it is difficult to determine individual rare earths from 
mixtures. The energies of the K X-rays are sufficiently different 
to be resolved by intrinsic-Ge detectors, but the yield using low-energy 
protons is too low for sensitive analysis. Attempts were thus made 
to improve the sensitivity of analysis by using more energetic protons 
to excite K X-rays from the rare earths. 

Thin film standards of some of the rare earths (as fluorides), obtained 
from a commercial source, were bombarded with 40 and 60 MeV protons 
from the Faure 200 MeV separated-sector cyclotron, and X-rays were 
measured with a 5 mm thick intrinsic Ge detector. A typical spectrum 
is shown in figure 4. Preliminary sensitivity factors were calculated 
for the combined K a X-rays, and the variation with X-ray energy is shown 
in figure 5. 

Thick targets containing rare earths generated the expected high yields 
of prompt and delayed radiation due to bremsstrahlung, Compton effects 
and nuclear reactions, with the result that rare earth analysis could 
rot be performed with sensitivity. 

The investigation shows promise for the determination of individual 
rare earths in thin targets. An obvious advantage is that under such 
conditions, X-ray absorption by the target material is small. 
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16.2 Applications in Archaeology 

16.2.1 Early potsherd trade in Northern and North-west Botswana 

C A Pineda*, L Jacobson' and N Peisach 

* Cape Provincial Administration 
§ State Museum, Windhoek, SWA 

The previous study {1} was continued on samples of pottery from the 
early Iron Age and Late Stone Age. Data from PIXE analysis were submitted 
for multivariate analysis by the method of correspondence analys's. 
A plot of the first two axes of such an analysis is shown in figure 1 
for which the concentrations of As, Rb, Sr, Zr, Nb and Pb were taken 
into account. Data from two sites, Xaro Island and Savuti channel, 
are plotted. The horseshoe effect is clearly evident, indicating 
systematic composition changes over the suite of samples. The data 
are being re-examined in order to determine what elements are responsible 
for the observed effect. 

Reference 

1. National Accelerator Centre Annual Report NAC/AR/86-01 (CSIR, 1986) 
p 223 

16.2.2 Ion beam analysis for the determination of cation ratios as 
a means of dating Southern African rock patinas 

C A Pineda*, L Jacobson* and M Peisach 

* Cape Provincial Administration 
S State Museum, Windhoek, SWA 

Southern Africa has large arid regions rich in surface artefacts which 
cannot always be reliably dated by conventional techniques, such as 
carbon-14, because they lack the direct association of dateable organic 
materials. The artefacts, including stone tools and rock engravings 
are often covered with a patina, the trace element composition of which 
could provide cation ratios for dating purposes. 

In a suite of typologically dated artefacts, elemental concentrations 
of K, Ca, Ti, Mn, Fe, Cu, Zn, Sr and Rb were determined by PIXE, of 
N, 0, Na, Mg and Al by PIPPS, and of the major components by 
backseattering analysis, simultaneously under bombardment with 5 MeV 
''He'* ions. When the data of elements determined in every specimen were 
submitted to multivariate analysis, no indication was obtained of possible 
groupings of samples. However, data from analyses carried out over 
a patina wedge out into a sample at 5°, showed a horseshoe effect in 
a correspondence analysis plot (see figure 2). This effect is 
characteristic of a systematic composition change. Further studies 
showed that the elements responsible for this effect were K, Ca, Ti, 
Mn and Fe. 
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A plot of the counts obtained for (K + Ca) is shown in figure 3 as a 
function of the Ti counts. 

Because titanium, deposited in the patina layers, is in an insoluble 
and immobile form, substitution of alkali metals by titanium can serve 
as a basis for dating by using cation ratios of alkali metals to titanium. 
An experimental relationship between the cation ratio and the age 
of conventionally dated artefacts has been established. This relationship 
will provide a cation leaching curve from which undated samples can 
be dated on their cation ratios. 
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16.3 Applications in Medicine 

16.3.1 The application of a combined PIXE and XRD approach to the 
analysis of human stones 

M A B Pougnet*, M Peisach and A L Rodgers$ 

* Present address: Dept Analytical Science, UCT 
§ Physical Chemistry Dept, UCT 

The suitability of PIXE for the analysis of human stones has been 
demonstrated {1}. In a search for correlations between the elemental 
composition of trace elements in the stones and the stone types with 
relation to their growth pattern, a combined PIXE and X-ray diffraction 
spectrometry (XRD) approach was implemented. 

Stones were cut with Ti blades in order to reduce contamination, and 
the exposed surfaces were scanned using beam spots of 0.5 - 1.0 mm 
diameter. The X-ray yield from Ca, a major (matrix) component, was 
so high that relatively thick absorbers were used to reduce the Ca signal 
intensity. As a result, the elements below Ca could not be determined. 
To obtain improved sensitivity for the heavier metals, a proton beam 
energy of 4.0 MeV was chosen. The elements determined were Ca, Mn, 
Fe, Cu, Zn, Pb, Br, Rb and Sr. Small samples from selected areas were 
removed for XRD to identify the crystalline constituents present. 

It was found that while some stones were relatively homogeneous, others 
showed marked variation across the stone, as for example, a large kidney 
stone showed a variation of Ca concentration from 2% to 207. by mass. 
In this case XRD showed the matrix to consist mainly of apatite in the 
central core but included layers containing struvite. This points to 
the danger of analysing stones by sampling a small fragment. 

Different elemental concentration patterns were found in the various 
types of stones. Such patterns for a kidney stone are shown in figure 1. 
In order to retain simultaneously the variation of relative concentration 
across the scan and to represent the elemental concentrations on a single 
scale, the values were unitized according to the relationship 

Cmeas " ^min 
crel * 7 c . 

^max ^min 
where the subscripts rel, meas, max and min refer respectively to the 
plotted relative concentration, the measured concentration at each point, 
the maximum concentration for that element over the whole scan and the 
corresponding minimum. On this scale, each elemental concentration 
is plotted over the range 0 - 1 . The experimentally determined values 
may be deduced from maxima and minima in the figure caption (figure 1). 
Positive correlation was established between Zn, Sr and Pb with the 
Ca content in some kidney stones, while Rb showed marked negative 
correlation. 
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Fig. 1 Concentration profiles of a kidney stone. "Core" composed 
mainly of apatite and some calcium oxalate with struvite around 
the core. Measured minimum and maximum concentrations were 
Cat 2-207,, all other concentrations in yg g"1, Fes 10-40, 
Znt 60-1020, Rb» 2-40, Sn 20-530, Pbs ND - 30. 
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The combination of scanning PIXE and XRD has proved to be an advance 
in the methodology of stone analysis and may point to the growth pattern 
in the body. 
Reference 
1. M A B Pougnet, M Peisach, A L Rodgers and C A Pineda, J. Radioanal. 

Nucl. Chem. Letters 119 (1987) 441 

16.3.2 Analysis of urine by PIXE 

L J Barbour*, M A B Pougnet', M Peisach and A L Rodgers* 

* Physical Chemistry Dept, UCT 
§ Present address: Dept of Analytical Science, UCT 

The role of trace elements in biomedical and environmental processes 
has in recent years become the subject of considerable interest. The 
exact role of trace elements in the formation and growth of urinary 
stones is not fully understood. For example, it is known that certain 
elements inhibit or promote the solubility of calcium oxalate, a common 
constituent of stones. It is therefore of interest to develop sensitive 
multi-elemental techniques suitable for analyses of urine, urinary 
crystals and urinary stones. 

The method of thin film PIXE for direct urine analysis was evaluated. 
The elements Cl, K, Ca and Br can easily be determined at normal levels. 
However, Fe and Zn, although detectable, cannot be quantified accurately 
due to impurities of these elements in the target support material. The 
technique also lacks sensitivity for other trace metals in "normal" urine 
without preconcentration. 

A procedure for preconcentrating the trace metals in urine was 
investigated. The organic matter was first oxidized by acid digestion 
and the mineral residue was freeze-dried and pelletized. The levels 
of trace elements were found to be appreciably higher. 

Electron microscopy is being used to study urinary crystals that are 
thought to be responsible for the formation of urinary calculi. An 
attempt has been made at determining the trace element contents of urinary 
crystals by PIXE with the aim of understanding the distribution of these 
elements in urine i.e. inorganically bound in the crystals or soluble 
forms and organically bound. Suspended particles in urine were collected 
by centrifuging onto 0.22 pm filters which served as target backing 
for PIXE analysis. Elements detected in the sediments were K, Ca, Fe, 
Ni, Cu, Zn, Br, Sr and Rb. One of the trends observed was that in all 
cases, Cl was not detected in the sediments and appeared to be 
concentrated in the supernatant phase (possibly present as NaCl). Owing 
to the complexity of the urine system it has been difficult to isolate 
"pure" crystals and the problem is worsened by the process of ageing 
of the specimen which causes degradation and precipitation. 

Efforts are continuing firstly to solve the analytical problems concerned 
and secondly to design suitable experiments that would provide information 
about the occurrence and istribution of trace elements in urine. 



SECTION 17 SOLID STATE AND MATERIALS RESEARCH 

17.1 Improvement of Facilities 

Summary: Further development of the large ultra-high vacuum evaporation 
chamber has been carried out. This chamber is used for 
preparation of thin-film structures by co-evaporation. An 
optical bench and various optical components have been acquired 
for the laser system used for modification of materials. 
Several computer programs and data handling facilities have 
also been improved and developed. 

17.1.1 Large ultra-high vacuum evaporation chamber 

R Pretorius, M A Wandt and W R McMurray 

The new 45 cm vacuum chamber, which has been constructed to prepare 
thin-films by co-evaporation from three different sources, has been 
fitted with a 5-crucible electron gun. This electron-gun system was 
constructed locally and has shown some problems during testing. These 
problems seem to be associated with the magnetic field and are being 
investigated. 

17.1.2 Laser optical bench system 

T Marais and R Pretorius 

An optical bench has been acquired for the pulsed ruby laser system 
used for the modification of materials. Several lenses, mirrors and 
adjustable apertures have also been ordered to carry out beam 
homogenization by spatial filtering. These will also enable reflectance 
measurements to be carried out, so as to determine how long the surface 
of a material stays molten during irradiation. 

17.1.3 Improvement of computer programs and data handling systems 

J E McLeod and R Carolissen 

The programmes PHASE1 and PHASE2, used to simulate expected radioactivity 
tracer profiles, have been expanded and made more versatile. The program 
DEPPRO which is used to transform RBS spectra to depth profiles has 
also been improved. 
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17.2 Solid State Interactions in Thin-Film Structures 

Summary: With the decrease in device dimensions, it has become essential 
to obtain a basic understanding of the solid state interactions 
which take place in thin-film semiconductor structures during 
the different heat processing steps. Characterization is 
carried out mainly by Rutherford backscattering spectrometry 
and channelling, using accelerated nuclear particles from 
the Van de Graaff accelerator, while radioactive isotopes 
provide information about interaction mechanisms. Electron 
microscopy is used to determine the microstructure of the 
materials being studied. Although most of the research is 
related to silicon device technology, attention is also being 
given to the use of silicides for the metallization of GaAs 
devices. 

17.2.1 The effect of oxygen and gold on Co and Ni silicide formation 

H A Has*, J J Cruywagen$, M A Wandt and R Pretorius 

* Microelectronics and Communications Technology, CSIR, 
Pretoria 

S University of Stellenbosch 

The kinetics and mechanism of cobalt and nickel silicide formation were 
studied on both single-crystal (Si(xtl)) and amorphous (Si(a)) silicon 
substrates. Rutherford backscattering, Auger electron spectroscopy, 
secondary—ion mass spectrometry and scanning electron microscopy were 
used to characterize silicide formation. In contrast to the sequential 
single-phase growth of nickel silicides, both the first and second phases 
of cobalt silicide were found to grow simultaneously in the presence 
of the metal. Furthermore, the formation mechanism of CoSi in the 
presence of Co metal (first regime) was found to differ from that in 
the absence of Co (second regime). Models for the growth mechanisms 
were developed from the experimental observations and from basic chemistry 
principles. During cobalt silicide formation on Si(a), at about 440°C, 
only Co2Si was found to grow. This observation could be explained in 
terms of non-intentional oxygen contamination of the Si(a) layer during 
deposition. 

The effect of oxygen on cobalt and nickel silicide formation was 
investigated by introducing oxygen into the vacuum deposition system 
through a leak valve during evaporation of the metal or silicon. Growth 
of Co2Si and Ni2Si was found to cease at an oxygen content in Co and 
Ni of about 8 at.7. and 18 at.% respectively (see figure 1). When oxygen 
resides in the Si(a) layer, both Co2Si and Ni2Si formation stop at an 
oxygen concentration of about 28 at.%. Formation of NiSi in the presence 
of Ni2Si and unreacted Ni-metaJ. was found at an oxygen concentration 
i 10 at.% for both the Ni layer and the Si(a) layer. For oxygen in 
Si(a), NiSi formation at 10 at.% oxygen was found to be much faster 
than on undoped Si(a). The effects of oxygen on the formation of the 
various cobalt and nickel silicide phases, was explained in terms of 
Scott's impurity model {1} and the effective heat of for .nation rule 
for phase sequence of Pretorius {2}. 
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Fig. 1 The effect of oxygen in the metal layer on the formation 
of Co2Si and Ni2Si. 
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The effect of Au on the formation of cobalt and nickel silicides was 
studied, because the presence of Au greatly enhances the availability 
of silicon, owing to the very low Au-Si eutectic melting point at 370°C. 
Cobalt silicide formation in the presence of gold showed a difference 
in phase sequence and growth rate. All three Co silicide phases were 
found to grow from first reaction. CoSi was found to grow with a lower 
activation energy (1.2 eV) than without gold (2.1 eV), indicating a 
different growth mechanism. The model of Co silicide formation was 
extended to explain this observation. C0SÍ2 growth in the presence 
of gold was found to start at about 350°C while, in the no gold case, 
it only forms from about 500°C. No change in phase sequence was found 
for Ni silicide formation in the presence of gold and the rates of 
silicide growth were only slightly enhanced. The difference in the 
effect of gold on cobalt and nickel silicide formation was explained 
in terms of the slower diffusivity of Co during cobalt silicide formation 
than that of Ni during nickel silicide formation. Co silicide formation 
in the presence of gold was found to be slower on a Si(a)-substrate 
than on Si(xtl)-substrate. Furthermore, intentional oxygen doping of 
Si(a) leads to the growth, in the presence of gold, of only Co2Si. 
Progressively higher oxygen doping of silicon leads to the formation 
of correspondingly thinner Co2Si layers. The effects of gold and oxygen 
on silicide formation could also be explained on the basis of the 
effective heat of formation rule for phase sequence {2}. 

References 
1. D M Scott and M A Nicolet, Nucl. Instr. & Meth. 182 (1981) 655 
2. R Pretorius, Materials Research Soc. Proceedings 2b_ (1984) 15 

17.2.2 Low temperature formation of NiSi?. 

J E McLeod, C M Comrie* and R Pretorius 

* University of Cape Town 

When a thin layer of nickel is deposited on single-crystal silicon and 
subsequently heated, silicides form sequentially: the metal-rich phase 
Ni2Si forms first, followed by NiSi, and finally, at higher temperatures 
(> 700°C) NiSi2 forms. Third-phase (NiSi2) formation from NiSi and 
amorphous silicon (Si(a)) has however been reported {1} to occur at 
much lower temperatures (350-425°C). In this investigation we wanted 
to form NiSi at low temperatures so that 3 1Si tracer experiments could 
be performed to investigate the diffusion properties during silicide 
growth. The technique cannot be used at high temperatures ( > 700°C) 
owing to the high self-diffusion of silicon at such temperatures and 
the non-uniform formation of NiSi2. 

To study the low-temperature growth of NiSi2, structures of the form 
Si<>/Ni/Si(a) were prepared and annealed at various temperatures. Figure 
2 shows an RBS spectrum of a sample annealed at 400°C for 20 minutes 
to give partial NiSi2 formation. On most occasions, however, laterally 
non-uniform growth occurred, as shown in figure 3. It is not known 
why growth occurs in this non-uniform manner, but we surmise that it 
may be due to either the presence of impurities, or the recrystallization 
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of the amorphous silicon to polycrystalline silicon during annealing. 
A number of different parameters (viz. temperature and time of annealing, 
position and thickness of the nickel in the virgin structure, temperature 
of the substrate during evaporation, and impurity concentration) were 
varied in order to elucidate the cause of this problem. It has been 
found that growth tends to be improved by maintaining a low substrate 
temperature during sample preparation (evaporation) and by annealing 
at relatively low temperatures (**» 400°C rather than 500°C). Both results 
are consistent with the idea that NiSi2 growth is being suppressed by 
recrystallization of the amorphous silicon during annealing (or 
evaporation). 

Reference 
1. C D Lien, M A Nicolet and S S Lau, Phys. Stat. Sol. (a) ÍJ1_ (1984) 
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17.2.3 Radioactive silicon and inert marker studies of nickel silicide 
formation 

J E McLeod, M A Wandt, C M Comrie*. A P Botha* and R Pretorius 

* University of Cape Town 
§ Microelectronics and Communications Technology, CSIR, 

Pretoria 

Atomic diffusion during the solid state formation of nickel silicides 
(Ni2Si and NiSi) from thin films of nickel and amorphous silicon upon 
thermal annealing has been investigated using 3 1 Si radioactive tracer 
and inert marker techniques. 

The radioactive silicon (Si*) tracer experiments were performed by ini
tially preparing samples with the structure Si<>/Si(a)/Si*/Ni; after 
annealing at suitable temperatures to effect silicide growth (30 minutes 
at 300°C for the first phase, and 20 minutes at 400°C for the second 
phase), the location and concentration of the Si* was determined by 
rf-sputter micro-sectioning and activity counting. 

Figure 4(a) shows the Si* tracer experimental results for first phase 
(Ni2Si) formation. For nickel diffusion during silicide growth the 
Si* was expected to be located in a surface lay^r of constant concentra
tion, giving a linear drop in residual activity as silicide was removed. 
The solid line is a linear regression on the data points and is seen 
to closely follow the theoretical (dashed) line. For silicon diffusion 
the activity is expected to remain at 100% with removal of surface NÍ2SÍ. 
It is clear that nickel diffusion during silicide growth is indicated. 
It is to be noted that previous Si* experimental work on Ni2Si format_jn 
{1}, where growth of Ni2Si from crystalline silicon and nickel was in
vestigated, showed more spreading of the Si* activity. This difference 
is being studied further. 

Figure 4(b) shows the second phase NiSi results. The dashed lines 
represent the expected results for nickel and silicon diffusion. The 
solid line is a 4th-order polynomial fit to the data. It is clear that 
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down to about 400 A growth of silicide occurred by nickel diffusion, 
i.e. by dissociation of Ni2Si: 

Ni2Si -»• NiSi + Ni 
Ni + Si -»• NiSi 

o 
Some spreading of the activity below 400 A is evident. This is thought 
to be a result of sputter-induced mixing of Si and Si* at the NiSi*/NiSi 
interface. These results have been included in a paper {2}. 

O 
The inert marker experiments used a thin (5-10 A) continuous layer of 
Mo or Ta as marker. The marker position before and after silicide growth 
was determined by Rutherford backscattering spectroscopy. The Ta marker 
results are shown in figure 5(a) for Ni2Si, and figure 5(b) for NiSi. 
It is clear that growth by nickel diffusion is indicated for both phases. 
This was also confirmed by the Mo marker experiments. 

References 
1. A P Botha, PhD Dissertation, Univ of Stellenbosch, 1982 
2. R Pretorius, M A E Wandt, J E McLeod, A P Botha and C Comrie, J. 

Electrochem. Soc. (submitted for publication) 

17.2.4 Mechanism of epitaxial Pd2Si formation 

C M Comrie*, J E McLeod and M A E Wandt 

* University of Cape Town 

Use of Ti as an inert marker and 3 1Si* as a radioactive tracer has 
produced results {1} which are consistent with Si vacancy diffusion during 
polycrystalline Pd2Si formation. Because this conclusion appeared to 
be in conflict with "structure" marker data of Ho et al. {2} which 
indicated that Pd diffuses in epitaxial Pd2Si, we decided to employ 
Si* to study epitaxial Pd2Si formation as well. 

For this investigation a 50 nm layer of Pd was first deposited onto 
Si<lll> substrates and the samples were then annealed in situ at 350°C 
for 10 min to produce an epitaxial Pd2Si layer. Once the samples had 
cooled to 70°C a 35 nm layer of radioactive Si* followed by a 150 nm 
layer of Pd were deposited on top of the epi-Pd2Si layer. The samples 
were then transferred to a vacuum furnace and annealed at 350°C for 
10 min to complete silicide formation. During this anneal the initial 
reaction is between the Si* layer and some of the Pd in the outermost 
layer; this produces a Si<lll>/epi-Pd2Si/poly-Pd2Si*/Pd structure. With 
continued heating the remaining Pd is consumed and, depending on the 
diffusing species, a variety of Pd2Si* profiles may be produced. Silicide 
growth takes place at the Si<lll>/epi-Pd2Si interface for Pd diffusion 
and the Pd2Si* layer will move to the surface of the sample. For Si 
grain-boundary or interstitial diffusion silicide formation takes place 
at the poly-Pd2Si*/Pd interface producing a silicide in which the 
radioactive Pd2Si* layer is found in the bottom half of the silicide. 
Finally if Si diffuses by a vacancy mechanism the random nature of (Si) 
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vacancy diffusion results in Si* being spread over a broad region of 
the silicide layer. 

The results obtained by rf-sputter sectioning (figure 6) indicate that 
the Si* is broadly distributed throughout the outermost \ of the Pd2Si 
layer. Since the thickness of the original epi-Pd2Si layer was chosen 
to be approximately h of the final silicide thickness it appears that 
the Si* has spread throughout the subsequently grown Pd2Si but little 
intermixing with Si in the original epi-Pd2Si layer has taken place. 
Why no intermixing occurs is at present not clear. Investigation of 
the final Pd2Si by channelling and backscattering shows that the poly-
Pd2Si* has reordered on top of the epi-Pd2Si layer to become epitaxial 
itself. This suggests that a good interface existed between the original 
epi-Pd2Si and poly-Pd2Si* layers. Nevertheless the broad distribution 
of the Si* in the Pd2Si layer is strongly suggestive of a Si vacancy 
mechanism. In addition, the reordering which is found to occur obviously 
requires some mobility of atoms in the silicide lattice which a vacancy 
mechanism would facilitate. 

References 
1. C M Comrie and J M Egan, J. Appl. Phys. (in press) 
2. H T Ho, C-D Lien, V Shreter and M-A Nicolet, J. Appl. Phys. _57. 

(1985) 227 

17.2.5 Prediction of phase formation during solid state interaction 
in metal-metal binary systems 

R Pretorius 

When a metal in contact with silicon is heated, a reaction in the solid 
state occurs usually leading to the formation of a class of compounds 
known as the silicides. Phase diagrams of such binary Si-metal systems 
show that many possible silicon phases may be formed. It is of interest 
to know which of these phases will be the first to form and the sequence 
for subsequent phase formation. An effective heat of formation rule 
has been formulated {1} which very successfully predicts first-phase 
formation and the phase sequence for silicides. In this investigation 
this rule is being extended to metal-metal interactions. 

Reference 
1. R Pretorius, Materials Research Soc. Proceedings 25_ (1984) 15 

17.2.6 Silicide contacts to GaAs 

E Re 1ling*, A P Botha* and R Pretorius 

* Microelectronics and Communications Technology, CSIR, 
Pretoria 

The need to form a stable Schottky contact on GaAs at temperatures greater 
than 800°C is important when GaAs logic devices for VLSI (very large 
scale integration) are considered. The self-alignment technology involved 
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in the fabrication of VLSI MESFET devices for example, includes the 
deposition of the gate metallization, followed by a high dosage 
implantation, using the gate as an implantation mask. This is followed 
by an annealing step of 800 - 810°C for 10 to 15 min. The annealing 
step is important as it serves to remove the damage caused to the crystal 
during the implantation as well as to activate the dopants implanted. 
Since the gate metallization is also exposed to the annealing tempera
ture, care must be taken with the choice of material used for the metal
lization to ensure good rectifying characteristics of the Schottky contact 
after the anneal. In this work we have studied the possible use of 
silicides as a stable high-temperature contact to GaAs. 

It has been found that although the cobalt silicide metallization system 
shows promising results, sequential single-electron beam evaporation 
of the Si and Co is not the most suitable means to obtain stable Schottky 
contacts. This method of depositing the metallization layers is certainly 
not suitable for refractory metals or composite targets. Better results 
could possibly be obtained if co-evaporation using two electron guns 
could be done as it would enable Si and a suitable metal to be evaporated 
simultaneously. 

This investigation did however show that a cobalt silicide metallization 
could possibly be used in place of the refractory metal silicides. The 
use of a Si encapsulent was shown to be effective in preventing Ga and/or 
As out-diffusion. Wet chemical etchants were however not effective 
in selectively removing the cap. Reactive ion etching seems to be the 
most effective means of removing the cap. Results from in situ heating 
showed greater Ga and/or As out-diffusion. Proximity annealing showed 
out-diffusion of Ga and/or As at lower temperatures (i.e. 550°C) than 
the other annealing methods used. This method however had the advantage 
that no encapsulent was required. 

This work has recently been reported in greater detail {1}. 

Reference 
1. E Relling, CSIR Report IMAT 233 (1988) 

17.2.7 Radioactive silicon tracer studies of Pt2Si and PtSi forma
tion 

M A E Wandt, C M Comrie*, J E McLeod and R Pretorius 

* University of Cape Town 

Knowledge of the diffusing species and the mechanisms of diffusion are 
essential for a complete understanding of the interaction between metal 
films and silicon, and of the influence of impurities on silicide growth. 
Discrepancies in earlier reports prompted us to reinvestigate diffusion 
during the formation of Pt2Si and PtSi. 



225 

For this purpose, thin film structures were prepared by electron beam 
evaporation onto Si'-100> substrates at pressures in the low 10"5 Pa range. 
First 300 nm silicon was deposited, followed by approximately 50 nm 
radioactive 3 1Si (produced by neutron irradiation of pieces of natural 
silicon of 99.999% purity), and by 140 nm platinum. 

Sets of ten identical samples were annealed in a vacuum furnace at 
pressures below 7 x 10" 5 Pa. Complete reaction of the metal layer to 
form Pt2Si or PtSi was obtained after 30 min at 285°C and 390°C, respect
ively. Radioactivity in the samples was measured by beta counting with 
a Geiger-Muller detector. The activity profile was derived from sectioned 
specimens using rf-sputter etching to remove the grown silicide layer 
partially, the thickness of which was deduced from Rutherford backscatter-
ing spectra. 

Radioactivity concentrations, measured as a function of depth in the 
sample, are presented in figure 7. Initially, the radioactive tracer 
is sandwiched between the metal and the non-radioactive silicon. It 
is clear that after the formation of the first phase, Pt2Si, the radio
active marker has moved to the surface of the sample. Pt£Si thus forms 
either by Pt diffusion, or by silicon substitutional diffusion. To 
obtain a definite answer regarding the diffusing species, additional 
information is needed (e.g. from inert marker or metal tracer 
experiments). Results of our own marker studies (see next section) 
and the observation of Kirkendall voids at the silicide/Pt interface 
{1}, however, clearly indicate that the dominant diffusion mechanism 
during Pt2Si formation is vacancy-assisted diffusion of Pt atoms. 

The activity profile in PtSi after transformation from Pt2Si shows an 
activity concentration of 1007. at the surface, but is spread out consider
ably, with some radioactive silicon being present at depths more than 
twice as great as would be expected if Pt was the diffusing species. 
If silicon diffuses predominantly, a sharp band of radioactive Si would 
be expected for grain-boundary and/or interstitial diffusion. From 
the observed spreading of radioactivity we conclude that silicon diffuses 
by a combination of grain-boundary and vacancy mechanisms. 

Reference 
1. M Wittmer, J T Wetzel and P A Psaras, Phil. Mag. B54_ (1986) 359 

17.2.8 As, Ge and Ti marker studies of platinum silicide formation 

M A E Wandt, C M Comrie* and R Pretorius 

* University of Cape Town 

The diffusion process in the Pt-Si system during thermal heat treatment 
was investigated by the measurement of marker displacements using Ruther
ford backseattering spectrometry. In this study we attempted to employ 
thin films of arsenic, germanium and titanium as markers to study the 
moving species during the growth of Pt2Si and PtSi, respectively. Several 
obstacles had to be overcome before this approach yielded useful 
information. 
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Double-marker experiments were carried out with the reference marker 
at the single-crystal silicon/amorphous silicon interface and a "moving" 
marker near the a-Si/Pt (for Pt 2Si), or a-Si/Pt2Si (for PtSi) interface. 
These markers were prepared by electron beam evaporation and vacuum 
furnace annealing. 

During the evaporation of arsenic, we found it to be extremely difficult 
to maintain stable deposition conditions, as this substance sublimes 
at ca. 150°C in the 10" 5 Pa range. Subsequent volatilization of As 
from the warm Si substrate, as well as oxygen absorbtion in the porous 
As crystals used for evaporation, further complicated the matter, which 
resulted in this approach being abandoned. 

On the other hand, the germanium experiment clearly showed Pt to be 
the predominant diffusing species during the formation of Pt2Si. At 
the higher temperature (390°C) utilized to grow PtSi, the marker was 
spread out throughout the silicide layer and could not be detected 
anymore. This behaviour may be taken as confirmation of earlier 
observations, that silicon diffuses during the growth of PtSi. Since 
Si and Ge are isomorphous, germanium atoms will readily occupy Si lattice 
sites and the Ge marker layer will be spread out by the passing silicon 
flux. 

Only the titanium marker behaved like a truly inert marker and did not 
take part in the Pt-Si interaction. This experiment confirmed platinum 
diffusion during the growth of Pt2Si, but yielded ambiguous results 
in the PtSi case. The known gettering of oxygen by Ti and thus the 
formation of a thin titanium oxide layer at the marker position posed 
a serious problem. This layer often acted as a diffusion barrier and 
severly retarded platinum silicide formation, sometimes completely 
suppressing reactions. The technique of depositing discontinuous and 
sufficiently thin (e.g. 5 A) marker films can not yet be regarded as 
being perfected and research in this field will continue. 

17.2.9 The effect of oxygen impurities on platinum silicide formation 

M A E Wandt and R Pretorius 

Platinum silicides are of considerable technological importance due 
to their frequent use in the formation of ohmic and Schottky contacts 
to silicon devices. These silicide layers are grown by annealing a 
thin platinum film deposited on a silicon substrate. In a clean system, 
the metal reacts with silicon, first forming a metal-rich silicide, 
Pt2Si (T>200°C). When all metal is consumed, PtSi starts to grow 
(T>300°C) at the expense of the first phase. For both phases the growth 
is diffusion-limited; however, a wide range of rate constants is reported. 
This has led to the assunption that impurities, such as oxygen, alter 
platinum silicide formation. 

To investigate the influence which oxygen incorporated in one of the 
reacting materials has on the formation of Pt2Si and PtSi, we studied 
the structure: 
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Two series of experiments were conducted by introducing controlled amounts 
of oxygen into the vacuum chamber during either the deposition of the 
amorphous silicon (a-Si) layer or the metal film (Pt). Different partial 
oxygen pressures were investigated, ranging from 2xl0~5 Pa to 4xl0 - 3 Pa. 
Specimens were then subjected to different annealing temperatures for 
20 min each and subsequently characterized by Rutherford backscattering 
spectrometry and X-ray diffraction. 

In figure 8 the results are schematically summarized. With oxygen in 
silicon, the growth rate of both platinum silicide phases decreased 
with increasing oxygen content. At 4xl0"3 Pa (ca. 16 at.7.) both phases 
coexisted and no clear growth front could be detected. With oxygen 
in platinum, we again observed a slower silicide growth at low oxygen 
concentrations. At higher oxygen contents, PtSi formed directly from 
the metal film (i.e. no intermediate Pt2Si phase was detectable) and 
at oxygen concentrations larger than ca. 5 at.7. no reaction took place 
up to 500°C. 

These observations can be explained with the assumption that Pt is the 
diffusing species during Pt£Si formation. Oxygen present in the platinum 
film then leads to an accumulation of oxygen (probably as SÍO2) at the 
Pt/Pt2Si interface. Such accumulation halts, or at least slows down, 
the Pt -*• Pt2Si conversion to the extent that the Pt2Si -»• PtSi reaction 
consumes the previously formed Pt2Si and overtakes the Pt2Si/Pt interface. 

In conclusion we found that (i) the Pt-Si interaction is more sensitive 
to oxygen contamination in the metal than in silicon, (ii) the presence 
of oxygen in Pt is crucial in determining the phase growth sequence, 
(iii) high oxygen contamination of Pt suppresses silicide formation, 
(iv) the presence of oxygen in silicon results in mixed Pt2Si/PtSi 
structures. 
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17.3 Laser Irradiation of Solids 

Summary: Surface and sub-surface regions of solids are modified by 
rapid melting and quenching, using a high-powered, pulsed 
(30 ns) ruby laser. The main emphasis of this work is on 
laser annealing, epitaxy and doping of silicon. Computer 
programs have been developed to calculate the heat-flow which 
takes place during pulsed laser irradiation. From such 
calculations, information can be obtained about temperature 
profiles, melt depths, recrystallization velocities and quench 
rates. 

17.3.1 Comparison of heat-flow simulations with other calculations 
and experimental results 

T K Marais and R Pretorius 

Calculations from the heat-flow simulation program HEATUP {1} were 
compared with similar calculations and experiments done by other authors. 
Table 1 shows the threshold laser energy density required to melt single 
crystal Si as determined by various experiments. The value obtained 
from the simulation program HEATUP is also given and the agreement 
with the experimental values is excellent. 

Figure 1 shows the kinetics of the melt front for a 27.5 nsec laser 
pulse incident on a Si crystal for different laser energy densities. 
The continuous curves are from the HEATUP program and the broken lines 
from Bell's results {2}. The agreement between the two calculations 
is good, showing that the curves converge as the energy density is 
increased. In figure 2 results from the HEATUP program are compared 
with results obtained experimentally by the transient conductance 
technique {3}. The solid curve shows results from the heat-flow program 
and the broken lines are experimental results. Again the agreement 
between the computer simulation and the experimental data is good, 
differing only at the lower energy densities. Similar good comparisons 
between theory and experiments were obtained by Thompson et al. {3}. 

Table 1 The threshold laser energy density required to melt Si as 
determined from various experiments. 

Measurements 

Ellipsometry 
Reflectivity 
Capacities on Schottky barrier 
Superficial resistance 
Depth penetration of impurities 
Calorimetry 
HEATUP 

References 

1. National Accelerator Centre Annual Report NAC/AR/87-01 (CSIR, 
1987) p 211 

2. A E Bell, Review and Analysis of Laser Annealing, RCA Review U0_ 
(1979) 295 

3. M O Thompson and G J Galvin, Laser-Solid Interactions and Transient 
Thermal Processing of Materials (North-Holland, 1983) Vol 13 

Value (J /cm 2 ) 

1 
0 .7 

(0 .7 - 0 .8 ) 
0.75 

(0 .75 - 0 .8 ) 
0 .80 
0.79 
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17.3.2 Parameters affecting recrystallization velocity during antimony 
doping of silicon 

T K Marais, W Perold* and R Pretorius 

* University of Stellenbosch 

A study of the recrystallization velocity is of great importance as 
it determines the final nicrostructure of the material. A lot of effort 
is put into controlling this velocity since the interface velocity 
also has a critical influence on the dopant segregation and trapping 
as well as the interface stability. The computer modelling program 
HEATUP {1} was used to calculate the resolidification velocity as a 
function of the following parameters which can be controlled 
experimentally: (1) laser beam pulse width, (2) ambient sample 
temperature and (3) energy density. We investigated the regrowth 
velocity when a thin layer of Sb was deposited onto single crystal 
Si. Previous work has shown that if the regrowth velocity is greater 
than 15 m/sec then the irradiated area becomes amorphous in the case 
of single crystal Si {2}. This situation would be totally undesirable 
for doping of semiconductors. From figure 3 it can be seen that if 
the molten Si thickness is less than 170 nm, then the irradiated area 
regrows with velocities greater than 15 m/sec in the case of a laser 
pulse width of 1 nsec. In this case the irradiated region would become 
amorphous. This occurs because of the very sharp temperature gradient 
that develops at the liquid-solid interface. 

The effect of the ambient temperature on the regrowth velocity is given 
in figure 4. When the ambient temperature is changed from 300K to 
900K, the maximum regrowth velocity changes from 3 m/sec to 0.6 m/sec. 
This approach of controlling the ambient temperature of a sample is 
a excellent way of tailoring the melt front to a desired value. 

Figure 5 shows the maximum regrowth velocity of Si as a function of 
laser energy density for a 50 nm Sb layer on Si(c). A maximum regrowth 
velocity is obtained at the threshold energy density required to melt 
the underlying Si. Thereafter the regrowth velocity decreases linearly 
with increase in laser energy and it can therefore be expected that 
more Sb would segregate to the surface. 

References 
1. National Accelerator Centre Annual Report NAC/AR/87-01, (CSIR, 

1987) p 211 
2. M O Thompson and G J Galvin, Laser-Solid Interactions and Transient 

Thermal Processing of Materials, Vol 13, ed J Narayan, W J Brown 
and R A Lemons (North-Holland, 1983) 

17.3.3 The effect of Sb thickness on laser induced doping 

T K Marais and R Pretorius 

The computer simulation program HEATUP {1} was used to determine the 
thickness of melted Si as a function of the thickness of Sb deposited. 
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These calculations were done for various Sb deposited thickness at 
laser energy-densities of 0.9 1.4 and 1.8 J/cm , respectively (see 
figure 6). For a laser energy of 1.8 J/cm2, about 380 nm of Si melts 
when there is no Sb deposited on Si. As the Sb thickness on Si is 
increased, the Si melt depth increases for all three laser energies 
shown and reaches a rcaximum for Sb thicknesses in the range of 50 nm. 
This is probably due to the high absorption coefficient of Sb. As 
the Sb thickness is increased, the molten Si thickness decreases because 
a greater portion of the laser energy is used in heating the Sb layer. 
In all three cases it is found that doping of Si wculd not be possible 
for deposited thickness greater than 275, 700 and 1000 nm for the laser 
energies of 0.9 1.4 and 1.8 J/cm2, respectively. 

Figure 7 shows the threshold laser energy-density for melting the under
lying Si as a function of Sb thickness. The solid curve was obtaineJ 
by fitting a continuous line to the filled squares which represent 
the points at which the computer simulations were performed. The dotted 
line is a fit to the data obtained experimentally. The error bars 
incorporate only the errors in determining the threshold energy from 
the experimental data and not errors that can arise during the experiment 
itself. The agreement between the theoretical and experimental values 
is quite good, both going through a minimum for Sb thicknesses in the 
range of 20 to 50 nm. 

Reference 
1. National Accelerator Centre Annual Report NAC/AR/87-01 (CSIR, 

1987) p 211 

17.3.4 Buried dopant profiles in silicon 

R J Carolissen and R Pretorius 

A doped region buried in Si<100> was prepared using conventional UHV 
depositions onto Si<100> and laser annealing with a single-pulse (30 ns 
pulse width) Q-switched ruby laser equipped with a beam homogenizer. 

A 1000 A Si(a) layer, followed by a thin layer of Sb (10 to 20 A) and 
finally a 2500 A thick Si(a) layer was evaporated onto Si<100> substrates 
in an UHV system. The first 1000 A of Si(a) was deposited because 
of the difference in melting temperatures of amorphous and crystalline 
silicon, thereby increasing the time that liquid state diffusion can 
take place behind the Sb layer. Diffusion calculations have shown 
that for Sb thicknesses greater than 25 A, the Sb concentration will 
exceed the laser solubility limit (1.3 x 10 2 1 atoms/cc) when 
resolidification occurs. The excess Sb atoms will remain as a melt 
thereby screening the silicon atoms in front from the underlying crystal, 
inhibiting alignment and subsequent epitaxial regrowth. 

After irradiation in atmosphere across a range of laser energies, RBS 
results showed excessive oxidation in the regrown region. This was 
linked to void formation in the silicon that was deposited at room 
temperature and exposed to atmosphere prior to laser annealing. An 
equally important requirement for this excessive oxidation to occur 
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is that high concentrations of Sb be present at the near surface region 
(see next section). Channelling results showed poor regrown crystal 
quality which can be attributed to the oxidation in this region and 
the porosity of the regrown silicon. 

The same structure as above was deposited onto a Si<100> substrate 
maintained at 330°C, except for the Sb layer and a thin covering layer 
of Si(a), which was deposited at 100°C to prevent Sb evaporation from 
the surface after deposition. Dense packing of silicon atoms was 
achieved and subsequent void formation eliminated. Laser irradiation 
was again performed in atmosphere and RBS results showed no detectable 
oxygen. Channelling results in figure 8 show that for a laser 
energy density of 1.50 J/cm2, the minimum yield for the aligned crystal 
is 5.5%, which is indicative of excellent regrown crystal quality. 
(Si<100> grown with the Czochralski technique can be aligned for a 
minimum yield of 37.). Also, 90% of the Sb atoms were trapped in 
substitutional sites and are thus electrically active. The threshold 
for good epitaxial regrowth was found to be about 1.15 J/cm2 for this 
structure, with the As doped region being buried approximately 2500 A 
below the sample surface. It is interesting to note that as the laser 
energy is increased the epitaxial quality starts to decrease, probably 
owing to damage caused during laser irradiation. 

17.3.5 Oxidation effects during formation of buried Sb profiles 
in Si<1.00> 

R J Carolissen and R Pretorius 

Amorphous silicon deposited at room temperature in an UHV system on 
Si<100> is known to be up to 87« less dense than silicon amorphized by 
ion implantation {1}. When this Si(a) is irradiated with a Q switched 
ruby laser, spherical voids are formed by coalescence of the free volume 
in the melt. These voids are stabilized in the liquid film by the 
presence of atmospheric gases absorbed by Si(a) when exposed to air. 
Prolonged melting or multiple laser irradiations cause the voids to 
collapse and the absorbed gases to diffuse out to the surface ill. 

Calculations based on a decrease in density of 8% show that the amount 
of oxygen incorporated into the deposited Si(a) could not account for 
the extent of oxidation observed after laser irradiation (see figure 
9). It is also found that the presence of relatively high concentrations 
of Sb in the near surface region is necessary for this excessive 
oxidation to occur (see figure 10). 

Evaporation of Si(a) onto a Si<100> substrate, maintained at 330°C, 
eliminated the free volume through denser packing of silicon atoms 
{2, 3}, and void formation was therefore not possible. No oxygen was 
detected, within the sensitivity of the RBS technique, for laser 
irradiated samples prepared by this method. This was true even when 
high concentrations of Sb were present in the near surface region. 

It is clear from the above arguments that the oxygen must have been 
supplied from the atmosphere for such excessive oxidation to occur. 
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This is only possible if the voids in the regrown region are inter
connected. This is borne out by the fact that significant amounts 
of oxygen are detected up to depths in excess of 1000 A (figure 10). 
While this region is in a molten state it is reasonable to assume that 
these voids or gas-filled bubbles are not connected. Upon solidification 
however, the strain caused by the voids can result in microcracks which 
connect them to each other. Therefore the major part of the oxidation 
must have taken place after solidification of the melt. It appears 
that a high concentration of Sb trapped in silicon significantly enhances 
the oxidation rate in an oxidising ambient. 
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17.3.6 Laser epitaxy of deposited silicon films 

D Adams*, D Knoesen* and R Pretorius 

* University of the Western Cape 

Soon after the demon»tration of the successful laser-induced epitaxy 
of ion-implanted single-crystal silicon in 1975, it was established 
that amorphous silicon layers deposited on single-crystal silicon can 
also be regrown epitaxially by pulsed-laser annealing. 

In this investigation we have studied the deposition conditions under 
which good epitaxy can be achieved as well as the laser characteristics 
that are required. As a first step, amorphous Si layers 1000 - 4000 A 
thick were deposited at room temperature by electron beam evaporation. 
Such amorphous silicon layers are known to be very porous, with the 
result that in-diffusion of atmospheric gases occurs. When melting 
takes place these gases are trapped inside the voids and during crystal
lization a bad single-crystal silicon structure is formed. To overcome 
this problem, we have used two approaches: (1) we deposited the amorphous 
Si on a substrate held at a temperature of 350°C and (2) we furnace-
annealed the samples at various temperatures for 30 min after vacuum 
deposition of Si(a) at room temperature. 

Figure 11 shows the backscattering spectra of deposited amorphous Si 
before and after laser irradiation. The channelled backscattering 
yield (X mi n « 8%) from the sample after laser annealing at 2.30 J/cur
ie much lower than that from the sample before annealing, showing 
complete epitaxial regrowth of the amorphous silicon layer. 
Backscattering spectra of amorphous silicon deposited on a heated 
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substrate (temperature i» 350°C) before and after laser irradiation 
are given in figure 12. The minimum yield of about 4% at 1.6 J/cm2 

shows excellent epitaxial regrowth of the amorphous silicon layer as 
the minimum yield of a perfect crystal is approximately 3%. 

The minimum yield (X m^ n) as a function of laser energy for three 
different Si(a) layers is depicted in figure 13. Furnace preheating 
appears to enhance oxygen absorption resulting in very poor epitaxial 
regrowth, whereas the heated substrate seems to give the best results. 
A higher energy-density is required to induce epitaxial regrowth of 
the amorphous Si deposited on the heated substrate-because of its lower 
absorption coefficient than that of the as-deposited amorphous silicon. 
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17.4 Nuclear Characterization of Materials 

Summary: Rutherford backscattering spectrometry is being used for 
determining the thickness, uniformity and stoichiometry of 
anti-reflection coatings and for investigating thin-film 
semiconductor structures. Resonant alpha depth profiling 
at 3.04 MeV is also used to determine oxygen profiles. During 
the past year the elastic recoil detection analysis (ERDA) 
technique has been developed for the determination of hydrogen 
and deuterium depth profiles in solids. 

17.4.1 Characterization of anti-reflection coatings by Rutherford 
backscattering 

D F Bezuidenhout*, K P Clarke* and R Pretorius 

* Processing and Chemical Manufacturing Technology, CSIR, 
Pretoria 

Anti-reflection coatings of YF 3, Y2O3, ZnS and PbF2 have been invest
igated because of their importance in the infra-red region. The main 
advantage of the RBS technique is the fact that stoichiometry may be 
determined as a function of depth non-destructively. The work on YF3 
anti-reflection films has been completed and published {1}. 

Reference 
1. D F Bezuidenhout, K P Clarke and R Pretorius, Thin Solid Films, 
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17.4.2 Hydrogen and deuterium depth profiling by elastic recoil 
detection analysis 

R Pretorius, M Peisach and J W Mayer* 

* Cornell University, USA 

The determination of hydrogen and deuterium depth profiles by elastic 
recoil detection analysis (ERDA), was investigated using alpha beams, 
with energies between 2.5 and 3.0 MeV and with the detector being placed 
at a forward angle of 30°. To stop the large number of elastically 
scattered **He+ particles, which would swamp the detector, a mylar 
absorber approximately 12 um thick, was used, while an incident angle 
of 15° between the beam and sample surface was chosen. 

It was found that depth profiles of hydrogen and deuterium could be 
determined simultaneously and non-destructively in about 10 minutes, 
using a beam current of 30 na (current integration - 20 uC). The 
analysis depth was approximately 2000 nm for polystyrene and only 500 nm 
for palladium, because of the much higher stopping power of the latter 
material, with the depth resolution varying from 100 nm for polystyrene 
to 10 nm for palladium. The polymer polystyrene (C 8H 8) was used as 
a standard. Hydrogen loss in the standard was found to occur, but 
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could be corrected for. The absolute sensitivity for both hydrogen 
and deuterium is 4.4 x 10l1* atoms/cm2 for a precision of 107. and total 
integrated beam current of 100 uC, which gives a depth profiling 
sensitivity of typically 5 x 10 1 9 atoms/cm3 (̂ -0.1 atom % ) . It was 
found that the ratio (AE]sa/( AE ] s t , which is needed for quantisation, 
when using a thick polymer standard, stays constant within 7% over 
the whole energy range (0-1400 keV) of recoiling protons. The technique 
was used to determine hydrogen in palladium, silicon nitride, amorphous 
silicon and obsidian, while both hydrogen and deuterium were determined 
simultaneously in polymers. Considerable improvement of the depth 
resolution was obtained by using *°0 ion beams (see figure 1). This 
work has been accepted for publication {1}. 

Reference 
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SECTION 18 BIOPHYSICAL SCIENCES 

Summary: One of the objectives of the National Accelerator Centre is 
to provide facilities for radiotherapy of cancer patients. 
It is therefore logical that some scientific effort be directed 
towards understanding the underlying molecular mechanisms 
involved in carcinogenesis and the genetic effects induced 
by radiation in cells in culture. 

18.1 Molecular Mechanisms Involved in Carcinogenesis and Mutagenesis 

M J Renan, L M Steyn*, K R Dumbell* and J B Little5 

* Dept. of Medical Microbiology, UCT 
§ Lab. of Radiobiology, Harvard University, Boston, USA 

This project is concerned with the fundamental molecular biology of 
cellular function. Specific topics which are addressed are: gene control; 
the regulation of cellular proliferation; the effects of radiation and 
other external agents on DNA. This research program is a continuation 
of the project described previously {1}, and is approached from both 
a theoretical and an experimental point of view. 

(a) Theoretical. In this aspect of the project, gene control elements 
are identified by DNA sequence analysis. Previously, conserved 
12 base-pair (bp) elements were found in the flanking (i.e. 
non-coding) regions of genes known to be negatively regulated {2}. 
In the present study, a comprehensive analysis of the DNA sequences 
downstream from the AATAAA motif was undertaken. [ The four 
nucleotides in the DNA double helix are Adenine (A), Guanine (G), 
Cytosine (C) and Thymine (T)]. Both cellular and viral transcription 
units were investigated. A 12-bp conserved element was identified 
in approximately half of the cases studied, and a consensus sequence 
TT G NNNTTTTTT was derived from a comparison of 74 such sequences 
(where N = any Nucleotide). This element is located immediately 
(5-20 bp) downstream from the polyadenylation site in every case 
where this is known. 
Such conservation, particularly in non-coding region's of genes, 
is strong evidence for functional significance. These results 
indicate involvement of the 12-bp element in the essential cleavage/ 
polyadenylation reaction of mRNA, and are consistent with studies 
in the literature of deletion mutants in downstream regions. These 
findings have been published {3}, and also reported at an overseas 
conference {4}. 

(b) Experimental. In this aspect of the project, the mutagenic effects 
of radiation on DNA are being investigated. Specific DNA sequences, 
as well as whole genomic DNA in aqueous solution have been 
irradiated, using a 6 0Co source, in graded doses up to 100 Gy. 
The cloned sequences, and the genomic DNA, were then assayed for 
transforming ability, in transfection assays using NIH 3T3 cells 
in culture. These assays determine whether or not the radiation 



248 

has caused a transforming mutation in the target DNA. Initial 
results obtained from this project are encouraging, in that positive 
foci have been obtained in the assay. These transformed cells 
are currently being analyzed to determine the precise nature of 
the lesions initiated in the DNA by the radiation. 
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18.2 Radiosensitivity of Tumor Cells in Culture 

M J Renan, P I Dowman* and G Blekkenhorst* 

* Dept Radiotherapy, Groote Schuur Hospital, Cape Town 

Endogenous free radical scavengers in the cell play a major role in 
determining the intrinsic radiation sensitivity of the cell. In this 
project, the effects of metallothionein inducers on the radiosensitivity 
of mammalian tumor cells in vitro are being investigated. 

The metallothioneins (MTs) are a group of low molecular weight, cysteine-
rich, cytoplasmic proteins. It has been found that MTs are inducible 
by a variety of agents, such as heavy metal ions, glucocorticoid hormones, 
serum factors, ct-interferon, and still unidentified products of activated 
ras-oncogenes and of inflammatory stress. The MT proteins are believed 
to function in a protective system against heavy metal toxicity; it 
has also been demonstrated that MTs are efficient scavengers of free 
hydroxyl radicals. 

In the present study, the radioprotective effects of different MT-inducing 
agents was investigated. Three tumor cell lines were chosen for study 
in the laboratory: 

(1) HeLa cells (human cervical carcinoma) 
(2) B16 cells (murine melanoma) 
(3) WHFIB cells (murine fibrosarcoma) 

Three types of MT-inducers were utilized: heavy metals (CdCl2), gluco
corticoids (dexamethasone), and serum factors (in the fetal calf serum 
used to supplement the growth medium of the cells). The survivability 
of the different cell types was assayed, after exposure to graded doses 
of 6"Co y-rays (in the range 0 - 1 0 Gy). A marked radioprotective effect 
was observed for the cells treated with inducers, compared with control 
cells. 



The protection factor observed was as high as 1.78 for a single inducing 
agent (HeLa cells + CdCl2) and 2.58 for agents in combination (HeLa 
cells + CdCl2 + serum). Interestingly, the induced radioprotection 
was found to be dependent upon the specific cell type tested: HeLa cells 
exhibited the greatest effect, and B16 cells the least. A sunmary of 
the data obtained to date is given in the table 1. Initial results 
from this project have been reported {1}. 

Table 1. Radioprotective effects of MT-inducing agents 

TEST SYSTEM Mean Inactivating Induced Protection Factor 
(Cells + inducing agent) Dose D (Gy) D (test) / D (control) 

B16 + CdCl2 4.08 1.08 
B16 (mock treatment) 3.76 
WHFIB + CdCl2 3.90 1.46 
WHFIB (mock treatment) 2.68 
HeLa + CdCl2 3.54 1.78 
HeLa (mock treatment) 1.99 
HeLa + serum 1.90 1.21 
HeLa (mock treatment) 1.61 
HeLa + serum + Dex 4.01 2.01 
HeLa (mock treatment) 1.99 
HeLa + serum + CdCl 2 5.13 2.58 
HeLa (mock treatment) 1.99 
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SECTION 19 DATA PROCESSING AND ELECTRONICS 

19.1 Van de Graaff Data Processing Systems 

After 16 years of sterling service the laboratory's original data acquisi
tion computer and its associated multichannel analyser have been de
commissioned. The computer is to be replaced by a 32-bit minicomputer, 
compatible with the cyclotron-based data handling system, to which it 
will be linked via Ethernet. A disk controller and 1600 bpi magnetic 
tape drive and controller have already been purchased for this replacement 
system. 

The two existing minicomputer systems, which are dedicated to on-line 
data acquisition activities, have operated quite reliably during the 
past year, having required very little maintenance. No further 
development work was performed on these computets. 

The IBM-compatible personal computer in the terminal room has given 
some problems; in perticular, the 20 Mbyte hard disk has failed and 
been replaced twice. The cabling in the terminal room has been tidied 
and switches installed to simplify connection of peripherals (plotter 
and printers) to the cyclotron-based data handling system or the personal 
computer. 

Owing to increased user demand, another graphics terminal and an alpha
numeric video terminal have been installed. A laser printer has also 
been installed in the terminal room for quality printing. 

19.2 Electronic Systems 

A 4-kilovolt, 3-kilowatt power supply for the electron-gun of the 
ultra-high-vacuum evaporation system used by the Ion-Solid Interactions 
division has been constructed and installed. 

The cabling for three alarm circuits to the main entrance of the site 
has been completed, and the alarms are working through the temporary 
existing system. A 40-channel alarm system and display has been 
constructed and tested, but awaits installation by the Technical and 
Site Services Division. 
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SECTION 20 SERVICES 

20.1 AEC Isotope Unit 

The Nuclear Techniques Industrial Services Division (NTIS) of the AEC 
has been represented locally by the AEC Isotope Un't at the Van de Graaff 
Group. The Group provided laboratory and office space, facilities and 
services. The AEC Isotope Unit's main function has been to serve the 
local community with advice and to assist with applications of nuclear 
techniques in industry and the environment. 

During the past year, the unit (in collaboration with NTIS) undertook 
a water movement investigation in a river channel near Oudtshoorn. For 
this, a 5 1Cr EDTA tracer was used. The results of the investigation 
were successfully used as evidence in a subsequent court rise. 

The AEC Isotope Unit was closed down in October 1987. 

20.2 Calibration of Radiation Monitors 

All users of radioactive sources are obliged to possess radiation 
monitors. These monitors are required to be checked and calibrated 
periodically. A calibration service is provided by the Van de Graaff 
Group for all types of personnel dosimeters. 
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PART D: GENERAL 

SECTION 21 PUBLICATIONS AND REPORTS 
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B A Brown*, Application of a new effective interaction to the 
Of7/2 1P3/2 model space and a structure study of V. 
Proc. Int. Conf. on Nucl. Struct, through Static and Dynamic 
Moments, Melbourne, Australia, (Aug. 1987), Vol. 1, p 102. 

W A Richter*, M G van der Merwe*, W J Naudé*, J A Stander*, 
B A Brown*, Proc. 6th Int Symp. on Capture Gamma Ray 
Spectroscopy, Leuven, Belgium (Aug. 1987) (in press). 

A Zucchiatti*, J F Sellschop*, H J Annegarn*, R W Fearick*, 
R J Keddy, M C Stemmet*, A Pi Hay*, B Cole*, D Aschman*. 
D Steyn*, M Murray*, H G Miller* and C Toepffer*, Proc. 6th 
Conf. on Capture Gamma Ray Spectroscopy, Ed. K Abrahams and 
P van A8sche. Institute of Physics Conference Series 88_ 
(I.O.P., 1988) p S*00. 

21.3 

1. 

NAC REPORTS 

NAC/87-06 R Pretorius, P J Carolissen, T K Marals and 
U J perold 
Dotering van sillkon deur laser geïnduseerde 
dlffusie. 

2. NAC/87-07 R Pretorius, J C Lombaard, J McLeod, H A Ras 
and M Wandt 
The use of slllcides for Interconnect metalli
zation and the elimination of contact-
degradation in shallow-junction silicon 
devices. 

3. NAC/87-08 M J Renan 
Report on overseas research visit, U S A , July 
1987. 

4. NAC/87-09 M Peisach 
Report on overseas visit, June-September 1987. 

•Member of another institute. 
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5 

5.1 

NAC/87-10 

NAC/88-01 

NAC/88-02 

J C Cornell 
A neutron beam facility at NAC 

D T L Jones and S W Blake* 
Neutron dosimetry measurements at the MRC 
Cyclotron Unit, Clatterbridge Hospital, U.K. 

S Vynckier* and D I L Jones 
A neutron dosimetry intercomparison study with 
tissue equivalent ionization chambers: 
National Accelerator Centre and Unlversité 
Citholique de Louvaln, Belgium. 

NAC/88-03 

NAC/88-04 

NAC/88-05 

NAC/88-06 

NAC/88-07 

NAC/88-08 

J L Conradie and A H Botha 
Metode vir spanningskalibrasie 
verdigter. 

van 

W R McMurray 
Attendance at 
September 1987. 

conferences in the U K in 

D T L Jones 
Neutron dosimetry and neutron therapy. 

D T L Jones 
NAC protocol for neutron beam calibration. 

V. Yudelev*, D T L Jones and S Vynckier* 
Radiobiological intercomparison: dosimetry 
aspects. 

W R McMurray, J P L Reinecke and J J A Suit 
Operation of the NAC Nal(Tl) Compton 
suppression shield. 

CSIR Research Reports 

D T L Jones, W L J Hendrikse and M Yudelev*, The National 
Accelerator Centre neutron therapy facility: description and 
preliminary data, CSIR Research Report 660 (1987). 

109 B R S Simpson and B R Meyer, Activity measurements of Cd: 
International comparison (March 1986), CSIR Research Report 
661 (1988). 

D T L Jones, S Vynckier* and M Yudelev, Neutron dosimetry 
intercomparison at NAC, CSIR Research Report 662 (1988). 

Theses 

Doctorate degree 

H A Ras*, University of Steller."*osch. 
The solid-state chemistry of Co-Si and Ni-Si binary thin-film 
systems. 

*Member of another institute. 
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21.5.2 M.Sc degree 

1. S V Fortsch, University of Pretoria. 
Kwasievrye proton-verstrooiing tussen 100 en 200 MeV. 

2. , J E McLeod, University of Cape Tovn. 

Marker studies of nickel silicide formation. 

21.5.3 Master Diploma in Electrical Engireering 

D A Raavé, Cape Technikon. 
The control and auxiliary e<uipment of the National 
Accelerator Centre precision 1.5 m scattering chamber. 

21.6 General 

1. S J Mills, New radioisotopes ir the offing. Scientiae ^9, 
No. 2 (1988) 26. 
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SECTION 22 PAPERS AND LECTURES 

22.1 Papers Presented it Conferences 

22.1.1 75th Convention of the South African Chemical Institute, 
Durban, 6-10 July 1987 

1. R J N Brits, A 8 1<b/ 8 1 mKr generator. 

2. J Loubser*, L Jiicobson*, C A Pineda and M Peisach, Trace 
element studies oi Soutpansberg pottery. 

3. E le Roux*, M Peisach, C A Pineda and M A B Pougnet, PIXE 
analysis for the study of toxic effects of aluminium in vines. 

4. M A B Pougnet, M Peisach, A L Rodgers* and C A Pineda, PIXE 
analysis of human stones. 

5. R Pretorius, The importance of silicon in solid state 
chemistry. 

22.1.2 Third Annual Conference on Oncogenes, Frederick, Maryland, 
U S A , July 7-11, 1967 

1. M J Renan, Conserved 12 bp element downstream of mRNA 3' 
termini in oncogenic viruses and in cellular oncogenes. 

22.1.3 32nd Annual Conference of the S A Institute of Physics, 
University of Natal", Durban, 15-17 July, 1987 

1. D Adams*, D Knoesen* and R Pretorius, Laser epitaxy of 
deposited silicon thin-films: channelling and electron 
microscopy measurements. 

2. D G Aschman*, (p,y) reactions at intermediate energies and 
giant dlpole resonances. 

3. D G Aschman*, Tests of neutron detectors for neutron time-of-
flight spectrometer for (p,n) studies at NAC cyclotron. 

4. K Bharuth-Ram*, W R McMurray, A C Bawa* and R Y Naidoo*, The 
on ft Q '> 7 0(\ 
*uZr(n,d)°*Y and •/Al(n,d)/t,Mg reactions at 22 MeV. 

5. F J Coetzer*, F J Mostert* and P van der Westhuizen*, 
Systematic trends in the lifetimes of levels in the carbon and 
nitrogen iso-electronic sequences. 

6. C M Comrie*, J C Liu* and J W Mayer*, An investigation into 
the mechanism of formation of epitaxial Pd2Sl. 

7. J L Conradle, D T Fourie and J C Cornell, Rekenaarbeheerde 
instelling van stturmagnete by die NVS. 

8. J C Cornell, A beam swinger for the NAC. 

•Member of another institute. 
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9. A A Cowley, Introduction to the knockout and continuum decay 
studies with the NAC separated-sectsr cyclotron. 

10. D T Fourie, J L Conradie and J C Cornell, Bundelemittansle-
meting met behulp van profielmonitors by die NVS. 

11. J H Hough, Microdosimetry - Concepts and Quantities. 

12. D T L Jones, M Yudelev* and W L J Hendrikse, Characterisation 
of the NAC neutron therapy beam. 

13. D Knoesen*, M J McGetrick* and R Pretorius, Buried antimony 
profiles in silicon formed by laser doping. 

14. T C Kotze*, F J Coetzer* and P van der Westhuizen*, Lifetime 
analyses of the 3p D energy leve".3 in 0 III. 

15. J J Lawrie, A A Cowley, D M Whittal and J Pilcher, 
12C(p,2p) *B at 66 MeV: experimental method and data 
analysis. 

16. T K Marais, M S Allie* and R Pretorius, Doping of silicon by 
laser-induced diffusion. 

17. J E McLeod, H A Ras* and R Pretorius, Ni-Si solid state 
reaction: formation of silicon-rich layer within NiSi2 in the 
presence of excess amorphous silicon. 

18. S J Mills, Stand van die NVS se radioisotoopproduksleprogram 
te Faure. 

19. W J Naudé* and J A Stander*, Die eerste kernflsiese metinge 
met die siklotron by die Nasionale Versnellersentrum, Faure. 

20. W J Naudé, D J Swanepoel, W de K Loubser*, J A Stander* and J 
W Koen*, Opwekking van reuse multipool resonansies. 

21. F M Nortier, G F Steyn, S J Mills and W L Rautenbach*, 
Produksie van I by die NVS - eerste ervarings. 

22. L D Olivier*, R E Julies*, D M van Rooyen*, S Froneman*, 
W J Naude*. J W Kpen* and J A Stander*, Eienskappe van vlakke 
in 2 2Ne, 2 9A1 en 5 IV. 

23. J Pilcher, A A Cowley, J J Lawrie, D M Whittal and S J Mills, 
Coincidence study of continuum decay Induced by protons of 
200 MeV on 1 2 C . 

24. H A Ras*, J J Cruywagen* and R Pretorius, Co and Ni siliclde 
formation in the presence of gold. 

25. D Reltmann and A H Botha, Status van die Nasionale Versneller
sentrum, Faure. 

26. E Relling*, A P Botha* and R Pretorius, High-temperature 
application of Schottky contacts to GaAs. 

*Member of another institute. 
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27. W A Richter*. M G van der Merwe*, W J Naudé*, J A Stander* and 
B A Brown*, Die aanwending van 'n nuwe effektiewe interaksie 
vir die 0Í7/2 lp3/2 modelruimte en 'n struktuurstudie van 
5 1V. 

28. B R S Simpson and F D Brooks*, Polarization in neutron-proton 
elastic scattering at 21.6 MeV. 

29. B R S Simpson and B R Meyer, International comparison of 
Cd-109 activity measurements. 

30. G F Steyn, F M Nortier and S J Mills, Produksie van 5 2Fe uit 
Mn met 66 MeV. 

31. D M Whittal, A A Cowley, J J Lawrie and J Pilcher, Model 
calculations for the C(p,2p) reaction at 66 MeV. 

32. M A Wandt and R Pretorius, The effect of oxygen impurities on 
the solid state interaction between thin Pt films and silicon. 

22.1.4 6th International Symposium on Capture Gamma Ray Spectroscopy, 
Leuyen, Belgium 31 August - 4 September 1987 

1. W A Richter*, M G van der Merwe*, W J Naude*, J A Stander* and 
B A Brown*, The level spectrum of V and the application of a 
new effective interaction to the 0*7/2 *P3/2 model space. 

22.1.5 Int. Conf. on Interactions and Structures in Nuclei, 
University of Sussex, U K, 7-9 September 1987 

K Bharuth-Ram*, W R McMurray, A C Bawa* and R Naidoo*, The 
9 0Zr(n,d) 8 9Y and 2 7Al(n,d) 2 6Mg reactions at 22 MeV. 

22.1.6 172nd Meeting of The Electrochemical Society, Honolulu, 
Hawaii, 18-23 October 1987 

1. R Pretorius, M A Wandt, A P Botha* and C M Comrie*, 
Determination of the diffusing species and diffusion mechanism 
during CoSl, NiSi and PtSi formation by using radioactive 
silicon as a tracer. 

22.1.7 11th National Congress of the S A Society of Radiotherapists, 
Mpekwenl, Ciskei, 22-24 October 1987 

1. J P Slabbert, Simultaneous and sequential Interaction studies 
in neutron/gamma radiation fields. 

2. M Yudelev*, D T L Jones and W L J Hendrlkse, Physical 
characteristics of the NAC Neutron therapy facility. 

22.1.8 EPICON 87, Kruger National Park, November 1987 

1. C M Comrie*, J C Liu* and J W Mayer*, Channelling and back-
scattering studies of the mechanism of formation of epitaxial 
Pd2Si. 

*Member of another institute. 
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9 28th Annual Congress of the S A Association of Physicists In 
Medicine and Biology, Cape Town, 2-4 March 1988 

P J Binns, A microdosimetric intercomparison of neutron beams 
at the National Accelerator Centre. 

D T L Jones, M Yudelev and W L J Hendrikse, Physical 
characteristics of the South African high-energy neutron 
therapy facility. 

D T L Jones, S Vynckier*, S W Blake* and C S Reft*, 
International neutron dosimetry intercomparisons. 

F J Haasbroek, Sluiting van die Pretoria-siklotron en 
toekotnstige voorsiening van versneller-isotope. 

J H Hough, Lineal energy distributions and radiation quality. 

S J Mills, F M Nortier, G F Steyn and F J Haasbroek, Vordering 
met die produksie van mediese radioisotope by die NVS, Faure. 

F M Nortier, S J Mills, G F Steyn and W L Rautenbach*, 
Oorwegings ten opsigte van die rdioisotoopproduksieprogram by 
die NVS, Faure. 

J P Slabbert, The quality of the Faure neutron beam -
influence of soft neutrons and OER values. 

J P Slabbert, G Wilsnach* and H L Jones, Cell survival curves 
and precision measurements. 

G F Steyn, S J Mills and F M Nortier, Opbrengsbepaling en 
produksie van Fe uit mangaan m.b.v. protone. 

M Yudelev* and D T L Jones, Calibration of ion chambers used 
for neutron beam dosimetry. 

10 Conference of the Southern African Association of 
Archaeologists, Johannesburg, April 1988 

L Jacobson*, C A Pineda, M Peisach and J Loubser*, 
Soutpansberg pottery. 

11 Eighth International Conference on Ion Beam Analysis, 
University of the Wltwatersrand, Johannesburg, 11-15 April 
1988 

H J Morland*, C Olivier*, M Peisach and B S de Wet*, The 
search for molecular effects In range corrections: phosphorus 
determination by proton bombardment. 

C Olivier*, M Peisach and H J Morland*, Correction of proton 
ranges in unknown samples by spiking. 

C A Pineda, L Jacobson* and M Peisach, Ion beam analysis for 
the determination of cation ratios as a means of dating 
Southern African rock patinas. 

*Member of another institute. 
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4. C A Pineda and M Peisach, Matrix corrections for the 
determination of trace elements in thick biological samples by 
PIXE. 

5. M A B Pougnet, M Peisach and A L Rodgers*, Elemental analysis 
of human stones by PIXE. 

6. H A Ras* and R Pretorius, Depth analysis of oxygen and gold in 
thin-film semiconductor structures using RBS, SIMS and 
resonant scattering. 

7. R Pretorius, M Peisach and J W Mayer*, Hydrogen and deuterium 
depth profiling by elastic-recoil detection analysis. 

22.1.12 Symposium on DNA Damage and Repair, Argonne National 
Laboratory, Illinois, U S A , 15 April 1988 

1. M J Renan, P I Dowman* and G Blekkenhorst*, Radiation-induced 
DNA damage: role of metallothionein as a free-radical 
scavenger. 

22.1.13 Thirty-Sixth Annual Conference of the Radiation Research 
Society, Philadelphia, Pennsylvania, U S A , 16-21 April 1988 

1. P I Dowman*, G Blekkenhorst* and M J Renan, Effects of 
metallothionein-inducers on radiosensitivlty of mammalian 
tumor cells in vitro. 

22.2 NAC Colloqula 

1. 17 August 1987 
Characterization of electronic materials using low-energy 
electrons. 
Dr H G Maqulre, Department of Electronic and Electrical 
Engineering, Trent Polytechnic, Nottingham, England. 

2. 26 November 1987 
Silicon chemical vapour deposition (CVD) and solid phase 
epitaxy (SPE) - defect engineering for VLSI devices. 
Prof G A Rozgonyi, North Carolina State University, Raleigh, 
North Carolina. 

3. 29 March 1988 
Isospln-forbidden decays in light nuclei. 
Prof K W Allen, Professor of Nuclear Structure, Oxford 
University. 

4. 25 April 1988 
Range and damage caused by high-energy heavy Ions. 
Dr J P Blersack, Hahn-Meltner Institute, Berlin, FRG. 

5. 27 April 1988 
Pixe analysis of biological materials. 
Dr W Maenhaut - Institute for Nuclear Research, Ghent, 
Belgium. 

«Member of another institute. 
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3 Other Papers and Lectures 

Dept of Radiotherapy, M D Anderson Hospital, Houston, Texas, 
U S A, 6 July 1987 

M J Renan, Effects of radiation on cellular DNA sequences, 
with reference to control elements in oncogenes and oncogenic 
viruses. 

Afdeling Wis- en Natuurkunde: Tak Suidellk, S A Akademie vir 
Wetenskap en Runs, Stellenbosch, 20 August 1987. 

S J Mills, Die radioi80toopproduksieprogram van die Nasionale 
Versnellersentrum. 

Dept of Radiotherapy, Hillbrow Hospital, 17 February 1988 

J P Slabbert, Synergistic interaction of neutron and photon 
radiation fields. 

Pretoria Technikon, Higher Diploma in Nuclear Technology, 
February - June, 1988 

J H Hough, Cyclotron theory, magnets, external beams, neutron 
dosimetry. 

Division of Radiation Control, Dept of National Health and 
Population Development, Bellville, 24 March 1988 

S J Mills, Radioisotoopproduksie by die NVS, Faure. 

Dept of Radiotherapy, H F Verwoerd Hospital, May 1988 

J P Slabbert, Aspects of Radiobiology. 

Dept of Radiation Science, Rutgers University, New Brunswick, 
New Jersey, U S A , 22 April 1988 

M J Renan, Search for transcriptional repressor elements: DNA 
sequence analysis. 

Dept of Radiation Oncology, Johns Hopkins Hospital, Baltimore, 
Mar-land, U S A, 25 April 1988 

M J Renan, Radioprotective effects of metallothionein-inducing 
agents > 

Dept of Experimental Therapeutics, Cancer Center, University 
of Rochester Medical Center, Rochester, New York, U S A , 
26 April 1988 

M J Renan, Mechanisms of enhanced radioreslstance due to 
induction of metallothionein proteins. 

Department of Physics Colloquium, University of Cape Town, 27 
April 1988 

A A Cowley, Studies of where the protons are in the nucleus. 
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Third PET Users Meeting, University of California, Davis, 
U S A, 30 April 198/ 

18 P M Smith-Jones, Production of F from a sodium target. 

Pretoria Technikon, Higher Diploma in Nuclear Technology, May 
1988 

F J Haasbroek, Radioisotope Production. 

Awards 

M A Wandt and M A B Pougnet, Mischa Mrost Prize 1987 (SACI). 
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SECTION 23 ADVISORY COMMITTEE AND ADVISORY PANEL 

23.1 Advisory Committee (1986 - 1988) 

Dr R R Arndt (Chairman) - Foundation for Research and Development, CSIR 
Dr J K Basson - Personal capacity 
Prof A J Brink - S A Medical Research Council 
Prof M J de Vrles - University of Stellenbosch 
Dr F J Hewitt - Personal capacity 
Prof D M Joubert - University of Pretoria 
Dr R L M Kotzé - Personal capacity 
Prof W L Mouton - University of the Orange Free State 
Dr S Saunders - University of Cape Town 
Prof A Strasheim - Personal capacity 
Dr H van Wyk - Transvaal Provincial Administration 
Dr J S V van Zijl - Research, Development and Implementation Group, CSIR 
Dr D Reitmann - National Accelerator Centre 

23.2 Technical Advisory Panel (1987 - 1989) 

Dr G Heymann (Chairman) - Personal capacity 
Dr A A Cowley - National Accelerator Centre 
Prof C A Engelbrecht - University of Stellenbosch 
Dr P J Fourie - Atomic Energy Corporation of South Africa 
Prof J F Klopper - University of Stellenbosch 
Prof R H Lemmer - University of the Witwatersrand 
Dr S J Mills - National Accelerator Centre 
Dr D W Mlngay - Atomic Energy Corporation of South Africa 
Prof J P F Sellschop - University of the Witwatersrand 
Prof B Spoelstra - University of Zululand 
Prof I J van Heerden - University of the Western Cape 
Prof P P van Jaarsveld - University of Stellenbosch 
Dr C E van Wyk - Cape Provincial Administration 
Mr W Weidemann - G H Marais and Partners 
Dr S Wynchank - S A Medical Research Council 
Dr D Reitmann - National Accelerator Centre 



ACCELERATOR GROUP 
Head: A H Botha 

Deputy Head: H N Juogvlrth 

ACCELERATOR THEORY 
Head: P H Cronje 

BEAM TRANSPORT 
Head: J C Cornell 

CONTROL SYSTEM 
Head: H F Ueehulzen 

CTCLOTRON OPERATION 
Head: L M M Roels 

ELECTRONICS 
Head: I C de Vtlllera 
Deputy: J S du Tolt 

INFLECTION, DEFLECTION 
AND DIAGNOSTICS 
Head: P P Rohwer 

INJECTORS 
Read: Or Z B du Tolt 

MAGNETS AND VACUUM 
Head: H N Jungwlrth 

MECHANICAL ENGINEERING 
Head: P R Doatal 

R P SYSTEMS 
Head: J J Krltzlnger 

MEMBER OF EXECUTIVE 
Dr R R Arndt 

DIRECTOR 
D Reltnann 

ADMINISTRATION 
Head: F J van Uth 

PRETORIA CYCLOTRON GROUP 
Head: F J Haasbroek 

CYCLOTRON OPERATION 
Head: V F van Heerden 

ISOTOPES AND SOURCE 
PRODUCTION 
Head: F J Haaabroek 

NEUTRON STUDIES 
Head: J H Hough 

RESEARCH GROUP 
Head: S J Hills 

LIGHT-ION EXPERIMENTS 
Head: A A Cowley 

RADIOACTIVITY STANDARDS 
AND RADIATION SAFETY 
Head: B R Meyer 

RADIOISOTOPE PRODUCTION 
Head: S J Mill» 

VAN DE GRAAFF GROUP 
Head: W R McHurray 

BIOPHYSICAL SCIENCES 
Head: D T L Jone» 

DATA PROCESSING 
Head: J Pllcher 

ION-SOLID INTERACTIONS 
Head: R Pretorlu» 

NUCLEAR, ATOMIC AND 
RADIATION PHYSICS 
Head: U R McMurray 

NUCLEAR ANALYTICAL 
CHEMISTRY 
Head: M Peliaeh 

VAN DE GRAAFF 
OPERATION AND SUPPORT 
Head: J J Krltzlnger 
Deputy: H Schnltt 
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SECTION 24 STAFF MEMBERS 

DIRECTOR: D Reltmann 

ACCELERATOR GROUP 

A H Botha (Head) 
H N Jungwirth (Deputy) 

Accelerator Theory: P M Cronje (Head) 
W A G Nel 

Beam Transport Division: J C Cornell (Head) 
J L Conradie 
D T Fourie 
G C W Lloyd 

Control System Division: H F Veehuizen (Head) 
R F Bouckaert 
R K Fisch 
E J S Franklin 
I H Kohler 
C R Penny 
P J Theron 

Cyclotron Operation L M M Roels (Head) 
Division B C Grey ling 

J Hanekom 
D J Holtzhausen 
J U van Heerden 
J F Visser 

Electronics Division: I C de Villiers (Head) 
J S du Toit (Deputy Head) 
C Baartman 
0 D Beukes 
R M Bonett 
R H Boosey 
B M Bosch 
R Broers 
T M Human 
H Kettner 
H Kllnk 
M P A Klop 
J A Liebenberg 
A F M Patterson 
G S Price 
S Schoeman 
N M Schreuder 
V Simon8 
0 C Smith 
J J Solomons 
L Stawigzynski 
R J van Tubbergh 
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Inflection, Deflection P Rohver (Head) 
and Diagnostics Division: K Cargan 

P T Mansfield 
P G Molteno 
M B Ragaller 
P A van Schalkvyk 

Injector Division: Z B du Toit (Head) 
S J Burger 
P J Celliers 
G S Z Guasco 
D M van Rooyen 

Magnets and Vacuum: H N Jungwirth (Head) 
J G de Villiers 
J D de Villiers 
B K 0 Eisinger 
K Koopman 
L H 0 Schtilein 
C J van Lamp 
M R P Williams 

Mechanical Engineering P R Dostal (Head) 
Division: L L Adams 

C H Antonie 
I Antonie 
R A J Armbruster 
J P A Crafford 
D de Kock 
J L G Delsink 
B P du Preez 
J Esplnosa-Ramirez 
C J Foord 
M G Heritage 
Z Honner 
M Hurwitz 
A Kiefer 
J J Kotze 
V Melcer (in charge of Mechanical Workshop) 
A Mffller 
D MUller 
R G Northey 
A Oktober 
R E Quantrill 
R W H Schwartze 
T J Shackleton 
H A Smit (in charge of Design Office) 
F M Smith 
J H L Smuts 
L Stuart 
D Titus 
H G van Houten 
M J C Webb 
W D R Wilkinson 
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R F Systems Division: J J Kritzinger (Head) 
J W Carstens 
R E F Fenemore 
J E Kriel 
M J van Niekerk 

ADMINISTRATION 

F J van Lith (Head) 
J I Allen 
D Anthony 
L Anthony 
C Barends 
M A Bodenstein 
A E M E J Bouckaert 
D M Carelse 
A de Goede 
M de Vries 
D de Wee 
R R Dikgale 
L du Plessis 
P S d u Plessis 
B J Engelbrecht 
W J Fredericks 
S J Gordon 
N E Haasbroek 
M A Herbert 
G C Herring 
H J P Heyns 
D Hoogbaard 
H Isaacs 
A Lawrence 
A M Lewis 
H J Lindoor 
M L Hakola 
S S Mazlbuko 
R M Noldus 
J Otto 
D Pietersen 
M Ross 
D M G Smith 
W Sneewe 
H H Swart 
D Theunissen 
E Theunissen 
Du T van der Merwe 
F C Wallace 
L Wanle 
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PRETORIA CYCLOTRON GROUP 

Dr F J Haasbroek (Head) 

Cyclotron Operation 
Division: 

U 
W 

F van Heerden (Head) 
S Coetzee 

S J P Eloff 
A J Oosthuizen 
R Schlichenmaier 

Isotopes and Source 
Production Division: 

F 
P 

J Haasbroek (Head) 
Andersen 

R J N Brits 
P S Griffin 
C H Haines 
F V S Toerien 

Radiation Physics and 
Radiobiology Division: 

J 
P 
H 

H Hough (Head) 
J Binns 
L Jones 

G 
J 
W Meyer 
P Slabbert 

Workshop: M 
M 
V Kennedy (Acting Head) 
L Makola 

RESEARCH GROUP 

S J Mills (Head) 
Radioisotope Production: S 

S 
P 
F 

J Mills (Head) 
G Dolly 
L Dwyer 
M Nortler 

D A Raavé 
P M Smith-Jones 
C J Stevens 
G 
R 
E 

F Steyn 
F Verbruggen 
Vorster 

Light-ion Experiments 
Division: 

A 
S 
A Cowley (Head) 
V Po'rtsch 

J J Lawrie 
F D Salt 
D M Whittal 

Radioactivity Standards 
and Radiation Safety: 

B 
J 

R Meyer (Head) 
A M T Dlrkse 
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Biophysical Sciences 
Division: 

Data Processing 
Division: 

Ion-Solid Interaction 
Division: 

Nuclear Analytical 
Chemistry Division: 

Technical Support 
Division: 

VAN DE GRAAFF GROUP 

W R McMurray (Head) 

D T L Jones (Head) 
M J Renan 

J Pllcher (Head) 
K Springhorn 
V C Wikner 

R Pretorius (Head) 
M A E Handt 
T K Marals 
J NcLeod 

N Pelsach (Head) 
R Carolissen 
L Laker 
C Pineda (CPA) 

J J Krltzinger (Head) 
H Schmitt (Deputy Head) 
G F Ackernann 
P J Groenewald 
T Swart 
H K Antonle 
C J Cloete 
W J Cloete 
W P Gordon 
S H Hendricks 
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SECTION 25 RESEARCH COLLABORATORS 

The following is a list of persons (other than NAC staff) collaborating 
in research and development work carried out using the accelerators at 
the NAC. For the Van de Graaff accelerator and the 200 MeV facility, 
the names have been culled from research contributions to this report. 

25.1 Van de Craaff Accelerator 

Atomic Energy Corporation: 

Cape Provincial Administration: 

Cornell University: 

Department of Health: 

Electricity Supply Commission: 

Groote Schuur Hospital:-
Dept. of Radiotherapy: 

Laboratory of Radiobiology, Harvard 
University, Boston, U S A : 

Microelectronics and Communications 
Technology, CSIR: 

Peninsula Technikon, Bellville:-
Dept. of Physical Science: 

Processing and Chemical Manufacturing 
Technology, CSIR: 

State Museum, Windhoek: 

University of Cape Town:-
Dept. of Analytical Science: 

Dept. of Medical Microbiology: 

Dept. of Physics: 

Dr E Barnard 

Mr C A Pineda 

Prof J W Mayer 

Mr M G van der Merwe 
Mr M P Janse van Rensburg 

Mr L D Olivier 
Mr S W Steyn 

Ms P I Dowman 
Dr G Blekkenhorst 

Prof J B Little 

Dr A P Botha 
Dr H A Ras 
Mrs E Relling 

Dr D Gihwala 
Mr L G Lackay 

Mr D F Bezuldenhout 
Mr K P Clarke 

Mr L Jacobson 

Mr M A B Pougnet 

Dr K R Dumbell 
Dr L M Steyn 

Mr M S Allie 
Prof D G Aschman 
Prof F D Brooks 
Prof W A Cilliers 
Dr C M Comrie 
Ms L Qangule 

Dept» of Physical Chemistry: Mr L J Barbour 
Dr A L Rodgers 
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University of Durban-Westville: 
Dept. of Physics: 

University of Potchefstroom: 
Dept. of Physics: 

University of South Africa: 
Dept. of Physics: 

University of Stellenbosch: 
Dept. of Chemistry: 

Dept. of Electrical Engineering: 

Merensky Inst, of Physics: 

University of the Western Cape:-
Dept. of Physics: 

Weizmann Institute of Science, Rehovot, 
Israel:-

Dept. of Materials Research 

Dept. of Structural Chemistry 

Prof K Bharuth-Ram 
Mr R Naidoo 

Prof J P L Reinecke 
Prof J J A Smit 

Dr S Froneman 

Prof J J Cruywagen 
Mr B S de Wet 
Prof C Olivier 
Mr H J Morland 

Prof W Perold 

Dr F J Coetzer 
Prof J W Kben 
Dr T C Kotzé 
Prof W J Naudê 
Dr W A Richter 
Dr J A Stander 
Dr P van der Westhuizen 

Mr D Adams 
Mr R E Julies 
Prof D Knoesen 
Prof I J van Heerden 

Prof R Tenne 
Prof D Mahalu 

Prof D Cahen 
Prof G Dagan 

25.2 200 MeV Cyclotron Facility 

Atomic Energy Corporation: 

Electricity Supply Commission: 

Instituto Nazlonale dl Flsica Nucleare, 
Genoa, Italy: 

D W Mlngay 

D J Swanepoel 

A Zucchiatti 
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University of Cape Town:-
Dept. of Physics: M S Allie 

D G Aschmann 
F D Brooks 
A Buffler 
W A Cilliers 
M Murray 
S M Perez 
D Steyn 

University of Durban Westville:-
Dept. of Physics: 

University of Erlangen, Erlangen, 
Federal Republic of Germany: 

University of Pretoria:-
Dept. of Physics: 

K Baruth-Ram 

C Toepffer 

E Friedland 
H G Miller 
J C van Staden 

University of Stellenbosch:-
Merensky Inst, of Physics: J W Koen 

W de K Loubser 
W J Naudé 
J A Stander 

University of the Witwatersrand:-
Wits-CSIR Schonland Research 
Centre for Nuclear Sciences: H J Annegarn 

B Cole 
R W Fearick 
R J Keddy 
A Pillay 
J P F Sellschop 
M C Stemmet 

25.3 Medical Component 

Groote Schuur Hospital:-
Dept. of Radiotherapy: Dr G Blekkenhorst 

Dr E R Hering 
Mr A Hendrikse 
Mr C Kent 

Tygerberg Hospital:-
Dept. of Radiotherapy: Dr L BoTim 

Dr J Michle 
Dr S Cocks 
Mrs S de Roubaix 
Mr A Serafin 
Miss J van Heerden 

Hillbrow Hospital:-
Dept. of Radiation Therapy: Mr G D Cilliers 

Mrs C M Cilliers 
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23.4 Pretoria Cyclotron 

National Chemical Research Laboratory:-
Analytical Chemistry Division: Dr F W E Strelow 

University of Cape Town:-
Dept> of Radiotherapy: Dr G Blekkenhorst 

University of Pretoria:-
Dept. of Radiotherapy: Dr D J Savage 

University of Stellenbosch:-
Dept. of Radiotherapy: 

University of the Witwatersrand:-
Dept. of Radiation Therapy and 
Oncology: 

Dr L Bohm 

Mr G D Cilliers 
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SECTION 26 LIST OF CONTRIBUTORS 

S e c t i o n Reported by 

PART A: 1 

2.1 

2.2 

2.3 

P F Rohwer, A H Botha, L Roels 

P J Celliers, J J Kritzinger, C J van Lamp 
Z B du Toit 

S J Burger, G S Z Guasco, P J Celliers, 
C J van Lamp, Z B du Toit, J J Kritzinger 

Z B du Toit 

3.1 

3.2 

3.3 

3.4 

4.1 

4.2 

4.3 

4.4 

5.1 

5.2 

5.3 

5.4 

5.5 

5.6 

J J Kritzinger 

P F Rohwer 

C J van Lamp 

P F Rohwer, P G Molteno, P van Schalkwyk 

H F Weehuizen 

H F Weehuizen 

I H Kohler, F Weehuizen 

S Burger, R K Fisch, F Weehuizen 

J C Cornell, J L Conradie, L Schulein 

J C Cornell 

P F Rohwer, P G Molteno 

C J van Lamp 

R E F Fenemore 

M J van Nlekerk 

6.1 

6.2 
7 
8 

P R Dostal, M Hurwitz 

I C de Villlers, J S du Toit, T Human 

Authors as listed in text. 

D T L Jones 
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PART B: 

9.1 

9.2 

9.3 

10. 

11. 

12.1 

12.2 

12.3 

12.4 

12.5 

12.6 

12.7 

S J Mills 

Authors as listed in text 

Authors as listed in text 

B R Meyer, B R S Simpson 

B R Meyer, J A M T Dirkse 

F J Haasbroek 

F J Haasbroek 

J H Hough and W F van Heerden 

Authors as listed in text 

Authors as listed in text 

Authors as listed in text 

F J Haasbroek 

PART C: 13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

Editing: 

H Schmitt, W R McMurray 

Authors as listed in text 

Authors as listed in text 

Authors as listed in text 

Authors as listed in text 

Authors as listed in text 

J Pilcher, V C Wikner 

W R McMurray 

J C Cornell 

Sub-edltlng: PART B: J H Hough 

PART C: M J Renan 


