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EDITORS I NOTE 

This is the first part of a comprehensive report on the design, construction, 
commissioning and operation of Nimrod. The amount of information which is worth 
recording is too extensive to include in one document and also, to publish at least 
part of the report comparatively quickly, it was necessary for authors of individual 
sections to make contributions long before the commissioning of the machine was 
complete. 

Work on the report was initially started with the object of producing a 
"progress report" covering all aspects of the work on Nimrod during the five years 
from the original decision to build the machine in 1957 up to the end of 1962. It 
soon became obvious that the report provided an opportunity (possibly the only 
opportunity) to record the work involved in designing and building the machine in 
some detail. Consequently it was decided to modify the original conception of a 
comparatively brief progress report to that of a much more comprehensive and detailed 
document which would allow the publication of all development, measurement and testing 
work of a sufficiently interesting or unusual nature, and allow a description of the 
methods used in overcoming any difficulties peculiar to the construction of Nimrod. 
(Previously published work, or work about to be published, is generally not recorded 
in detail but is covered by lists of references.) 

This decision meant that the dividing line at the end of 1962 need no longer be 
strictly adhered to but, in order to complete the first part of the report, writing 
had to proceed to a conclusion as quickly as possible and the final document is still 
influenced by the earlier progress report scheme and does mainly describe work on the 
machine up to the end of 1962. 

The second part of the report (to be published later) will cover all aspects of 
the work on each section of the machine which were not described in the first part; 
i.e., it will mainly be concerned with the periods January 1962 to October 1964 
(including the achievement of the design intensity of 1012 protons per pulse in August 
1964) and will describe the problems and achievements of the final commissioning of 
the machine, targetting, the external beam and the experimental area facilities. 

Rutherford High Energy Laboratory. 
11 th March, 1965 

(iii) 

B. G. Loach 
B. Southworth 
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FOREWORD 

The Nimrod project like all other accelerator projects, was never more than 
a means to an end. It was specified in 1956 in very simple terms, after much 
discussion by many physicists who craved for up-to-date facilities for high energy 
research, as a source of at least 1011 protons per second with at least 6.5 GeV 
kinetic energy. The sights were subsequently raised to 5 x 1011 protons per 
second, at 7 GeV. Strictly speaking, therefore, the real story began only in 
February 1964, 6\ years after construction started, when the reliability and 
intensity of Nimrod justified its scheduled operation for research. 

But for the many physicists, engineers, technicians and craftsmen who struggled 
during those years with the many problems discussed in this report, Nimrod necessarily 
seemed very much an end in itself. In all work of this kind, done against a ruthless 
timetable, it is difficult to find time or energy for recording properly the way in 
which the problems have been tackled. When the job is done, everyone is anxious to 
adapt himself to his real work of operating, developing, or exploiting the monster 
he has helped to create. It often happens, therefore, that only brief outlines of 
the highlights are put on record. This is a pity, because the future exploitation 
of such a valuable and complicated instrument as a high energy accelerator, eventually 
by people who played little or no part in its original design or construction, could 
be greatly aided by full and professionally prepared records. Similarly, there 
would be much in such records to help engineers and physicists working on similar 
problems in other projects - not only for high energy physics, because accelerators 
cover a wide range of engineering and technology. 

For these reasons, I am sure that this report will be valuable to many people, 
and the Editors and contributors deserve our thanks for their hard work in preparing 
it. I hope that the report will also serve as a tribute to the hundreds of members 
of the Nimrod project teams who contributed so much during 6 years to the successful 
completion of a major enterprise. 

T. G. Pickavance 
Director, Rutherford Laboratory. 
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SECTION 1 

INTRODUCTION 

The preliminary considerations, which lead in 1957 to the decision to build a 
7 GeV proton synchrotron in England, took place during the previous two years. The 
original intention was to produce a proton intensity of at least 1011 protons per 
second at an energy of 6.5 GeV and thus to provide a strong source of all the 
elementary particles known at that time. 

The CERN and Brookhaven machines were then under construction, They embodied 
a number of new and difficult pr oblems, and estimates of their intensity varied from 
a f ew times lOtj to a few times 109 protons per s econd. On the other hand, the 
Bevatron wa s already producing about 1010 protons per pulse (once every 6 seconds) and 
was clearly capable of considerable development along known lines. The large 
aperture of the weak focusing magnet is costly in steel and power but multi-turn 
injection allows a strong circulating beam to be set up before acceleration begins . 
The only sure way to get 1011 protons per second, in 1957, was with weak focusing • 

A weak focusing machine was therefore chosen and an alternative proposal for a 
12 GeV alternating gradient synchrotron was rejected in discussion with future users. 
Initially, it was intended to increase the strength of vertical focusing significantly 
by the use of spiral ridges, to give a~ of 3 while retaining the main properties of 
weak focusing maohines, but this proposal was abandoned when severe dynamical problems 
were found to be associated with the presence of the straight sections which are 
essential. In the subsequent detailed design the energy was raised to 7 GeV and the 
intensity to about 5 x 1011 protons per second. The main Nimrod parameters are given 
in Table l(I). 

The magnet was designed with saturable polepieces so as to give a good field 
region matched to tha required radial aperture which shrinks during acceleration, thus 
yielding considerable economy in magnet weight and power. A double walled vacuum 
~essel was also chosen with the same economy in mind. An outer vessel is pumped to 
rough vacuum and contains the magnet poles, which also provide its support. An 
inner vessel sits in the gap between the poles and is pumped to the necessary degree 
of fine vacuum. Thus neither vessel has to withstand atmospheric pressure without 
support and the walls of both can be thin and the maximum possible vertical aperture 
is thus available for the beam itself. 

The magnet ring is divided into eight equal magnet segments or 11 octants 11
, 

separated by straight sections which are required for beam injection and extraction 
systems, the r,fi accelerating cavity and beam control systems. 

An injection energy of 15 MeV was chosen as one which could be achieved at 
reasonable cost while at the same time avoiding serious problems from gas scattering 
or from too low an irtitial magneti c field in the synchrotron magnet. 

In order to obtain the maximum useful injection interval, the magnet power 
supply includes a facility for controlling the initial rate of rise of field 
independently of that during the main acceleration period. Injection intervals up 
to 1.5 ms are provided, the optimum time being found experimentally. 
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The synchrotron r.f. system operates with a harmonic order of 4. Although this 
demands a wide bandwidth in the system, the amplitude of the radial synchrotron 
oscillations is thereby reduced to half the value produced by operation on the 
fundamental. Signals from beam induction electrodes are available to give servo 
control on both the frequency and phase of the accelerating voltage, in addition to 
the programme control by the main magnet field plus curve correctors. 

Besides the use of internal targets, a Piccioni type system will be used for 
extracting the circulating beam. A second extraction system-may be added during 
subsequent development. Both slow and fast beam spills will be available. 

The magnet ring is housed in a large, circular, reinforced concrete building 
200 ft in diameter. It is built partly below ground level and covered by 20 ft of 
earth mounding to serve as an additional radiation shield. The injector section 
has a separate hall, also covered by earth mounding, which projects almost 
tangentially from the main building. The magnet is positioned on a large concrete 
monolith which talces the form of a partly hollow disc, reinforced by radial and 
circular internal walls to form sixteen cavities which are used to contain 
auxiliary equipment. An annular trench surrounds the magnet and provides 
accommodation for the vacuum pumps and for general services. Numerous underground 
ducts and tunnels are also provided for interconnection of services, power supplies 
and control systems. 

A feature of the Nimrod buildings is a massive concrete shielding bridge, 
between the magnet room and the main experimental area, which is 60 ft in arc length 
and 28 ft wide. A small central pillar (1 ft wide, 8 ft long and 2½ ft high) 
carries 7,500 tons and is the only bridge support which interferes with the positioning 
of beam lines into the experimental area. 

Separate buildings house the magnet power supply (a twin motor/alternator/ 
flywheel set and converter equipment), ventilation plant and water softening and 
cool i ng plant (including a block of four large evaporation coolers). A further 
building contains the main control room, crew rooms and offices for staff associated 
with the operation of the machine. 

A simplified layout of some of the buildings is shown in Fig. l(i) and a cut
away view of the complete installation is shown in the frontispiece. More detailed 
figures showing individual parts of the machine are contained in the appropriate 
sections of this report. 

A list of general articles on Nimrod is presented at the end of the report. 
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INJECTOR 

Ion Source 

Extraction potential 

Extracted beam current 

Pulse length 

Pulse repetition frequency 

Pre-Injector 

Focusing 

Energy 

Beam emittance (Area/~) 

Low Energy Drift Space 

Focusing 

First triplet 

Second triplet 

Third triplet 

TABLE l(I) 

Nimrod Parameters 

Aperture 

8.9 cm 

7,6 cm 

6.4 cm 

Peak r.f. voltage on buncher gap 

Buncher Q 

Buncher drift length 

Bunching factor (measured) 

Plateau width (theoretical) 

Linac 

Frequency 

Beam current 

Acceptance (area/n) ( +-+-,theoretical) 

Synchronous phase 

R.F. pulse length 

Pulse repetition frequency 

Quadrupole gradients: 

First drift-tubes 

Last drift-tube 

Tank length 

Tank diameter (effective) 

No. of drift tubes 

Drift-tube diameter 

1 - 3 

5-25 kV 

25-100 mA 

50 µ s -- 1. 5 ms variable 

0. 3 µ s and 5 µ s fixed 

2/s maximum 

Electrostatic 

600 keV 

Up to 5 x 10-3 cm rad 

Maximum gradient 

170 gauss/cm 

240 gauss/cm 

480 gauss/cm 

23 kV maxi.mum 

1500 with external resistive loading 

1.4m 

2.2 

6 keV 

115 M.o/s 

10 mA with buncher 
-2 3.0 x 10 cm rad at 600 keV 

30° 

2.5 ms 

2/s maximum 

3,700 gauss/cm 

640 gauss/cm 

13.45 m 

1.69 m 

48 + 2 X ½ 
28.2 cm 



Input aperture 

Output aperture 

Output energy 

Resonator Q (measured) 

R.F. power at Q = 80,000 (theoretical) 

Peak r.f. voltage on input gap 

Peak r.f. voltage on output gap 

*Energy spread (total) 

Operating temperature 

lligh Energy Drift Space 

Focusing 

First triplet 

Second triplet ) 
Third triplet ~ Fourth triplet 

Aperture 

7.6 cm 

8.9 cm 

Peak r.f. voltage on de-buncher gap 

De-buncher ~ (measured) 

De-buncher drift length 

Achromatic Inflector System 

Achromatic mode 

Total deflection 

Number of elements 

Element Type Angle 

El 'C' magnet -25° 

E2 'C' magnet +500 

E3 'C' magnet -36.5° 

E4 Shielded +26° 'C' magnet 

E5 Electrostatic +10.5 
0 

Radius of 
Central Orbit 

0.7 m 

0.7 m 

0.7 m 

1.124 m 

6.o m 

1 - 4 

2.1 cm 

5.0 cm 

14.9 MeV 

80,000 

Boo kW 

140 kV 

680 kV 

300 keV 

20°C 

240 kV 

20,000 

10.7 m 

Single crossover 

+ 250 

5 

Correspond-

Maximum gradient 

730 gauss/cm 

430 gauss/cm 

Apertures 

ing Field Radial Vertical 

8 kg 6 cm 9 cm 

8 kg 6 cm 9 cm 

8 kg 6 cm 9 cm 

5 kg 5 cm 8 cm 

50 kV/cm 3 cm 8 cm 



VACUUM SYSTEM 

Location Number Size/ Type Working Pressure 
of Pumps Speed Range 

D.C. gun 2 9 in Mercury -6 3 x 10 torr 

Buncher 1 9 in Mercury -6 1 x 10 torr 

Linac Up to 4 24 in Mercury -6 1-2 x 10 torr 

Beam chopper 1 Ion pump 

High energy 
2 6 in Mercury -6 torr drift space 1-5 X 10 

De-buncher 1 9 in Mercury 1-5 X 10 -6 torr 

Achromatic 2 Ion pump inflector 

R.F. SYSTEM 
• (The following data assumes an initial~ 

to a steady value of 20 kilogauss/a.) 
of 3 kilogauss/a rising in 10 ms 

Orbital frequency: at injection (14.9 MeV) 
at design energy (7 GeV) 

Harmonic number 
Synchrorwus phase angle 

Energy gain per turn1 at 3 kilogauss/s 
at 20 kilogauss/a 

R.F. frequency error for 1 cm shift of closed orbit at injection 
Pot ential well depth: at injection, 3 kilogauss/s 

at 7 GeV, 20 kilogauss/a 
Energy spread at 7 GeV (assuming W.K.B. approximation) 

Phase oscillation frequency: at injection 
at 7 GeV 

Radial synchrotron amplitude at injection 
Maximum stable synchrotron amplitude at 7 GeV 
Damped synchrotron amplitude at 7 GeV (W.K.B. approximation) 
Radial betatron amplitude at 7 GeV 

Accelerating cavity Q: at injection 
at 7 GeV 

Mean cavity power during pulse 
Beam loading on cavity : at 1012 protons per pulse (7 GeV) 

Ferrite properties : at 1.4 Mc/s µ = 
Q = 

600) 
10 ) Peak r.f. 

Cavity impedance 

biased to 8 Mc/s 
bias field 

Total ferrite wt. 

at 1.4 Mc/s 
at, 4.• 5 Mo/s 
at 8.o Mc/s 

1 - 5 

Q -= 40 
12 AT/om 

6 ton 

3000 0 
2000 n 
sooo n 

355.6 kc/s 
2.003 'Jl.c/s 

4 
30° 

837 eV 
5.58 keV 

450 c/s 
51.5 keV 
1.55 MeV 
1 .Ol MeV 

2.004 kc/s 
2.496 kc/a 

8.11 cm 
0.92 cm 
0.64 cm 
7.32 cm 

10 
40 
35 kw 
1.6 kw 

flux = 60 gauss 



MAGNET AND POWER SUPPLY 

General 

Magnet sector radius, R 
0 

Mean orbit radius, Bui 
Proton kinetic energy: for B0 = 10 kilogauss 

for B0 = 14 kilogauss 
for B

0 
= 15.8 kilogauss 

Total straight section length (design) 

Number of straight sections 

Design length of long straights (each) 
Design length of short straights (each) 

Magnetic field index, n (design) 

Magnetic length of octant at R0 (design) 

Total number of magnet yoke blooks 

TotaJ. number of polepieoes 

18.781 m 

23.633 m 

4.77 OeV 
7.00 GeV 
8.oo GeV 

30.480 m 

8 (4 long, 4 short) 

4.267 m 

3.353 m 

0.60 

14. 751 m 

336 
672 

Number of pairs 

Number of pairs 

of polepieces per octant, 

of polepieces per octant, 

type Mk:I 28 (at centre of octant) 

type Mk:II 12(6 each side of KkI's) 
Number of pairs of polepieces per octant, type end 2 

Yoke 

Number of yoke blocks per octant 

Angle between centre lines of extreme blocks 

Thickness of a yoke block (at R) 
0 

Angle between centre lines of adjacent blocks 
Block-block spacing at R

0 
;'- ,, 

Block-block spacing at front edges 

Block-block spacing at back edges 

Thickness of block at back edge 

Front edge·e of sectors lie on sector radius 

Weight of yoke block 

Total number of laminations per block 

Steel silicon content 

Vertical yoke gap 

l - 6 

42 
44.03° 
12. 50 in (maximum) 

1.074° 
13.859 in 

14.253 in 

12.202 in 

12.10 in (maximum) 

19.355 m 

19.5 tons 

47 
8CY/o minimum, lOCY/o maximum 

23.000 in 



Polepi eces 

Total number of laminations 

Thickness of laminations - thin type 

Thickness of laminations - thick type 

Ratio of thin to thick laminations 

Silicon content of thin laminations 

Silicon content of thick laminations 

Sector radius of outside edge of magnetic profile of polepieces 

Radial length of magnetic profile of poleieces 

Vertical height of polepieces at R 

Vertical gap between polepieoes 

Magnet Coil 

Number of coil turns 

Peak current (design) 

Total copper cross-section 

Length of mean turn on an octant 

Total weight of copper 

Coil resistance (at 50°c) 
Magnet inductance (low currents) 

0 

Magnet performance under standard pulse conditions 

Peak current 

Rise -time 

Duration of flat-top 

Current decay time 

Repetition rate 

Mean voltage during rise 

Assumed voltage variation during rise 

Mean voltage du.ring decay 

Assumed voltage variation during decay 

R.M.S. current 

VI at top of current rise 

VI during flat-top 

1 - 7 

450 approximately 

0.020 in nominal 

0.030 in nominal 

1 z 2 

3.5'/, 
1. o% 
63ft 7.9 in 

45.5 in 

5.875 in 

10.09 in (minimum) 

42 

9150 
155 in

2 

117 ft 

250 ton 

0.100 n 
1.1 H 

9150 A 

0.72 B 

0.115 s 

0.80 s 

26/min 

13.9 kV 

16.0 to 11.8 kV 

-11. 7 kV 

-11.0 to -13.4 kV 

4550 A 

108 MW 

9.1 MW 



Energy delivered to magnet during current rise: 

Stored energy 

Copper loss 

Eddy current loss 

Energy delivered during flat-top 

Energy required during current decB31 

Stored energy 

Copper loss 

Eddy current loss 

Iron loss (hysteresis) 

Nett energy lose/pulse 

Overall average losses 

1 - 8 

39 MJ 

1.92 VJ 

0.07 MJ 

1.04 MJ 

39 MJ 

2.03 MJ 

0.08 MJ 

0.12 MJ 

5.26 MJ 
2.22 MW 



SECTION 2 

COMPUTATION AND THEORETICAL WORK 

Computing programs, developed by the Theoretical Physics Group, have been 
used for the design of the injector and for studying the dynamics of Nimrod, the 
extracted proton beam and secondary beams. Since most of the work has been fully 
recorded in reports, only an outline list of these and the computer programs 
available is given here. Copies of the programs can be obtained from the 
originators. 

2.1 Linac Injector 

(a) A.E.R.E./R/3012: 
linac injector for the 
(Sept 1959). 

'Calculation of drift-tube dimensions in the 
7 GeV Harwell proton synchrotron' by R. Taylor 

A Mercury Autocode program which computed drift tube dimensions. 

(b) A.E.R.E./R/3013: 'Acceptance of axially and radially oscillating 
particles for the Nimrod injector' by R. Taylor (Oct. 1959). 

Several Autocode programs which use the field data from the previous 
report. 

(c) A.E.R.E./R/3096: 'Effect of rotational misalignment for the Nimrod 
injector' by R. Taylor (Oct. 1959). 

A Mercury Autocode program. 

(NOTE. Some of the above programs exist in adapted form for tanks 2 and 3, and 
the redesign of tank 1 of the 50 MeV Proton Linear Accelerator at the 
Rutherford High Energy Laboratory). 

2.2 Linacs; General Theory 

The following are more general in application but are included for 
completeness. 

(a) NIRL/M/37: 'Finite-difference computation of parameters of 
electromagnetic resonant cavities relevant to proton linear 
accelerators' by R. Taylor and P. Kitching (July 1962). 

This report contains a detailed description of a Fortran program for 
computing dimensions, shunt impedance and field patterns for Alvarez-type 
cavities, and has been used extensively in accelerating structure 
studies (e.g. see P.L.A. Progress Report, 1962; NIRL/R/24, p.13). 

An Autocode program has been written for the simpler case with sharp 
corners and no axial hole in the drift tubes. An analytical solution of 
this was used to test the finite-difference program (See 'Calculation 
of resonant frequencies of re-entrant cylindrical electromagnetic 
cavities', J. Nucl. Energy, Part c, ,l (1961), p.129; R.Taylor). 

(b) A Fortran program also exists for the calculation of dimensions 
in an iris-loaded cylindrical waveguide (see 'Calculntion of dispersion 
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of iris-loaded cylindrical electromagnetic waveguides', J. Nuo. Energy, 
Part C, 1 (1962), p.418; R. Taylor). 

2.3 Nimrod Dynamics 

A Fortran program is available for studying particle dynamics in Nimrod. 
The input can be either in the form of directly measured fields or in some 
simpler form. Straight sections with or without fringe fields are included. 
The program bas been used for studying closed orbits, betatron oscillations 
and Q-values, and also for extraction studies of the primary protons and 
secondary particles. 

NIRL/R/46: 'Computer program for particle tracking in Nimrod' by 
D. Whiteside (1963). 

NIRL/R/47: 'Trajectories from a Nimrod octant' 
by D. Whiteside (not yet published). 

2.4 Extracted Proton Beam 

Early descriptions of the design of the extracted proton beam are 
contained in: 

(a) 'An achromatic modification of the Piccioni extraction system• 
by R. G. T. Bennett and J. W. Burren (1960). This was originally issued 
as an internal laboratory note but most of the information, except for 
some numerical calculations, was published in the Journal of Nuclear Energy 
(Part C, 3 (1961),p.14J R. G. T. Bennett and J, W. Burren) under the 
title '.An-achromatic system of extraction for proton synchrotons•. 

(b) AERE/M/521: 'The extraction system for Nimrod, Part 1: 
the Pi ccioni target and the extraction magnet' by J. W. Burren 
(November 1959). 

(c) NIRL/R/12: 'Design studies for the Nimrod external proton beam' 
by J. W. Gardner, N. M. King and D. Whiteside (1962). 

Detailed design, using more accurate input data, has been carried out 
recently using the Fortran program described above. 

2.5 Irradiation Studies 

Orbit calucations were made to estimate the probable distribution of high 
energy irradiation of the upper and lower walls of the vacuum vessel. 

AERE T/M 173: 'High energy irradiation of the vacuum envelope of the 
7 GeV Harwell synchrotron' by J. W. Burren and D. Morgan (November 1958). 

2.6 Beam Design 

Two general purpose programs are available for the design of particle 
beams. TRAMP (Tracking and matching program) can be used for systems of 
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quadrupoles, bending magnets and crossed field separators. For a description of 
the Mercury Autocode version of the program see NIRL/M/21 by J. Gardner and 
D. Whiteside (1961). The Fortran version by the same authors is described in 
NIBL/M/44 (1963). 

The second program is called OPUS (Optimisation program for unstable 
secondaries)J NIRL/Note (1962) by J.W. Gardner and D. Whiteside. 

The principles of separated beam design are contained in the following 
reports:-

NIRLjR/21 'Basic concepts in design of electrostatic separators' 
by N. M. King (1961). 

NIRL/R/101 'Finite separation in electrostatic velocity separator 
design' by N. M. King and R. G. Cox (1961). 

NIBLjR/18: 'Theory of two-stage separated beam systems' 
by J. W. Gardner (1962). 
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3.1. Introduction 

SECTION 3 

INJECTION SYSTEM 

If 1012 protons per pulse is to be attained in Nimrod it could be necessary to 
inject about 1014, most of which will, of course, be loot even before acceleration 
begin□• The injection system has accordingly been designed to yield at least 20 mA 
for a maximum pulse length of 1.5 ms. This injection time corresponds to a lower 
limit of Bat injection of 2 k.G/s. Optimum injection condition□ cannot be 
predicted since they will depend on phase space current density distribution of the 
15 MeV beam and space charge effect □ in the synchrotron. It is anticipated however 
that the optimum will be covered by the available range of the parameters concerned. 

The injection system is shown in Fig. 3.l(i); it might almost be described as 
conventional in its functional conception. The ~main parameters are lioted in 
section 1, Table l(I). 

The 15 MeV linear accelerator is a strong focused Alvarez structure running at 
115 Mc/s. Its output energy was determined after consideration of gas scattering 
losses and remanent field effects in the synchrotron, on the one hand, and 
complexity, cost and electrostatic inflector breakdowns on the other, Pre-injection 
energy, initial .aperture desired, attainable quadrupole gradient in the fir s t drift 
tube, and commercially available power valves were all cons idered in fixing the 
operating frequency, 

.An achromatic inf'lector i _s necessary for efficient injection of the 15 MeV 
beam, even assuming the debuncher to be working satisfactorily, and also serves to 
convey the beam past certain obstructions to a simple inflection arc, 

Quadr upol es in the low and high ener gy dr ift spaces (LEDS and HEDS) are 
arranged t o transport the beam and match it, over a range of input and output 
condi t ions . Beam current transformer s (B.C.T.s), fluorescent screens, stops, 
foils and "Faraday cups" are introduced into the flight tube as required and a 
"4 jaw box" system allows beam definition by edges, slits, apertures etc. As a 
general rule, every 4 jaw box has a B.C.T. on either side of it. The B.C.T.s 
are integral with the flight tube for the most part, other components such as 
screens and stops are on reciprocating shafts and mounted on standard probe 
boxes. 

Table 3.1(1) summarises the injector history, 

September 1957 

March 1959 

August 1959 

December 1959 

TABLE 3.l(I) INJECTOR HISTORY 

First major contract for the 650 kV ins t allation 
placed. 

650 kV equipment received on s ite. 

Construction of the pre-injector completed. 

First accelerated beams achieved from the pre-injector. 
Vacuum tank for t he linac received. 
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January 1960 

February 1960 

July 1960 

March 1961 

May 1961 

1st July 1961 

1st August 1961 

TABLE 3.l(I) INJECTOR HISTORY (Contd.) 

Main r.f. valve, RS1041, received. 

Modulator for r.f. drive chain received. 

Linac cavity received. 

Last of the linac drift tubes, which were delivered 
over a period of nine months, received, 

Last drift tube installed. 
First vacuum test on the completed linac. 

High r.f. power fed into the linac for the first 
time. 

First successful acceleration to 15 MeV. 

The first 15 MeV beam was obtained on 1st August, 1961, and intermittently 
during the following six weeks. Some basic measurements, e.g. threshold and 
trapping efficiency were made and much equipment proved, but operating conditions 
deteriorated continually, the main difficulties being sparking and multipactoring 
in the linac and sparking in the main power amplifier circuit. After effecting 
improvements and repairs to the valve circuit and cleaning up the linac drift tubes, 
operation was once more attempted in October but multipactoring dominated the 
situation until February, 1962, when the drift tube faces were lampblacked. This 
completely stopped multipactoring although a painstaking conditioning phase was now 
required against sparking. Very satisfactory-running conditions obtained until 
breakdown of the RS1041 anode blocking capacitor -in April, 1962, and not until late 
June was an effective, although temporary repair realised. Since then good running 
has been experienced with one interruption for cleaning drift tube faces to reduce 
the incidence of sparking. 

Installation in the LEDS and REDS in anything like final form has been 
no1iberately delayed to allow for as much detailed study as possible of the beam 
properties. This work though still incomplete, has been of great value in helping 
to understand the beam physics and in deciding upon a detailed component lay-
out. Measurements are made of, for example, current proton percentage, emittance, 
and momentum distribution. 

This report takes account of events up to the end of 1962. 
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3.2. Dynamics of the Injector 

3.2.1. Dynamical Design of the Linac 

(a) Preliminary work 

It was decided at an early stage to adopt alternating gradient quadrupoles for 
the injector as this was the most obvious way of ensuring the highest accelerated 
currents. A number of experimental quadrupoles were constructed as a guide to 
magnetic and electrical design. The outcome of this work was the determination of 
a maximum practicable quadrupole gradient and a corresponding aperture. From an 
elementary consideration of the dynamical stability of accelerated particles, 
together with knowledge of the frequency dependence of electrical breakdown it was 
possible to specify a relationship between initial particle energy and frequency, 
appropriate to this estimated maximum quadrupole gradient (1). 

Subject to this relationship the choices of frequency and injection energy were 
115 Mc/sand 600 keV respectively, the latter being cons is tent with experience of 
Cockcroft-Walton accelerators and the availability of high voltage power supplies. 
The output energy of 15 MeV was chosen by weighing the difficulty of producing an 
inflection system for higher ene~gy particles against their more favourable gas-
scattering loss factor. It was also compatible with the minimum useful magnetic 
field obtainable in the synchrotron. 

The effect of misalignment of the quadrupoles was investigated to determine a 
rate of increase of aperture which would make the probability of particle loss 
equal at all points through the machine. The maximum initial rate of increase was 
determined independently by the required quadrupole gradient variation. On this 
basis the misalignment investigation specified the aperture throughout the machine, 
together with alignment tolerances for the quadrupoles. As a result of these 
preliminary calculations it was also possible to specify the approximate length of 
t he machine, the mean accelerating field and the number of unit cells (Fig. 3.4.8(i)). 
Resonance experiments on scaled unit cells were used to specify the geometry of a 
unit cell at any point in the machine in terms of the corresponding particle 
velocity. 

(b) Final Dynamical Design 

The final stage in the dynamical design was an extensive computation on a 
Mercury computer, aimed at specifying an aotual number of unit cells and then 
precise dimensions, consistent with the other required features of the design (2). 
It was assumed that a "reference particle" must cross from the centre of one unit 
cell to the centre of the next in exactly one r.f. cycle. The r.f. phases at .which 
successive cell centres are passed are thus separated by 21tradians i.e. this 
occurs at a constant reference phase with respect to each r.f. cycle. The entry 
and exit phases can be stated with respect to this in terms of the input and output 
velocities. The computation proceeded by calculating the motion of a particle 
through a unit cell, its dimensions being appropriate to the input velocity. This 
established a certain output velocity which was used to define the dimensions of 
another unit cell for which the particle motion was again computed. In neither of 
these unit cells was the output phase correctly related to the reference phase and 
output velocity, but by linear interpolation a unit-cell with the correct 
relationship could be found. This was used as the starting point for a computation 
of the following unit cell, and so on throughout the linac. By computing a number 
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of complete accelerators with differing electrical field-strengths and interpolating, 
a final design was obtained which incorporated all the requirements to an acceptable 
accuracy. 

On the basis of this design further computation of beam acceptances were made 
for each of the two planes of symmetry and for a number of input phases and 
energies (3). Radial and phase motion were also examined in some detail and the 
effect of a buncher was considered (3). Finally a computation was made of the 
effect of rotational misalignment of the quadrupoles on beam acceptance (4). 

3.2.2. Drift Spaces 

The low energy drift space (LEDS) constitutes a matching system between the 
600 keV pre-injector and the linac. Provision is made for a "four parameter match" 
that is the realisation of two required beam conditions, say beam radius and slope, 
in each of the two planes of symmetry. This necessitates control of four variables 
in the matching system which in fact are the total and out-of-balance energising 
currents in each of two quadrupole triplets. There is a third triplet downstream 
of these two and very close to the linac input, its function being to handle the 
rather drastic transition between the low gradient matching system and the high 
gradient linac focusing system. This third triplet must also be compatible with 
the passing of a fairly small diameter beam through the buncher, the component which 
is immediately upstream from it. Its energisation is intended to be permanently set 
at levels which conform to these requirements. 

The focusing components of the high energy drift space (REDS) form essentially 
two double triplet matching systems in series separated by a fairly long drift space 
containing the debuncher. The first matching system must be capable of transforming 
the linac output beam in such a way that it passes with radial and axial symmetry 
through the debuncher at any position in the - central drift space. The second 
system must be able to transform the symmetrical beam from the debuncher to a 
variety of conditions dictated ultimately by a range of input radii to the 
synchrotron which gives a corresponding range of focal properties to the inflector. 

3.2.3. Buncher and Debuncher 

The buncher imparts an energy modulation to the 600 keV beam at the linac 
frequency. The position at which the bunch occurs is determined by the axial beam 
velocity and the depth of the modulation, and when this is fixed, the time at which 
the bunch occurs relative to the linac field is determined by the buncher phase. 
The magnitudes and stability of these three quantities have been related to the 
phase-energy acceptance of the linac in such a way as to ensure a substantial and 
stable gain in accepted charge. 

The debuncher imparts an energy modulation to the 15 MeV beam after the energy 
spread in the beam has brought about some axial resolution travelling along the 
HEDS. 

Particles of higher energy reach the debuncher before those of lower energy, 
hence by correct phasing of the debuncher field the early ones may be accelerated 
and the late ones decelerated, the result being a much narrower energy spectrum. 

The post-acceleration drift length and the debuncher field have been chosen to 
give optimum debunching for estimated energy-phase characteristics of the 15 MeV 
beam. 
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3.3. Pre-injector 

3.3.1. R.F. Ion Source 

(a) Present Source Assembly 

The source is of the radio frequency type and follows closely the design 
developed by Schneider at CERN (5). 

Early work was done with ceramic parts for the source body and cathode shield 
and the circuit for coupling the r.f. power into the source was that described by 
Schneider. Results were fairly encouraging, beam currents of 30-40 JilA being 
obtainable at extraction voltage of 10-15 kV. However, arcing took place in the 
source at higher extraction potentials and the source life was greatly reduced at 
higher current levels. 

The phenomenon of internal breakdown has been by far the most serious problem 
in development work. It was found convenient to use Pyrex1parts for the source 
body and shield which made for convenience in manufacture and enabled changes to be 
made without the long delay associated with specially made ceramic parts. No 
outstanding change in source performance was observed when the change from ceramic 
to Pyrex was made. 

The source is made entirely in Pyrex, mounted on a mild steel flange, 
(Fig. 3.3.1(1)). The whole assembly is attached to this flange and can be removed 
from the ion column and replaced as a unit. 

The source pot is made from standard 1 in to i in QVF reducer. The anode pin 
is tungsten sheathed in Pyrex glass and the cathode shield is ground from a block 
of Pyrex to the same dimensions as that used in the CERN source (5). Indium wire 
(1/64 in dia.) is used as a vacuum seal between the pot and the shield and between 
the shield and the mounting flange. Some difficulty was experienced in making a 
good clamping arrangement, but the method shown in Fig. 3.3.l(i) bas proved 
satisfactory. 

A PI'FE ring presses against the shoulder of the source pot and is clamped 
down by an SRE screw which is threaded 40 t/in on the outside. This screw is carried 
by the SRB cylinder which also forms a small pressure vessel, into which the 2 turn 
r.f. exciting coil is araldited. Compressed air, at about 30 lb/in2, is fed to 
the cylinder through the connectors shown and forms a good insulator between the 
coil and the source pot. This prevents discharges in this region when the plasma 
is pulsed up to extraction potential and enables the r.f. matching circuit to be 
at earth potential, greatly simplifying the circuit. The circuit is a 500 line 
stretcher and stub connected directly to the coil, shown schematically in 
Fig. 3.3.1(1); the lengths of the stretcher and stud being typical values for a 
good match. A reflectometer in the 500 r.f. feed cable records a ratio of 
forward to reflected wave of ten to one, when the tuner is properly adjusted. A 
maximum r.f. power of about 15 'ldi is available. 

Hydrogen is fed into the source at extraction potential through a nickel leak 
connected to the source by a direct glass to glass joint. This avoids any '0' ring 
seals. A small permanent magnet provides a strong magnetic field across the 
hydrogen feed tube and the nickel leak is contained in a screening can. These 
precautions were intended to suppress discharges in the nickel leak itself but they 
are not very effective. 
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The exit canal dimensions are 3.5 mm dia. and 8 mm long in the parallel part 
and it is located in an accurately turned recess in the base flange. It was 
accidentally made in mild steel and, since it seems to give no obvious trouble, 
the material has not been changed. Two permanent magnets provide a transverse 
magnetic field of about 50 gauss in the source pot which increases the ion density 
at a given r.f. power. 

The maximum output so far obtained from this source in service, is about 100 mA 
with 20 kV extraction potential, and r.f. power very roughly 10 kW and a pulse 
length of 170 µs (r.f. pulse length 700 µs). This was measured by a beam toroid 
after acceleration to 600 kV and represents the total beam current. After 
operation for about half an hour at this level the source failed by arcing 
internally. The source has operated at 20-30 mA for about 200 h so far without 
trouble. 

The sources are operated on a laboratory rig and their performance checked 
before being used on the injector. A typical graph of total output current against 
extraction voltage is shown in Fig. 3.3.l(ii). The r.f. power level is optimised 
at each value of extraction voltage and the beam current is measured with a 
collector cup having a transverse magnetic field to suppress secondary electrons. 

(b) Operational Experience 

Internal Arcing 

When the extraction voltage is raised above about 15 kV there is the 
possibility of internal breakdown leading to an arc discharge. This effect has 
been by far the most difficult and intractible problem in the development of the 
source. It has been very difficult to find any parameter which affects the 
phenomenon in a consistent manner. 

The one clear cut result to emerge is the effect of impurities in the discharge 
in initiating breakdown. In early work with Pyrex sources, they were stuck 
together with Araldite and suffered very badly from internal arcing. Since then, 
great care has been taken to clean arid dry the glass parts thoroughly and all '0 1 

rings and Araldite have been eliminated. The arcing has been much less troublesome 
though the problem is by no means completely solved. 

The glass parts are washed in concentrated nitric acid then in dilute 
hydrofluoric before being thoroughly rinsed in tap water followed by distilled 
water. They are dried in an oven at about 150°c for several hours. On one or two 
occasions the hydrofluoric acid bas been concentrated enough to etch the glass 
slightly and this seemed to give a poor source. 

There have been two periods when the source performance on the Injector 
deteriorated for no apparent reason. Eventually in both cases contamination was 
thought to be the cause. In the first instance the glass parts had not been 
sufficiently thoroughly dried and in the second, leaks were found which allowed 
small amounts of air into the discharge. The leaks were never large enough to show 
up on the ion gauges of the ion column. 

Arcing also occurs much more readily on long pulses. A source which is 
working well with a pulse length of about lOOµs for example, will often start to 
breakdown when the pulse length is increased ~o 1 ms. Persistent arcing can cause 
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rapid deterioration of the source, In practice if arcing sets in, it almost always 
ceases if the r,f. power level is reduced. 

R.F. Coupling Circuit 

The simple circuit already described gives good results as far as matching is 
concerned but considerable variations in output current can occur if the actual 
orientation of the tuner, coil or mounting plate are changed. A better arrangement 
would probably be to enclose the whole source assembly and r,f, circuit in a copper 
box and this is at presept being tried. 

There is also some evidence, not very clear cut as yet, that the r.f. circuit 
may affect the arcing phenomenon. If the exciting coil is fed through two 
capacitors so as to be isolated from "earth" as far as the extraction voltage is 
concerned, the latter can be raised to higher values before arcing takes place. 
The arcing effect is so sensitive to impurities in the discharge, however, that it 
is difficult to be certain that changing the r,f, circuit was really significant, 

Similar effects have been reported by Tallgren at CERN (6). 

Extraction Geometry 

The pervea.oce 0f the extraction system actually observed on the machine is 
about 3.5 x 10-~ A/(v)3/2 which is considerably higher than would be expected from 
theory of Pieroe (7). This suggests that the position of the plasma boundary is 
not at the end ot the cathode shield, but much closer to the cathode. A second 
observation supports this view, A special Pyrex shield was made in which the 
distance between the cathode and the top of the shield was reduced from 6 mm to 
3 mm as shown in Fig, 3.3.l(iii) and the total output current remained the same as 
with a standard shield. 

the 

An experiment was set up to measure the total ion current crossing the plasma 
boundary (Fig. 3,3,l(iv)). The current to the cathode could be measured separately 
from the current to the collector cup. No effective suppression of secondary 
electrons could be incorporated so the actual currents recorded are not true ion 
currents, nevertheless it was found that a current of 500 mA could easily be 
recorded on the collector cup, with negligible current to the cathode, at an 
extraction voltage of a few kV. 

Thus it seems that ion currents of a few hundred mA can easily be drawn from 
the plasma. The reason that this current does not appear as useful beam may betbat 
the initial focusing is very poor, the shape of the plasma boundary being far 
dif~erent from the sphere usually assumed. 

An interesting effect was the sudden increase in 
from 200 mA to 500 mA at a certain r.f. power level. 
with the mean current drawn from the extraction power 
du,ty cycle. 

(c) Emittance Measurements 

current to the collector cup 
These currents were consistent 
supply, allowing for the 

Early, rough measurements of the emittance of the 600 keV beam were done with 
a "pepper pot" teobniqtle; a plate with an array of 1 mm diameter holes was placed 
in the beam and the resulting ima,ge observed on a screen. A few measurements were 
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made by allowing the beam transmitted by the pepper pot to fall on a copper plate 
coated with MbQ. This was too slow a method, although a clear image could be 
obtained with a few beam pulses and even a single pulse produced a visible image. 
Later a quartz screen was used together with a polaroid camera for quick results. 
The emittance was found to be between 2 and 5 mrad cm for most conditions. 

An interesting feature of these measurements was the complexity of the images 
which could be obtained. Sometimes two or more distinct 'spots• could be seen 
corresponding to a single pin hole in the pepper pot plate. When a transverse 
magnetic field was applied (downstream from the pepper pot) the separate 'spots• 
were deflected equally and resolved into ions of different mass in the same way 
showing that each spot contained ions of all species. 

Later, a much more detailed measurement was performed using two remotely 
controlled, 4 jaw apertures. The upstream box was set to a 1 mm2 aperture and for 
each radial position of this the transmitted beam was scanned by a 1 mm slit in the 
downstream 4 jaw aperture. The current through this slit was measured by a 
collector plate having a transverse magnetic field to suppress secondary electrons. 
Thus a curve of current distribution, in the divergence co-ordinate was found for 
each radial co-ordinate. Fig. 3.3.l(v) and Fig. 3.3.l(vi) show emittance diagrams 
for the vertical and horizontal planes. 

It is clear that the current distribution in phase space is by no means 
uniform and that most of the beam is in a smaller phase space area than the •total' 
emittance. The emittance boundar~es shown in Fig. 3.3.l(v) and Fig. 3.3.l(vi) were 
obtained by drawing.through the points on the current distribution curves at which 
the current bad fallen to 5% of the total. 

Some of the current distribution curves-have double peaks. A rough mass 
analysis of the beam downstream from the first 4 jaw aperture showed that the 
larger peak was made up of protons while the smaller one was due to molecular ions. 
Thus it seems that the 'double peak' effect is different from the 'double spot' 
effect mentioned above. The molecular ions may have been separated out by a 
triplet quadrupole which was used in the experiment. 

(d) Proton Percentage 

The proton percentage measured in the centre of the 600 keV beam is about 85% 
with a good source. When the source has been contaminated the percentage bas 
fallen to below 50% and on one source assembly, which had a vacuum leak, the proton 
percentage was only 40% while about a third of the beam was made up of heavy ions, 
probably oxygen and nitrogen. 

3.3.2. Ion Column 

The construction of the column is closely similar to that described in (8), 
with the electrodes made in stainless steel rather than aluminium. The focusing 
electrodes are as shown in Fig. 3.3.2(i). 

It is pumped by a mercury diffusion pump with a refrigerated chevron baffle 
and l iquid nitrogen cold trap. The normal base pressure measured on an untrapped 
ion gauge is about 5 x 10-6 torr. With the source in operation this rises to 
about 2 x 10-5 torr. 
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Fig. 3. 3. 2(ii) View of the Ion Column. 





The initial conditioning of the column was a tedious process spread over about 
two weeko but no trouble is experienced at the present time. When the column has 
been let up to atmospheric pressure, to· change a source unit for example, 600 kV can 
be applied without trouble immediately after pumping down. 

When beams of 20-30 mA at pulse lengtho of about 100 µs are being accelerated, 
the X-ray production, indicated by a type 1349 hand monitor, is less than 2 mr/h at 
the nearest point to the column outside the safety screen. With beam currents of . 
about 50 mA for pulse lengths of 1 ms the X-ray level rises sharply to over 50 mr/h. 

A large cylindrical electrode in the pumping manifold is biased to -500 V to 
supprees secondary electrons. No trouble is experienced with 100 µs pulses, but 
with higher intensity beams of 1 ms pulse length the column requires an additional 
chain of 1500 pF capacitors to stabilise the electrod& potentials. No extended 
running has yet been done with long beam pulses. 
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3.3.3. Ion Column Power Supply 

(a) Present System 

The requirement was to provide a 650 kV maximum positive polarity output, 4 mA 
maximum mean D.C. supply capable of remote control. With pulse current loading up 
to a maximum of 200 mA, 2 ms pulsed at 2 pulses/s, the output voltage was to be 
within t1. 5 kV during pulses. 

The equipment consists of an electrostatic generator whose output is connected 
to a 25 nF storage condenser via a charging and surge protecting resistor. The 
value of this r esistor has been changed f rom an initial 3.5 Mn to 10 M Q (Fig. 
3.3.3(i)). Connect i on to the H.T. plat f orm, which houses the focusing and ion source 
supplies, and to the d.c. accelerator column, is via a 10 KO discharge current lim
iting r esistor de s i gned and manuf actured l ocally. The final output voltage is measured 
by a res i s t ance-capacitance divider connected to the H.T. platform and situated 
immediately underneath it. The low potential end of the divider is returned to a 
variable stabilised reference voltage for control of the output voltage. The 
divider tapping point feeds a wide band d.c. feedback amplifier. The output of 
the feedback amplifier is connected to the earthy terrninal of the 25 nF storage 
condenser to give fast correction, and to the excitation system of the electrostatic 
generator to give slow correction and mean output level control. 

(b) Operational Experience 

The equipment was delivered and installed in April/May 1959. The high 
voltage generator although working satisfactorily at 600 kV does not at present 
provide an adequate safety margin and is ther efore still under development. The 
latest generator (installed October, 1962) has delivered 675 kV generator terminal 
voltage at 4 mA loading on test. 

Performance of the stabil ising s ys t em has been generally satisfactory; re
design of the output stages of the amplif ier (a voltage amplifier dr iving a cathode 
follower connected t o the stor age condenser) is in hand. 4PR60A val ves are being 
repla ced by type 4PR250C val ves whi ch have higher power dissipation and anode 
voltage capability. Exhaustive measurements of stability have not yet been done 
but indirect observations, for example during E.H.T. voltage calibration tests and 
during linac commissioning, indicate that it is adequate. 

3.3.4. Focusing and Ion Source Power Supplies 

( a ) Present arrangement and Operational Experience 

With one minor exception (ion source c.w.r.f. 'keep-alive' supply) the supplies 
are housed on the H.T. platform: Output leads to the ion s ource and the lens 
system are run in an alloy tube connecting the platform to the ion source and 
accelerator column. Mains supplie s of 115 V, 2000 c/s s ingle pha se, 220 V, 50 c/s 
three phase and 24 V d.c. (control circuit use) are generated locally on the 
platform. 

The platform is insulated from ground by four 18 in diameter paxolin tubes 
which a l so provide mechanical support. The tubes house respectively:-

i) Insulating shaft drive from a motor at earth potential for the pla tform 
generators, 
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Fig. 3. 3. 3(ii) View of E. H. T. Generator~ Condenser and H. T. Platform. 





ii) 

iii) 

iv) 

Four 1 in dia . perspex rod light guides for timing pulse control and 
pulse monitoring, 

Polythene tubes for filtered cooling air which is piped to the major units 
on the platform, 

P.V.C. tube s carrying compr es s ed air which i□ used for operation of air 
switches providing unit ON/OFF and signal back circuits, ten paxolin 
tube rotary drives for Variaqs: and potentiometers controlling unit output 
levels. There i s also P.V.C. tubing carrying compre□ sed air for ion 
source cooling and insulation, and polythene tubing for the ion source 
hydrogen feed. Terminal equipment is housed in a cellar immediately under 
the platform support legs. 

The platform units are as follows:-

R.F. Unit - a pulsed r.f. supplyJ 
out put power 10-15 kW into 50 0 ; 

frequency 125 Mc/s nominal; 
2 pulses/s maximum. 

pulse length 2 msJ 

This was designed within the group and uses an ACT 25 triode in a co-axial 
cavity driving an ACT 28 triode output stage also using a co-axial cavity. Both 
valves are anode modulated by pulses from a delay modulator using a 5C22 thyratron 
switch. The variable H.T. supply for the modulator is a voltage doubler using a 
250 TH triode valve as the second rectifier. This valve is cut off during and 
immediately after the output pulse by a signal derived from the output pulse. 

Reliability has been generally very goodJ the output power was increased 
appreciably above the original level by improving the match between the oscillator/ 
driver and output valves and by altering the delay line impedance. The impedance 
change used existing components with a consequent reduction in pulse length of 
1.2 ms; a line of correct length and impedance is to be provided. 

Extract ion Unit - a pulsed pos itive polarity supplyJ output variable f r om 1 t o 
25 kVJ puls e length variabl e from 50 µ s to 2 msJ 2 pulses/s maximum . Maximum 
out put pulse current is 250 mA. Stability during the pulse is better t han 0. 25% at 
maximum loading. 

The circuit uses a series selected CV2416 valve ' as the main element in a 
feedback loop operating only during the pulse period, the reference voltage and 
feedback amplifier being at the output potential. The series CV2416 valve also 
acts as a pulse switch using a CRT-photomultiplier light link for isolation from 
local ground. 

During initial commissioning considerable trouble was experienced with pick-up 
from the r.f. unit causing incorrect output pulses. This was eventually solved by 
the use of clipping and limiting circuits in the light link switching circuit and 
by fitting a photo-mul t iplier valve combination in place. of the photo-transistor/ 
transistor circuit. A replacement/spare unit is being developed using similar 
principles but with two 4PR250C valves. One serves as the series control element; 
the other acts from ground as the output valve of the feedback amplifier/switch 
circuits, dispensing with the need for a light link and enabling reference and 
amplifier circuits to be at local ground level. 

Gas Unit - provides a variable 2000 c/s continuous supply to the nickel leak 
contr ol l ing the hydrogen input to the ion source. Maximum output is 20 V r.m.s., 
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normal working being some 6 V r.m.s., 4 A; the supply is not specifically 
stabilised. 

P.I.G. Unit - functions so as to switch off all other platform units if the 
pressure in the column, as monitored by an ion gauge head on the ion column, 
exceeds a pre-determined level (normally 5 x 10-5 torr). 

The gas unit and the PIG unit are housed in the same chassis and the units 
are similar to those previously used at the Laboratory on the 50 MeV proton linear 
accelerator. They have been completely reliable. 

Li ght Rece i ver / Transmitter Pulse Unit - Initially, a unit using a photo transistor 
wit h trans i s tor amplif iers was ins talled; due to its sensitivity to r.f. radiation 
from the r.f. unit and to thermal var i a tions it was replaced by a photo-multiplier/ 
valve ci rcuit. This circuit i s currently being superseded by a more sophisticated 
photo-multiplier / t ransistor combination. 

Initial trials of this latest unit have shown that to a lesser extent it is 
susceptible to the same defects. It is now being modified so that where possible 
only high level signals are used at the platform end of the link, lower level 
signal processing being done at ground level. 

The •temporary' valve cir cuit provides two outputs - a 20 V, 20 µs, trigger 
pulse for fir ing the r.f. unit modulator and a 20 V pulse for gating the extraction 
unit output pulse. The ~1at i ve timing of these two pulses is variable at ground 
level. 

The system now being installed will provide the following facilities:

QrQU£d_tQ ~l~tform - two channels (one standby) for transmission of r.f. unit 
trigger and extraction unit gate (20µ s to 2.5 ms) pulses; relative timing 
and duration of ~xtraction gate pulse is variable in the control room. A 
facility is .provided for control of two extraction pulses (pilot and short) 
for use in injection studies. A current modulated light discharge source is 
used as transmitter and a photo-multiplier as receiver. Overall timing 
jitter is 0.1µ s. 

fl~tform_tQ Qr21..1£d - for monitoring purposes, two channels are available for 
transmission of voltage pulses from platform equipment to the control room; 
pulse widths of 2 µ s to 2 ms and amplitudes of :ilOO mV to ±10 V can be 
handled, a standard amplitude calibrating pulse is fed in separately. Light 
transmission and reception is similar to that above. 

Hi gh Vol tage Focus Units - Output is continuously variable from 20 to 125 kV 
negative to local earth; maximum mean current is 300 µA; maximum pulsed current 
loading is 150 mA, 2 ms pulses. The stability of output during pulses is ±0.25% 
against input and output variations. 

There are two identical units of this type using electrostatic generators. 
The stabilisation and control systems are similar to those of the 650 kV set. The 
charging resistor is 7 MO, storage condenser 25 nF and discharge limiting 
resistor 5 KO. Fast correction is to the earthy terminal of the condenser, the 
normally negative going signal being obtained from the anode of a 4PR60A valve. 
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Initially, the multi-stage rectifier sub-unit, which provides excitation for 
the electrostatic generator, proved unreliable in its 2000 o/s version. It was 
redesigned and has since given no trouble. 

R.F. pick~up also caused appreciable variation of the output voltage during 
the pulse. This was oured by fitting an r.f. by-pass condenser directly from grid 
to cathode of the first stage of the feedback amplifier. Some failures have 
oooured in inter-electrode insulation on the 4PR60A valves and also with one 
particular relay. 

Low Voltage Focus Unit - A temporary unit was originally installed to determine the 
requirements for a final supplyJ this unit is still in use and is an unstabilised 
negative supply variable up to 10 kV maximum. 

At present there is no intention to replace it by a more refined stabilised 
unit as its behaviour bas been satisfactory. 

Keep-Alive R.F. Supply - This is situated adjacent to the ion source in the 'bun' 
on the end of the accelerator column. It is a twin tetrode oscillator giving a 
o.w. output of a few watts at a frequency of 70-80 Mc/s, coupling to the source 
via single turn loops around the source hydrogen feed pipe. Its function is to 
provide a low level continuous discharge to ensure reliable ionisation by the main 
r.f. pulse. 

The unit has given no trouble. 
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3.4. Linac -
3.4.1. Linac Design 

The r.f. design of the linear accelerator cavity was strongly influenced by 
the requirement that the drift tubes, of the Alvarez structure, should contain 
quadrupole magnets. R.F. defocusing forces dependent on operating frequency, 
acceleration rate and accepted beam radius, were balanced against the maximum 
attainable field gradient of a practical quadrupole that can be contained within a 
drift tube shell. On this basis, the minimum diameter for the drift tubes and the 
operating frequency·, for a given acceleration rate, were determined • . Also, in 
order to utilise the maximum axial length for each quadrupole magnet, drift tubes 
of a squarish cross section and small gaps between drift tubes, were desirable 
features. 

Published data on re-entrant unit cell cavities (9) supplemented by some 
exploratory model cavity measurements, was used as the basis for the r.f. design. 
The chosen system employs constant drift tube and constant cavity diameters with 
the resonant frequency maintained by an increasing gap to unit cell length ratio. 
A useful reduction in this ratio at the high energy end of the linac is achieved by 
allowing a smooth change in the drift tube profile radius along the machine. 

The final resonant dimensions were determined by precision model cavity 
measurements at a model frequency of 1000 Mc/s. (10). The resonant dimensional data 
was reduced to an algebraic form in which all dimensions were expressed as functions 
of unit cell length, such that it could be used in the computer programme which 
computed axial field distributions and the synchronous particle motion (3). 

Some of the main r.f. parameters are given in Table 3.4.1(1) 
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TABLE 3.4.1(I)1 LINAC CAVITY PARAMETERS 

Input energy 

Output energy 

Resonant Frequency 

Cavity length 

Cavity diameter (nominal) 

Number of unit cells 

Drift tube diameter 

D.T. profile radius 

D.T. aperture diameter 

Aperture profile radius 

Unit cell length 

Gap length 

Support stem diameter 

Theoretical Q factor 

Measured Q factor 

Calculated power required l 
for 30° synchronous phase 
angle at the measured Q 

Frequency tuner range 

Flattener tuner range 

End to end field tilt) 
range of tilt tuners ) 

3.4.2. Linac Construction 

600 keV 

14.9 MeV 

115 Mc/s 

13.45 m 

1.6945 ID 

49 

28.15 cm 

3.660 to 6.579 

2.106 to 4.948 

1.27 cm 

9.638 to 45.527 

1.868 to 13.311 

4.445 cm 

108,000 

80,000 

802 kW 

± 23 kc/s 

± 300 kc/s 

± 2o% 

cm 

cm 

cm 

cm 

The linac cavity is fabricated from¼ in thick rolled and welded copper sheet, 
riveted to a stainless steel framework of rings and longitudinal members. It is 
supported by four legs on the base of a separate mild steel vacuum vessel. 
Fig. 3.4.2(i) is a view of the linac with the vacuum vessel raised. 

Tuning plates are situated in rectangular cut-outs in the cavity wall and are 
connected to the wall by convoluted flexible copper foil. There are four such 
frequency -buners which can be operated by push rods passing through the vacuum 
vessel. Two similar tuning plates are positioned one at each end of the cavity and 
are used for producing a tilt in the field gradient along the cavity. Two 
flattener tuners are used to correct for manufacturing errors in the resonant 
dimensions. Each of these is a continuous convoluted flexible plate, running from 
end to end of the cavity, with the longitudinal edges soldered to the inside surface 
of the cavity wall. They can be distorted locally by movement of a number of 
backing plates. 
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Two large rectangular cut-outs in the cavity wall form hatches for access to 
the inside of the cavity which can be blanked off by cover plates using garter 
spring r.f. joints to the cavity. There are some 350 uniformly distributed¾ in by 
5 in pumping slots in the cavity wall and 24 longitudinal water pipes are soldered 
to the wall to provide cooling and temperature stabilisation. 

Each drift tube shell is constructed from a pair of machined copper spinnings, 
joined by a circumferential weld, with an axial tube, which forms the aperture, 
soft soldered in position at each end. The shell is located on the quadrupole 
magnet, which in turn is supported by a horizontal and a vertical stem. The end 
fittings of the stems are carried on the cavity framework and designed to allow 
alignment of the drift tube in all degrees of freedom. The support stems are 
sheathed with thin copper tubes, soft soldered into the drift tube shell, and r.f. 
contact is made between them and the cavity wall via flexible gaters and garter 
spring joints. A rough vacuum is maintained in the drift tube shells by pumping 
on the vertical stem. This stem also carries shell water cooling pipes. The 
horizontal stem carries the quadrupole conductor pipes. The arrangement can be seen 
in Fig. 3.4.2(ii). 

3.4.3. Installation and Operational Experience 

Drift tube alignment 

The use of quadrupole strong focusing for the linac demanded very accurate 
alignment of drift tubes on to the axis. This alignment was carried out using a 
telescope, mounted from the cavity output end face, which could be set on to the 
line of sight between targets in the input and output end half drift tubes. 
Alignment was then by viewing targets in the input and output end of each drift 
tube bore. The targets were of metal having spark eroded V forms to which the 
telescope cross hairs could be set. A separate target plug was required for each 
drift tube because of their varying bore diameters. Alignment of the ends of each 
drift tube was to ±0.003 in in each plane and the mean of the measured 
misalignments of the two ends was less than ±0.002 in in each plane. The 
misalignment between magnetic and mechanical axes was previously determined and 
allowed for in the alignment process. (Errors due to all other sources were 
estimated to be less than ±0.002 in). 

Longitudinal positioning of drift tubes was carried out using a telescope set 
up on a line of sight external to the cavity and parallel to its axis. This 
telescope was fitted with a 45° prism so that it could view drift tube faces 
through appropriate pumping slots, and was mounted on special rails running the 
length of the cavity. Distances from the input end face of the cavity were 
measured by referring the telescope position to a calibrated stainless steel tape. 
With corrections being applied for manufacturing errors in drift tube lengths and 
for the tolerance error in the overall cavity length allowed in manufacture, the 
accura~y of drift tube positioning varied between ±0.002 in at the input end to 
±0.004 in at the output end of the linac. 

Field Flattening 

The distribution of axial electric field along the length of the cavity was 
measured by the frequency perturbation technique, The linac was designed to operate 
with a flat field, that is, all sections of the cavity tuned to the same resonant 
frequency to give gap voltages directly proportional to unit cell lengths. Since 
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Fig. 3. 4. 2(i) View of the Linac with the Vacuum Lid raised. 



Fig. 3. 4. 2(ii) Cutaway view of Linac. 



the field distribution across each gap was known the mid-gap fields only had to be 
measured. 

A metal sphere of 0.4 in diameter, supported on a nylon cord, was used as the 
perturbing body, with the cavity excited by a lock-in oscillator. Frequency 
perturbations of about 100 c/s in 115 Mc/s were measured by a digital frequency 
meter. In the short gaps at the input end of the linac the sphere was too large 
in relation to the curvature of the field, and measurements were taken with a sphere 
placed off axis between the flat faces of the drift tubes. The two methods of 
measurement were overlapped at a suitable point along the cavity. 

The axial electric field was related to the magnet field at the cavity wall, 
also measured by frequency perturbation using a flat metal plate placed through 
pumping slots, and in the final stages of the field flattening procedur9 it was 
only necessary to measure this magnetic field distribution. The electrical length 
of the cavity is comparatively short and it was an easy matter to adjust the 
flattener tuners to give a field flatness of ±1%. 

R.F. Operation 

The first attempt to feed the linac with high r.f. power was made on 1st July 
1961 and the first 15 MeV beam was produced on 1st August 1961. Operation in the 
early months was severely affected by multipactor discharges, the effect of which 
was to prevent the cavity fields from rising above a very low level. Multi
pactoring usually occurred on over 20'/o of all pulses at a pulse repetition 
frequency of 1 pulse/8s, and the multipactor rate rose sharply as the pulse 
repetition frequency was increased. 

Several methods to overcome multipactoring were tried in addition to 
careful cleaning of all drift tube surfaces. It has been observed on other 
machines that the drift tube surfaces become conditioned against multipactoring as 
the machine is run for a period of time. Accordingly the linac was operated at 
different pulse rates and under various conditions for long periods, but no 
tendency to condition was observed. Also, the rate of rise of r.f. drive power to 
the final amplifier was increased greatly in an attempt to drive through the 
multipactor level as rapidly as possible. The rise time of the r.f. field in the 
anode circuit of the final amplifier was reduced to as low as 2 µs without improving 
the multipactor breakthrough rate. It is believed that this particular failure may 
be explained by the existence of a glow discharge, seen at the r.f. feed vacuum 
window, providing a copious supply of primary electrons. 

It was observed that, after only a few hours of multipactoring, the drift 
tube faces became coated with visible films, the pattern formed being strongly 
influenced by the quadrupole fringe fields. The secondaiy emission coefficient of 
the deposited film therefore determined subsequent multipactoring. Laboratory 
experiments have since shown that bombardment of a surface by electrons in the 
presence of oil vapour can produce a carbonised film with a low secondary emission 
coefficient. The linac vacumn system, however, is thought to be particularly clean 
and free of oil vapour. The next approach was to provide an artificial film by 
coating the drift tube faces with a material of known low secondary emission 
coefficient. Colloidal graphite was unsuccessful, but a mixture of carbon black tn 
alcohol applied to the surfaces by brush has eliminated the multipactoring. 

In the first instance all drift tubes were coated in this way with the result 
that the short gaps at the input of the linac required many hours of spark 
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conditioning, There was also a considerable increase in X-ray production at high 
field levels, Subsequently these short gaps have been cleaned of carbon black 
without reintroduction of multipactoring, As time permits the effect of cleaning 
off further gaps will be tried, as it is believed that field emission of electrons 
from these surfaces is a significant source of r,f. power loss. 
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3.4.4. Linac R.F. Drive System 

Design of Valve Circuit 

The system was required to provide r.f. power of 1.5 MW in pulses of 2.5 ms 
at a repetition rate of up to 2 pulses/s maximum. Provision of this level of 
power at a frequency of 115 Mc/s, presented the problem of finding a valve (or 
valves) with suitable geometry, and a cathode equal to the unusually long pulse 
duration. The original intention, to use six E.E.Co type BW165 in some parallel -
push pull arrangement, was abandoned when the use of one Siemens' type RS1041 was 
confidently advocated by the Siemens Labs. 

This valve, designed for 30 Mc/s operation, has a geometry far from ideal for 
operation at 115 Mc/sin a co-axial type circuit, but its ability to meet the long 
pulse requirement made the circuit design a worth-while undertaking. 

At the outset a decision was taken to couple the anode-circuit of the valve 
direct to a loop in the linac-cavity via an impedance transformer, and thus avoid 
the use of a matched coupling line with possible problems of breakdown during the 
mis-matched 'build-up' period in the cavity. This decision was the result of 
experience with a type BW165 valve, driving a cavity approximately equivalent to 
2 unit cells of the linac. The r.f. arrangement used in this experiment differed 
considerably from the system designed for the RS1041, but the common factor was 
the use of direct coupling to the loop via an impedance transformer. The 
experimental rig performed satisfactorily both as a driven system and as a single 
valve self-oscillator, producing about 45 kW r.f. in the cavity. A further 
decision to isolate the anode system and cavity loop from the vacuum system, by 
the use of an insulating lid, determined in some degree the basic layout of the 
RS1041 circuit. 

Figure 3.4.4(1) shows the circuit in schematic form approximately to scale. 
The considerable length of the RS1041 elements in relation to the external circuits 
has a major effect on the external circuit dimensions. This coupled with the 
design decisions mentioned, had to be arranged to provide impedance transformation 
from anode to cavity feed-loop, and tuning for resonance of grid-cathode circuit 
with impedance matching of drive-power input-line. 

Anode-Grid Circuit - An anode impedance of~ 210 o required matching to a 
loop impedance arbitrarily fixed at 50 0 . The 210 0 is, however, transformed 
by the long conductors within the valve to the low value of~ 0.6 0 at the 
output seal, (plus a Teactive component which can be tuned out by the outer 
piston, (A)). 

Direct transformation of 0.6 0 to 50 0 by a single quarter-wave section 
was not possible for various structural reasons, a minimum length of half
wave being unavoidable. The diameter of the valve anode with water-cooling 
jacket, and the necessary anode-blocking capacitor formed around it, dictated 
the minimum inner-conductor diameter for the first quarter wave section. 
Since the end of this section (point X) would be a voltage anti-node the 
impedance was kept to a value where the peak-voltage would be unlikely to 
cause troublesome sparking, particularly during mismatch conditions. Allowing 
some license in considering the geometry around the support insulator (I), the 
section (Y)-(X) is presumed to have a Z0 of 12 0 making the impedance at (X) 
~ 245 O . From this point it was a simple matter to provide a 110 0 
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transformer to match the loop impedance of 50 0. Loop penetration and 
therefore impedance can be varied readily by raising or lowering the valve
circuit. 

The main purpose of the stub-sections Sl and S2 is to provide access for 
the 30 kV HT pulse-lead from the modulator, and water-cooling to the anode 
jacket, but the position of the shorting-pistons in conjunction with piston 
(A) can be optimised for maximum power transfer to the linac-cavity. 

Grid-Cathode Circuit - The internal valve-structure necessitates the use of a 
three quarter wave system, resonance being obtained by the adjustment of 
piston (B), Drive power is applied via a co-axial line and tapping (T) the 
setting of (B) and (T) being optimised to obtain input matching. 

An unfortunate feature of the RS1041 is the 'two-pin' type beater-cathode 
connection; although the internal construction of the heater-cathode is 
co-axial, the axial symmetry is lost in bringing the connection through the 
seal. Only the pin connecting to the outer heater element is capacity 
coupled to the r.f. cir.cuit ~t (K). Originally both pins were so coupled, but 
in this form the inner heater element is electrically half wave at twice the 
operating frequency, f, and there exists sufficient 2f component of cathode 
current, to excite a 2f resonance to the point of breakdown. The removal of 
the capacitor resulted in some breakdown in the gland previously occupied by 
the capacitor; this was eventually stopped when the 'dead' beater line was 
detuned by fitting a number of 'B' type ferrite rings around the heater pin. 

The beater-supply busbars are fitted with a quarter-wave choke to 
restrict leakage of r.f. power into the power supply. 

Operational Experience 

Although the RS1041 amplifier bas operated from the first trials with much the 
same performance figures, two major defects showed up after continued pulsing. 

The a.node-grid circuit piston quickly burned off the 'finger-strip' contact 
causing considerable erosion of the co-axial tubes. The finger-strip was 
redesigned and fitted, and no further trouble has been experienced. 

More serious bas been the breakdown of the polythene sleeve of the anode 
blocking-capacitor. Several sleeves have failed, in each case due to corona effects 
at the top end of the capacitor sleeve. At emporary solution has been found 
in the use of oil to fill the wedge shaped gap in this region. The design of 
the capacitor was known to be marginal and was limited in design by the size 
of polythene tube available at the time, but high-density polythene of adequate 
size is now manufactured, and a redesigned capacitor is unde~ construction. 

Sufficient evidence had been obtained that the required loop-impedance would 
be achieved with the loop withdrawn some distance below the cavity surface. The 
optimum distance is around 4-5 ems., but is not critical. Vacuum lids of various 
materials have been tried, with no apparent effect on performance. A fibre-glass 
epoxy-resin disc, faced on the vacuum side with a thin _Pfrex sheet is at present in 
use. 
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Fig. 3, 4, 4(ii) View of RS 1041 Valve prior to Installation. 





3,4.5. Drive Chain 

About 140 kW r.f. power is required to drive the RS1041, in class 'B' operation, 
to an output of 1.5 MW. The 'drive-chain' amplifies from crystal-oscillator level 
to 140 kW in a total of 10 stages, the first four low-power stages being used for 
frequency multiplication from the crystal frequency of 106.481 Kc/s. 

The oscillator and a x 10 stage have a short-term stability ofr.. l or 2 in 108 
and a long-term of 1 in 107. The three further stages of multiplication are x 6, 
x 3 to 115 Mc/sat an output power of,-.13 W c.w. 

The remaining five amplifiers are pulsed and are all constructed to a similar 
r.f. design - a half-wave co-axial anode-line tuned at its open end by a polythene 
slug, with the HT pulse fed in at the voltage node, and the r.f. output taken via 
a loop in the same region. The grid is grounded, r.f, drive being applied to the 
heater-cathode element, a suitable input impedance being provided by chokes in 
the supply-leads, 

This chain of five uses valves in the order:-

3W ~ ACT.25 ~ ACT,25 ~ ACT.27 ~ BR1106 ~ BW165 ~ 144 kW 
X 8 X 10 X 10 X 6 X 10 

R.F, output from the BW165 is fed to the cathode circuit of the RS1041 via a 
stub-supported '3 inch' 50 n co-axial line, 

3.4,6. Modulators 

Two modulators are used, one to operate the five drive-stages via a suitably 
tapped pulse-transformer, and a 'main' modulator to supply the RS1041, A tapping 
on this modulator is also provided to power the BW165 driver, if required, 

'!'.h~ !!!a_irl_m.Qd:!;!lgtQr - provides an output pulse to the following 
specifications:-

Pulse Voltage 
Pulse Current 
Pulse Length 
Puls.e Recurrence 
Pulse Rise-time 
Pulse Voltage Stabi+ity 
Pulse Voltage drop 

30 kV (Tapping at 22.5 kV) 
85 A 
2,5 ms 
2 pulses/s 
100-200 µs 
±o.5% pulse to pulse 
0,5% max. into resistive load 

These requirements have been very closely met, and except for a few 
minor faults the modulator has behaved very well, 

rh~ ~r!v~-Qhgin mogulaior - is mainly of laboratory manufacture, it is 
rated at 500 kW, The pulse-network voltage is stabilised to 0,5%, The 
output pulses are at the levels 1 kV, 2 kV, 5 kV, 8 kV, 22,5 kV and have 
substantially flat tops, 

3,4,7, R,F, Commissioning 

No measurement of high-level power output from the RS1041 was made prior to 
the circuit being assembled in position under the linac, Coupling to a dummy-load 
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in the absence of the usual anode resonant-circuit and matched out-put line 
presented a number of difficulties. Tapering from the 12 in dia. co-ax at the 
loop, to a smaller diameter transmission line and a dummy load could have been 
constructed, but was not considered justified in view of cost and time-scale. 
Various disc-shaped loads were tried in place of the 500 loop and powers up to 
500 kW were measured in this way, always limited by tracking breakdown or excessive 
current density at the centre connection. 

After installation under the linac, the system was run-up in air until drift
tube breakdown occurred. When everything was optimised this level was reached with a 
6 kV pulse to the RS1041, corresponding to about 50 kW in the resonator, if an 
anode-efficiency of 6~ is assumed. 

Operation with the linac evacuated, does not affect the drive circuitry except 
for a slight change of frequency which is well within the bandwidth of the circuits. 
Once the 'multipactor 1 effects were eradicated attention was given to the operation 
of the system under self-oscillatory conditions. 

It was known that some system would need to be evolved eventually, to allow 
for the high reactive loading of the cavity by the high current beams ultimately 
expected. Automatic control of the source frequency during the pulse was a 
possibility, but a self-oscillatory system with the resonator the sole frequency 
determinant was more attractive on the grounds of simplicity. 

Such a system has been in operation during most of 1962, and apart from the 
anode-capacitor troubles mentioned earlier the system is apparently reliable and 
simple. 

Only the two final valves in the chain are used, the BW165 driver and the 
RS1041. Drive for the cathode of the BW165 is taken from a small loop in the linac 
resonator. The co-axial line conveying the drive includes a half wave 1line
stretcher1 which is adjusted to produce the correct over all phase-relationship for 
positive feed-back. If necessary a further 180° can be obtained by reversing any 
coupling loop in the system. 

Operation with only two valves, further simplifies matters by eliminating the 
need for two modulators. The tapping on the 'main' modulator provides pulse power 
for the one drive-stage. 

The acceleration of beams over 3-4 mA places sufficient loading on the 
resonator to necessitate some arrangement of r.f. power level stabilisation for 
constant accelerating field. 

, 
A simple feed-back arrangement has been in use for some weeks, giving good 

power level correction during the beam pulse. Advantage was taken of the wide 
variation of r.f. level in the linac-resonator, obtainable merely by variation of 
the BW165 H.T. pulse. By feeding the BW165 H.T. via 6000 and shunting the valve 
with one of adequate power capabilities (BR1106), the field level in the linac can 
be controlled by control of the shunt valve grid-voltage.To complete the feed-back 
link, some r.f. from the linac cavity is taken via a loop to a diode rectifier and 
thence to a diode 'gate•. Here the unwanted portion of the pulse is 'clipped' off 
leaving just the top with its 'loading' signal to be passed on through amplifiers 
to the grid of the shunt valve, BR1106. The sign of the feed-back is such that a 
fall in field-level is transmitted to the BR1106 grid as a negative signal• thus 
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allowing the BW165 H.T. voltage to rise giving increased drive to the RS1041 and 
higher power in the linac cavity. 

A range of approximately 2:1 in power-level will need to be controlled by this 
device if an accelerated beam of 50 mA is realised. 

Fig. 3. 4. 5(i) Rear view of RF Drive Chain Cubicles. 
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3.4.8. Linac Quadrupoles 

(a) Basic design parameters and construction 

The quadrupoles, which form part of the linac drift-tube assemblies, were 
designed to provide a constant focusing or defocusing impulse per half focusing 
period, along the length of the linac. This means that the effective strength of 
the quadrupoles follows the law Aeffoc. [3-;-l, where Aeff is the effective field 
gradient and~ is v/c (v- proton velocity). The linac unit cell considered for 
the calculations was as shown in Fig. 3.4.8(i). 

Fig. 3.4.8(i) Linac Unit Cell 

Drift tube 

I 

I 
I 

. I 
I 

I 
Quadrupole ~ I 
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I 
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In calculating the effective strength of the quadrupole Aeff in terms of the 
field gradient Ao inside the magnet, hard edged magnets (no fringe fields) were 
assmned. The gradient of the input quadrupole magnet (and hence drift-tube) 
apertures, input energy and linac r.f. frequency are all cloself interdependant. 
A discussion on the selection of these parameters appears in (1). 

No calculations or detailed experiments were performed on the pole tip 
profiles and the results of other workers were used. The magnet calculations are 
described in (11), (12) and (13). 

The magnets consist of a mild steel yoke to which the drift-tube support stems 
are welded, soft iron tapered poles (Low Moor Iron Grade E) and soft iron pole 
tips (Low Moor Super Hiperm). Hollow, low-voltage, high-current conductors are 
used for the quadrupole windings. These are wound with a number of cross-overs 
between poles to eliminate unequal heating effects on the poles and to provide a 
symmetrical array of conductors at the ends of the magnets. The ratio of 
conductor inner to outer diameters was chosen to give the minimum temperature rise 
of the magnet cooling water. Each magnet winding was formed from a continuous 
length of vacuum-tested tube, the conductors entering and leaving the drift-tube 
via the horizontal support arm. A combined high-pressure water (100 lb/in2) and 
high current (500 A) coupling is used at the end of each conductor emerging from 
the drift-tube stem. There have been no vacuum or electrical troubles at this 
junction. 

Extensive use is made of epoxy resin-bonded fibreglass for insulation between 
the magnet windings and the poles and between winding turns. Steatite sleeves are 
used for insulation at the junction of the stem to the yoke (to allow an argon-arc 
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Fig. 3. 4. 8(ii) Linac Drift Tubes in Transportation Frames. 

Fig. 3. 4. 8(iii) Linac Drift Tube showing Quadrupole Magnet. 



Fig. 3. 4. 8(iv) Magnetometer used in measurements at the Laboratory. 



weld to be made after part assembly of the quadrupole). Insulation inside the 
drift-tube stem is provided by woven glass sleeving. The two conductors leave the 
stem via a combined vacuum joint, made of a split neoprene bung. 

Insulation resistance to frame in excess of 100 MO (500 V Megger teat) was 
measured .for all drift-tubes after trouble from "conducting" neoprene (heavily 
loaded with lampblack) had been eliminated. No vacuum troubles have been 
experienced at this point. 

(b) Magnetic Measurements and Testing 

A comprehensive series of mechanical, electrical and magnetic tests was 
carried out on each quadrupole prior to welding on the drift-tube spinnings. These 
tests were carried out at the manufacturer's. A further series of measurements 
was carried out at the Rutherford Laboratory after delivery of the completed 
drift-tube assemblies. (The magnetometer used in these measurements is shown in 
Fig. 3.4.8(iv)). 

(i) Sub-assembly tests at the manufacturer's. 

Mechanical checks - correct orientation of winding pre-form and 
yoke; condition of pole tip surfaces, etc. 

Electrical checks - measurement of d.c. resistance • 

Magnetic checks 

.,.. measurement of Ao(gradient)/I(current). 

- checks for shorted turns: two rejects. 

- insulation winding/frame: three rejects. 

- position of magnetic axis relative to pole tips 1 

one reject (shorted turns). 

- orientation of transverse zero potential planes 
relative to drift-tube stems. 

Every case of failure was investigated fully and corrections made at the 
source of the trouble. The acceptance limits for these magnetic and electrical 
tests were as follows:-

Insulation 

Magnetic Axis 

Transverse planes ~ 

10 MO (500 V Megger test) 

0.002 in from centre of best tangent circle to the 
four pole tips. 

0.25° from correct position (as defined by scratch 
marks on yoke). 

The magnetic tests were based on rotating coil techniques and the magneto
meters used were developed specially for the purpose. 

(ii) Tests on completed drift-tubes at the Rutherford Laboratory. 

Measurements were carried out to determine the position of the magnetic 
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axis at each end of every drift-tube relative to the optical axis as defined by 
alignment targets placed in the drift-tube bore. The final optical alignment of 
the drift tubes in the linac made use of the corrections obtained in these tests. 
(Due to the method of construction of the drift-tubes, the central tube may not be 
perfectly aligned with the quadrupole.) 

Another specially developed rotating-coil magnetometer was used and the 
measurement accuracy was estimated to be better than 0.00025 in. 

A final check of insulation resistance after drying of the quadrupole (by 
evacuating the drift-tubes) and after replacement of the neoprene bungs,showed 
resistances well in excess of 100 M O ( 500 V Megger) for every drift-tube magnet. 

3.4.9. Quadrupole Power Supplies and Gradient Boxes 

The linac quadrupoles are connected in six series groups, each group having a 
separate voltage stabilised transformer rectifier set with an LC filter. To enable 
different current distributions to be obtained along the length of the series 
connected chain of quadrupoles, difference currents are fed in or led off at the 
inter-magnet connections. 

The purpose of the gradient boxes is to control the feed and bleed currents 
and allow two pre-set current distributions to be obtained by switch operation and 
control of supply voltage to the group of quadrupoles only. The two distributions 
concerned are those appropriate to:-

( i) Normal "High Law" 

(ii) "Low Law" 

Aeff ~(3 - 1 (as mentioned in 3.4.8(a)) 

Aeff oc:13 - 3/ 2· 

The networks for the gradient boxes (Fig. 3.4.9(1)) were calculated using 
the results of the d.c. resistance and the A /I measurements referred to in 3.4.8(b). 

0 

Voltage stabilisation supplies are used in preference to current stabilisation 
for the power supplies since this facilitates setting up the current distribution 
network and allows for individual control of the input half quadrupole and the 
output half quadrupole. The voltage sensing leads for the first and last groups 
do not include the input half quadrupole and the output half quadrupole. The 
resistance of the quadrupole windings is maintained constant by the use of 
temperature stabilised cooling water. 
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Fig. 3. 4. 9(i) Simplified Schematic Diagram of First Gradient Box. 



Fig. 3. 5. l(i) View of LEDS showing quadrupole triplets. 4 jaw boxes, beam 
current transformers and probe boxes. 



3.5. Dr i ft Spaces and Inflector 

3.5.1. LEDS and HEDS Quadrupoles 

Quadrupole triplets are used in the low energy drift space (3 triplets) and 
the high energy drift space (4 triplets) for beam matching purposes. The required 
values of gradients and apertures were obtained by computation. 

The quadrupole magnets were designed in the same way as for the linac 
quadrupoles (see 3.4.8) and are constructed in a very similar manner. The main 
differences between the linac quadrupoles and the beam matching quadrupoles are 
the larger apertures (2½ in, 3 in and 3½ in diameter) and the smaller gradients 
of the latter. The beam m~tching quadrupoles have gradients in the LEDS of 100 to 
200 gauss/cm and those in the REDS of 300 to 400 gauss/cm. The magnetic circuit 
design is common to the quadrupoles in both drift spaces; the difference between 
quadrupoles of a particular aperture lies in the number of turns/pole. 

Only electrical tests were conducted on the beam matching quadrupoles in view 
of their relative accessibility and the excellent agreement found between mechanical 
and magnetic axes with the quadrupoles for the linac. These involved investigation 
of the number of turns/pole, shorted turns and insulation to frame. 

Each triplet is powered by a transformer rectifier set with an output LC 
filter. All three elements of the triplets are connected in series, with the 
outer elements adjacent to each other. This enables the outer elements to be 
shunted relative to the centre element or vice versa. Low resistance, wide-range, 
adjustable shunts, using transistors, are employed to g i ve ±15% out-of balance 
control. A description of these shunts can be found in (14). 

3.5.2. ]uncher and Debuncher Cavities 

General R.F. Design 

Both buncher and debuncher are single gap cavities of re-entrant geometry, 
similar to a single unit cell of the linac. Their design was based on published 
data (9) and accurate resonant dimensions, given in Table 3.5.2(1) were determined 
by model measurements at 1000 Mc/s. 

TABLE 3.5.2(1) ]UNCHER AND DE]UNCHER PARAMETERS 

]uncher Debunoher 

Frequency 115 Mc/s 115 Mc/s 

Cavity diameter 41.054 in 41.054 in 

Drift tube diameter 11.084 in 11.084 in 

Drift tube profile radius 2.590 in 2.590 in 

Cavity length 11.309 in 25.774 in 

Gap length 0.805 in 3.290 in 
(with grid) (no grid) 

Drift tube aperture 2.250 in 3.937 in 
diameter (aperture through 

grid) 
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In the design of the buncher, a high value for the ratio of shunt impedance 
to Q-factor was sought because the buncher has an artificially loaded Q-factor to 
give good electrical stability. At the same time a short axial length for the 
buncher is required because of space restrictions in the LEDS. 

The debuncher power requirement is such that it is not practical to reduce its 
Q-factor artificially and so a high value shunt impedance was chosen. For both 
cavities a reasonably small diameter was desirable. The theoretical figures for 
the power requirements are given in Table 3.5.2(II). 

TABLE 3.5.2(II) BUNCHER AND DEBUNCHER THEORETICAL 
POWER REQUIREMENTS 

,_..,._ ___ - ---- -- ------------r----------.--------- ----. 

Buncher 
- - ------ - - -+---------+---

Peak energy change of proton 

Peak gap voltage 

Q-factor (unloaded) 

Q-factor (loaded) 

Cavity r.f. dissipation 

Total r.f. power required 

Proton drift distance from the linac 

Tuners 

21 keV 

22.8 kV 

26,200 

920 

177 W 

5,040 W 

1.44 m 

Debuncher 

200 keV 

230 kV 

35,100 

-
6,030 W 

6,030 W 

10.7 m 

Adjustment of the gap length by moving one of the half drift tubes provides 
course tuning of each cavity. The r.f. connection of the adjustable half drift 
tube to the cavity end wall is by a convoluted copper diaphram. The buncher has 
two fine tuners, similar in design to those in the linac, one of which can be 
operated remotely. The debuncher has a single fine tuner which is servo-operated. 
The servo error signal is derived from the phase comparison of r.f. signals from 
the cavity and its feed line, in a coaxial cable rat-race phase bridge. 

R.F. Feeds 

Each cavity is fed with r.f. power from a pick-up loop coupled to the linac. 
This m~thod of feeding the cavities is preferable to coupling from some point in 
the linac drive chain, since it ensures that the drive to each cavity maintains a 
constant phase relationship with the linac fields. The drive level can be adjusted 
by varying the pick-up loop penetration in the linac and similarly the feed loop to 
each cavity can be adjusted to give an r.f. match to the feed line. Phase 
adjustment is achieved by a line stretcher and the r.f. match can be monitored by 
a reflectometer. 

Mechanical Construction 

The debuncher cavity is similar in construction to the linac, being fabricated 
from copper sheet riveted to a framework of stainless steel ribs. The buncher is 
constructed from¾ in copper plate, rolled and welded with internally machined 
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surfaces. The end faces are also of copper plate backed by stainless steel ribs. 

Both cavities have separate vacuum envelopes; the debuncher has domed end 
walls but the buncher bas flat end walls to minimize tbe overall length. Both are 
pumped with single 9 in mercury diffusion pumps. 

Operation 

Only the buncber cavity has been operated at high power. This cavity is 
suffering from multipactor troubles at the present time, in spite of the use of a 
d.c. bias. The bias, of up to 3 kV, is applied to one cavity end wall, which 
makes r.f. connection to the cylindrical wall through a capacitive joint insulated 
by 0.010 in polythene sheet. 

One cause of the trouble may be r.f. field leakage from this joint into the 
cavity - vacuum vessel interspace. If the bias suppression of multipactor proves 
unsuccessful, the buncher surfaces will be coated with carbon black. The 
debuncher cavity, which is to be commissioned early in 1963, is also designed to 
have d.c. bias in the same manner. 

3.5.3. Steering Magnets 

Beam steering facilities are provided at the output end of the linac, (14), 
using four magnets (M1 to M4), and at the inflector using two magnets (M5 and M6)• 

The system consisting of M1 to M4 is designed to align any matched output beam 
from the linac with the theoretical beam line. The requirements of minimum axial 
length and momentum resolution are self consistent and consequently the system was 
designed to occupy not more than about 1 m of flight tube. The magnets Mi and M3 
steer the beam vertically and M2 and M4 steer the beam horizontally. 

The magnet design can be seen in Fig. 3.5.3(i) and the magnet parametersare 
given in Table 3.5.3(1). 

Fig. 3. 5. 3(i) Steering magnet design. 
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TABLE 3.5.3(1) STEERING MAGNET PARAMETERS 

GNET 
M1 M2 M3 M4 P.ARAMET~ 

EQl!i! S!iipar 5!,:t ions a (cm) 8 8 5 5 

PQl~ fid t hs b (cm) - 16 16 10 10 

Ecle Lengths C (cm) 20 20 15 15 

Mag;n!;l t W:i dtg1 i (cm) 40 40 25 ~) 

Magnet H!i,'! i gl;!,t1 e (cm) 20 20 15 15 

Arnnere- Turns 8,210 6,850 6,360 6,140 

Flux Dens it;y (kgauss) 1.29 1.075 1.6 1.54 

'.['.ct~l C2U Areljl. : 
2 (cm) 50.3 44.2 41.0 39.5 

;\:Q~er Consumption (W) 260 200 125 120 

f::ppr oximate Weight (lb) 240 240 200 200 

At the inflector, magnets M5 and M6 allow the beam to be steered vertically. 
Horizontal steering can be achieved at this point by means of remotely operable 
shrmts on the first two sector magnets of the inflector. 

The magnets are constructed from Super Hiperm Magnetic Iron which has a low 
remanent field and they can give field strengths up to 2 kgauss in either direction. 
A specially developed transistorised power supply, Fig. 3.5.3(ii), is used to power 
the magnets. The supply is current stabilised at all settings and is continuously 
variable through zero between +15.A and -15 A. 

3.5.4. Inflector 

For injection into the synchrotron ring, the 15 MeV beam from the linac must be 
turned through an angle of 25° onto a line parallel to the central equilibrium orbit 
(Fig. 3.5.4(1)) without introducing appreciable energy resolution (16). To permit 
continuous injection of up to 300 turns into the magnet ring and to avoid excessive 
loss of circulating beam the last part of this deflection is achieved by means of 
an electrostatic element (E5 in Figure 3.5.4(1)) with a mean radius of 6 m and a 
field of 55 kV/cm. To achieve a beam path clear of obstructions on to the required 
injection radius, the electrostatic element is preceded by a magnet. A suitable 
magnet has been designed (16), and is shown as E4 in Fig. 3.5.4(i). 

In order to inject the beam using these last two elements, it is necessary to 
deflect the beam from the linac beam line through an angle of 11.5° towards the 
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synchrotron. The simplest solution would be to produce this deflection by a single 
element but investigation of the resulting momentum resolution showed that this 
would result in an effective increase in emittance of about 48%. As this is not 
acceptable it was decided to design an achromatic system. This consists of four 
sector magnets followed by the electrostatic element. 

The magnets El, E2, E3 and E4 have apertures 9.25 cm vertically by 14 cm 
radially and have fields of 8, 8, 8 and 5 kgauss respectively. It was found possible 
to shim t hem to give jBdl proportional to radius to within ±o.02% over a required 
good field aperture of 8 cm vertically by 4 cm radially. This was achieved by 
shimming first to give constant field in the central region of the magnet and then 
adding end shims to give an effective length proportional to radius. 

Since the injection radius is not yet known precisely the system has been made 
adjustable so that the beam may be injected from any position from the edge of the 
good field region to up to 4 in inside the good field region. 

Investigations of the focal properties of the system showed that emittance and 
momentum defining facilities could also be incorporated. The defining apertures 
provided will allow the definition of 'pencil' beams which can be used during the 
corrnnissioning of the synchrotron and also of matched beams (17) during normal 
operation. 
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3.6. Other Injector Facilities 

3.6.1. Beam Monit oring System 

The beam pulse can be monitored at 12 points along the injector by means of 
toroidal beam current transformers (B.C.T.s) AI>.y three of these may be selected 
and displayed simultaneously on a suitable oscilloscope either in the injector 
control room or in the main control room. The system is shown in Fig.3.6.l(i). 

The beam intensity is measured by an amplitude reading which is compared with 
a current pulse (calibration pulse) of !mown, adjustable, amplitude which can be 
switched into any of the B.C.T.s. 

The monitoring sequence isa

balanced 
B.C.T.- -•head amplifier 100 0 

line selector box-... 

.-.. calibration box (No. 1, 2 or 3) ~ oscilloscope 

(a) B.C.T. a 

T~ese consists of Selected Grade Mumetal (µ 0 > 50,000) cores 6.5 in o.d,, 
4.5 in i.d. x 1.5 in x 0.004 in. One type, for long pulses, is wound with 100 turns 
and a second type, with high sensitivity for short pulses, is wound with 10 turns. 
The turns are evenly distributed around the core, which also has 1 turn carrying 
the calibration pulse. Magnadur rings, diametrically magnetised and opposing each 
other are used each side of the current transformers for electron suppression. 
(Fig. 3.6.l(ii)). 

(b) Head Ampl i f i ers 

These are situated near the respective current transformers and provide the 
necessary low load impedance for the transformers. They have low impedance 
outputs to f'eed 100 O balanced cable to the injector control room and the main 
control room. The units are fully transistorised with two switched gain settingsa-

Low gain, 1 mA input (100 mA beam current) •- ► 10 V output across 
100 0 

High gain, 0,2 mA input (20 mA beam current)-10 V output across 
100 0 

A self-contained battery operated Yersion is available for "Faraday-Cup" 
monitoring with switched settings of 10 µA, 100 µA or 1 mA input, with an input 
impedance of 10 k O giving a 10 V output ac:-oss 100 0 • 

(o) Selector Box 

This is situated in the injector control room and contains uniselectors, for 
selection of transformers and routing of the calinration pulse and also has 
balance to unbalance pulse transformers. It provides manual control of transformer 
selection either in the injector control room, using calibration box No.l or 2, or 
in the main control room using calibration box No.3. 
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(d) Calibration Boxes (No. 1, 2 and 3) 

These contain transistor circuits for delayed triggering and for the generation 
of the calibration pulse. The controls provided give -

Control of the calibration pulse currents; direct reading of the beam 
amplitude by a meter; variation of the calibration pulse time delay with 
respect to a standard trigger pulse input; control of the pulse lengthJ 
3-channel selection of the B.C.T.s; selection of the calibration pulse 
route; monitor outputs; and fault and warn indication using uniselector 
operation indicators. 

The calibration pulse characteristics are -

Amplitude continuously variable (4 ranges) 

Accuracy 

Pulse length 

Delay with respect to the input trigger 

10 fJ,A to 100 mA 

±-;1, 

100 µ s or 2. 5 ms 

10 µ s to 10 ms • 

The response of the complete system to a 2 ms rectangular beam pulse is 
limited by the amplifier output stage and the balance/unbalance transformer. 
The rise and decay times are less than 2 µ s and the pulse droop is not 
greater than 5%. 

Operational Experience and. Projected Future Development 

The system has been developed steadily since it was first used some two years 
ago. Points of particular interest are:-

( i) 

( ii) 

( iii) 

(iv) 

zener diode stabilisers in each head amplifier to eliminate inter-toroid 
coupling when using one central power supply, 

symmetrically disposed windings and external magnetic screens at the 
B.C.T.s to reduce the effect of external magnetic fields (50 c/s), 

gold-plated uniselector contacts for improved low level operation, 

magnetic screening of the balance/unbalance transformers. 

To date, no trouble has been experienced from radiation damage to the head 
amplifiers and even with prolonged operation at full beam intensity, adequate life 
is anticipated. (Deterioration of the head amplifiers does not affect the accuracy 
of the measurement). 

Measurements of beam current pulses with intensities less than 100 µA can be 
taken on any of the B.C.T.s and intensities of less than 10 µA can be monitored 
where magnetic screens have been fitted. 

Modifications are in hand to improve the speed of the system. It will then be 
possible to monitor beam pulses of 300 ns with rise-times of the order of 100 ns. 
Tbis accuracy is adequate for timing purposes. 
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3.6.2. Timing Facilities 

A comprehensive fully transistorised timing system 'is proposed for the 
injector. This will allow maximum flexibility for experimental and commissioning 
purposes and apply minimum restriction to the main machine. The system has not 
yet been finalised but most of the basic units have been in use for some time. 

The system uses pulses from the magnet field integrators, to provide timing 
information for 'acceleration cycles', and pulses derived from the main alternators, 
to enable parts of the injector to be run at multiples of the magnet pulse 
repetition frequency. 

A description of the system is given in (18). 

(a) Master Timer 

The master timer, controls the gating ·of the pulses from the field integrators 
and from a counter chain locked to the magnet timer circuits. Provision is made 
for synchronised, single-shot operation of the magnet/injector (i.e. one magnet 
cycle synchronised with continuous pulsing of the injector) and for normal, 
unsynchronised, single shot. The master timer also contains a pulse generator for 
injector operation without the magnet. 

(b) Delay Boxes 

The delay boxes provide accurate, jitter-free, directly calibrated delays 
which are required for correct sequential operation of the injector equipment. 
Three independant delayed outputs are derived from each of four inputs. The delays 
introduced are directly proportional to the potential difference from the slider 
of a helipot, which is fed from a stabilised supply to earth. This approach was 
adopted to reduce to a mini.mum, the number of pulses interchanged between the 
injector control room and the main control room. The delays can be adjusted in 
the injector and main control rooms and by using a portable extension box in 
either control room. 

The specification for the delay boxes is as follows:-

Input pulse - posit i ve going, 20 V ± 3 V, rise time < 1 µs, pulse length 5-50 µs, 
input impedance 10 kO ± 5%, (or, with the remote input pulse monitor connected, 
5 k O ± 5%), minimum trigger level 10 V. 

Output pulse - positive going, 20 V ± 0.5 V, rise time < 1 µs, pulse length 
10 µs ± 2 µs, output impedance } 1000 , decay time 5 µs ± 2 µs. This is the 
standard trigger pulse used throughout the injector timing circuits. Delay and 
jitter on the 10-100 µs range and the 100 µs-1 ms range i s ± 0.1 µsJ on the 
1 ms-10 ms range it is ±1 µs. 

(c) Extraction Trigger Control 

Using the standard trigger pulse, the extraction trigger control provides the 
following facilities: 

(i) Square pulse of defined length, 20 µs-2.5 ms (main extraction trigger), 
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( ii) Square pulse of defined length, 20 1-1 s-200 µ s (pilot beam trigger), 

(iii) Selection of (i) and/or (ii) as required, 

(iv) Premature termination of the extraction pulse (beam 'axe') 

(v) Suppression of (i) (extraction 'lock-out•) 

(d) Light Guide System 

The light guide system is described in section 3.3.4. 

Monitor channels to the Main Control Room 

In addition to the monitoring and timing facilities already discussed, it is 
proposed to use a number of emitter follower units in the injector control room to 
provide low impedance circuits to the main control room. These unite will have 
the following characteristics:-

There will be six channels (5 emitter followers and 1 direct link), 

Input impedance ~ 100 kO for normal input and ~ 50 kO for fast input, 

Output impedance - low (dependant upon input resistance). 

Gain from the injector to the main-control room will be 0.5 (adjustable over 
a small range) ; 

With a 2 ms pulse, the rise and decay times for normal input will be a 2 µs, 
with fast input ~ 0.1 µs; 

Droop i 5'fi. The maximum input pulse amplitude will be ±40 V with separate 
plug-in boards for each polarity, maximum input d.c. level, ±350 V. 
Connection to the main control room will be via a 1000 terminated cable. 

3.6.3. Auxiliary equipment 

Auxiliary equipment for the injection system is discussed in the relevant 
sections elsewhere in this report, 

Injector vacuum system 

Injector control system 

Injector vacuum controls 

Injector auxiliary plant 
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3.7. Beam Experiments 

3.7.1. Emittance Definition in LEDS 

A system of quadrupole triplets and defining apertures was set up in the LEDS 
with a view to defining the emittance (phase-space characteristics) of the beam 
entering the linac. The experiment confirmed the theoretical predictions of 
displacement acceptance but revealed a discrepancy as far as divergence is 
concerned. This will be investigated further. 

3.7.2. Momentum Analysis 

Momentum analysis of the 15 MeV beam has been carried out using one of the 
sector magnets which is used in the inflector system, L~ a temporary set up. The 
magnet is a 50°, 70 cm radius element, which, used with 1 n:nn wide slits, gives a 
resolution of about 40 keV. 

A series of momentum spectra, taken at different field levels, is shown in 
Fig. 3.7.l(i). The graphs (a) to (f) may be compared with the spectrum computed 
for, a 30° synchronous phase angle, shown in graph (g), and satisfactory agreement 
can be seen with the spectrum obtained at a 7.8 V monitor pulse height. 

The way in which the momentum distribution should vary with field level can 
be deduced from Fig. 3.7.l(ii). This shows the computed energy-phase distribution 
of protons at the linac output and is for 30° synchronous phase angle, giving 2.65 
linear phase oscillations. The effect of changing the linac field level is to 
change the number of linear phase oscillations and effectively to produce a 
rotation of the energy-phase curve. For example, for a integral number of half 
linear phase oscillations the momentum spectrum would have a strong central peak, 
while for an odd number of quarter phase oscillations it would have two prominent, 
widely spaced peaks separated by a plateau. These expectations are in broad 
agreement with the observed spectra. A similar set of spectra obtained for various 
linac field tilts show that the predominant effect of field tilting on the momentum 
distribution is also one of a change in the number of phase oscillations. 

3.7.3. Emittance Measurements 

A series of measurements of the emittance of the 15 MeV beam is being carried 
out in the REDS. Information which relates the output emittance to the settings 
of the linac quadrupoles, is required before the tank focusing can be set 
correctly. 

Because of limited aperture in the HEDS flight-tube, the normal method of 
measuring emittance with two movable slits is not feasible. A system has been 
worked out, see Fig. 3.7.2(i), using a steering magnet and a fixed central slit, 
to replace either or both of the movable slits. This system overcomes the aperture 
limitation sufficiently. 

It can be shown that on the phase space diagram at the output end of the linac -

(i) , the lines corresponding to a constant value of •~ ~ (pee Fig. 3.7.2(i)), 
have a slope of 1/£1 and cut the Q axis at -a¼~1t 3 

(ii) the lines corresponding to a constant value of magnet current 'I', have 
a slope of - 1 and cut the r axis at - KJ..£

2 l1+l2 
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Charts have been prepared for both the horizontal and vertical planes on which 
the beam extinction settings of "d" and "I" can be plotted to give the linac output 
beam emittance diagram directly. Using the same equipment but a modified technique 
it is possible to plot current density profiles in the linac output phase space 
ellipse. 

Further work remains to be done on the BEDS emittance measurements and on 
setting up the linac quadrupoles. 

3.7.4. Radiation Survey 

Fig. 3.7.3(i) is a map showing some observed gamma and neutron levels. The 
levels appear fairly reproducible, but the neutron flux, obtained from measurement 
of induced activity in Indium foils is subject to variations from run-to-run which 
are not at present properly understood. As far as possible, all surfaces in the 
HEDS, which are intentionally introduced so as to intercept the beam are of graphite, 
whose p-n production threshold is approximately 18 MeV. The drift tube bores from 
drift tube No.35 upwards are also lined with 1 mm thick graphite sleeves. Provision 
has been made to line the remaining drift tubes at a suitable opportunity. 

At present levels of operation the integrated dose is nowhere excessive but 
when the injector is running at its design current and at full duty cycle, the 
neutron levels are expected to exceed tolerance in the vicinity of the 15 MeV beam. 
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SECTION 4 

MAGNET AND ASSOCIATED SYSTEMS 

The Nimrod magnet is made up of eight sections (octants) separated by nominally 
field-free regions (straight sections).) The magnet yoke of each octant c9ntains 
42 sectors. Early design information\1 and a description of the sectors~ 2J are 
already ava~lable. Details of the foundations for the magnet ring are also 
published(3). 

4.1. Sector Testing 

It can be shown that azimuthal variations of the guide field, Bz, lead to 
variations in the radial position of the proton closed orbit in the machine. 
This is equivalent to a loss of radial aperture; e.g. a first harmonic variation 
of Bz with amplitude B 4 leads to a loss of radial aperture of 
l . h ~ = rnc • ~ 4 z 10 

Each magnet sector was therefore compared with a reference sector on receipt 
from the manufacturers to determine the following characteristics:-

(i) Value of remanent field 

(ii) Relative values of field produced by current in the energising coils 
at values of field in the gap varying from 200 to 14,000 gauss 

(iii) Eddy current effects. 

The electronic measuring equipment(4) the 
power supply have been described elsewhere{5). 
about sixteen months. 

4,1,1,Results of Testa 

model (see Fig. 4.1(i)) and its 
The measurement programme took 

Variations in the value of the remanent field and hence the value of gap field 
at low pulsed fields were the most noticeable. Fig, 4,l(ii) shows the value of 
the remanent field plotted against the order in which the sectors were manufactured. 
It is very noticeable that early sectors had a very much higher remanent field 
(up to 24 gauss) than later sectors, This was due to the fact that it was not 
possible to manufacture the whole quantity of steel in one batch and randomise 
completely. The 8teel which had been annealed early in the programme was the cause 
of the high remanence and was present in sectors up to about number 245. 

The largest variation in relative field at low fieldo was direct ly due to 
variations in remanent field values. This is shown on Fig. 4,l(iii ) which has 
a band containing the result of plotting relative fields at 200 gauss against 
remanent field. The 'width of th0 band was about 1.3%, or 2.6 gauss, compared 
with a remanent field band of 12 gauss. This graph also shows the interdependance 
of remanent field and low field permeability; viz, sectors with high remanent field 
have low permeability and hence relatively low pulsed field values at low fields. 

There were differences in remanent fields measured for a given sector with the 
high and low d.B/dt at low fields. In general the remanent fields of all sectors 
were lower with the higher dB/dt, and sectors with low remanent fields were 
depressed more at the higher d.B/dt. 
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An at t empt to measure eddy current effects was made using a saturating choke 
to vary dB/dt at 200 gauss. No variations in relative field outside the measurement 
accuracy were found for the two rates of rise. 

The relative variation of gap field at 10 kilogauss is shown in Fig. 4.l(iv) 
and that for 14 kilogauss in Fig. 4.J(v). There was only slight correlation 
between gap field and sector weight (i.e. magnet cross-section or flux density) at 
14 kilogauss. Polepieces on the test model with larger radial extent would have 
been an advantage in showing up high field permeability effects. 

4.1.2.Distribution of Sectors Ar ound Magnet 

In order to prevent delay in placing sectors in correct positions on the 
monolith, allocation of sector positions as a result of the tests were made 
continuously as testing proceeded. End-of-octant sectors were chosen as those 
with good high field results and large weight since the end sectors were required 
to carry more fringe flux at high fields. Sectors were also required here with 
good mechanical shape i.e. constant width with radius along the gap. Eight sectors 
with similar properties at low fields were then allocated the same relative 
positions in each octant. Batches of eight sectors were then continuously allocated 
in such a way as to keep the total relative field in each octant and with equal 
distribution within a quarter of each octant. As described above the largest 
variation was at 300 gauss but a similar check on total field was kept at 600, 
10,000 and 14,000 gauss. As an added insurance, at high fields the total weight 
per octant was equalised. The difference in remanent field for the different 
dB/dt values was also equalised. 

The results of th is exer cise were gratifying. At 300, 10,000 and 14,000 gauss 
the average error per octant was adjus ted to be lower than the accuracy of 
measurement (a few parts in 104). The total variation in octant weight was 12 
hundredweight or about 0. 1%; indivi dual sectors varied by as much as 4 
hundredweight. 

4 - 2 



Fig, 4, l(i) Magnet model IV used for sector comp;:irison, 
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4. 2 ~· Main Coils 

During the early part of 1962 the installation of the longitudinal conductors, 
end conductors, and all the s teel work connected with the octant and magnetic 
shielding was completed. 

Clamping of the longitudinal conductors and end conductors is achieved by 
means of air bags pressurised to 25 lb/in2 • Three narrow bags stretch the length 
of the throat longitudinal conductors, and are placed between the upper and lower 
sets of conductors. These bags clamp the conductors against the lo.war and upper 
faces of the coH aperture. Two wide bags in front of the conductors press the 
conductors back into the throat of the magnet. A similar arrangement is used for 
the lip conductors. 

The end conductors are h~ld by air bags also. Three narrow bags clamp the 
conductors in a vertical direction, and one wide bag clamps them in a horizontal 
direction. 

To allow for coil movement (and end conductors) due to temperature changes, 
e.g. when the coil cooling water drops below a pre-determined figure, hydraulic 
jacks used as stops could be operated to allow the end conductors to move inwards, 
after the vertical air bags had been evacuated. 

A good deal of trouble was experienced in the operation of the jacks, oil 
leaks, sticking rams etc., and the jacks have now been replaced by solid paxolin 
packers, which can be released manually when required. 

During the early stages of the pulsing various movements of the conductors 
where measured. The maximum amount of movement observed was at the ends of the 
upper lip conductors which at each pulse had an upward movement of the order of 
18 thou. 
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4.3. Main Polepieces. 

4.3.1. Design and Measurements 

The main Nimrod polepieces are designed from the basic ideas detailed in 
(6). Briefly, saturable 'fins' are used at the radial edges of the 
polepieces in order to reduce the total flux to be carried by the magnet sectors at 
high gap fields. A design was chosen· to save about 5% total flux at peak field. 
The aim was to obtain 36 in of usef~l field at injection and 14 in at peak field 
by using shims at both low and high f~elds. 

For ease of construction of the poles, the shape of the laminations as used 
on small-scale poles was changed somewhat. The 'inner' lamination was made with 
the same profile as the 'outer' lamination except for the working profile (see 
Fig. 4,3(i)). To attain a pole with an effective fin corresponding to an 1f 1 of about 
0.32 (f is the ratio of the amount of steel in a fin to the amount of steel if it 
were solid) boles were cut in both laminations. The boles were so arranged as to 
arrive at an effective pole at high field which was similar to the shape of the 
earlier 'inner' laminations. Since the flux in the fin when saturated has a 
direction corresponding to about 45°, matching of the saturation effects due to an 
f of 0,32 fin, requires an f ~ 0.25 in the crenellated region of the correction 
shims. (Then-values for an uncorrected pole are shown in Fig. 4,3(ii)). The 
inner lamination was .020 in thick 4% silicon steel; the outer was ,030 in thick 
1% silicon ~t~ei8) The high field(c~rrection shims were designed with the aid of 
emall-scale\7) l and full-scale 5) models. The basic method of correction is 
given in (6). If the height of the shim on the inner hidden lamination is 

d, the effective height of shim is d(H/B0 ), H being the field in the saturating 
steel and B0 the flux density in the magnet gap. Sllnple shrn theory is used to 
predict the corrections. In our case a match cannot be made (above about 
10 kilogauss) between the correction due to the shims and the error inn as field 
varies. Three types of laminations with shims of different height are therefore 
used; the shallow recess corrects up to about 10 kilogauss, this lamination starts 
to saturate forming a crenellation with a different f value (~0.32) and gives a 
correction due to the shim on the medium recess lamination. This gives correction 
up to about 13 kilogauss. This lamination in turn begins to saturate giving a 
third f value with correction due to the shim on the deep recessed lamination. 
The corrections due to the three different f values are additive. The necessary 
f-values are obtained by adjusting the numbers of the different types of lamination. 
Correction of the base line of n is required at high fields; for this reason there 
is a superimposed sio~e on the medium and deep recessed laminations as described 
by the Saclay groupl9J, A more detailed report on the design of the polepieces 
will be published later. 

The design of the low field shims is based on (10). The field shapes 
at low field levels for the production poles when measured on Model V are shown in 
Fig. 4,3(iii). The high field shapes are given in Fig. 4,3(iv). It can be seen 
that the correction at the higher fields is not particularly good. This is thought 
to be due to differences in steel and incorrect allowance for packing factor on 
extrapolating from bolted up poles to bonded poles. For this reason and because 
of octant end effects discussed in section 4,4, Mark II poles were designed. 
These were made from laminations of the same profile but with different ratios of 
the various laminations (see Fig. 4,3(v)). The field shapes for these poles as 
measured on Model V are given in Fig. 4,3(vi)~ 
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0·020 IN. THICK LAMINATION 
(NOTCHED) 
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DEEP RECESS (NOTCHED) 

0·030 IN. THICK LAMINATION 
SHALLOW RECESS (UNNOTCHED) 

Fig, 4, 3(i) Polepiece laminations. 
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THIS SEQUENCE REPEATED 

MARK I ( MIDDLE 2 8 PAIRS 
PER OCTANT) 

CROSS SECTION 
AT CENTRE OF 
POLEPIECE 

MARK TT ( OUTSIDE 12 PAIRS PER 
OCTANT- 6 EACH END) 

Fig. 4. 3(v) Polepiece lamination arrangements. 



l•O 

•8 

·6 

·4 

·2 

o 5 ·07 KILOGAUSS 
k 6·76 KILOGAUSS 
D 8 ·44 l<ILOGAUSS 
4 10•13 KILOGAUSS 
V 11 · 82 KILOGAUSS 
+ 13· 5 I KILOGAUSS 
K 14•36 KILOGAUSS 
o I 5•20 KILOGAUSS 

o......._ __ ..._ __ ~ __ ....._ __ ......_ __ ....... __ ....... _____ __,.._ ____ _ 
14 16 18 20 22 24 26 28 30 32 

DISTANCE FROM FRONT EDGE OF POLEPIECE (INCHES) 

Fig. 4. 3(vi) n values for Mark II polepieces on Model V. 



The field shapes for the main poles measured during the Nimrod magnetic survey 
(see Section 4.6) are shown in Fig.4.3(vii), 4.3(viii) and 4.3(ix), these show that at 
low fields there is greater correction than on Model V. This is most probably due 
to the difference in energising coil configurations and the difference in the amount 
of magnetic materials around the coils in the two cases. At high fields, too, 
there are differences between Model V and the Nimrod magnet. These are probably 
due to end effects of Model V which is only 7 sectors long. 

4.3.2.Manufacture 

Each of the 336 magnet sectors is fitted with a pair of polepieces which are 
positioned between the inner and outer vacuum vessels and support the thin wall 
of the outer vessel against atmospheric pressure. Special polepieces are used on 
the end sectors of each octant to achieve the required magnetic field distribution 
in the straight sections. The assembled main polepiece is approximately 48 in long, 
6 in deep and 13½ in wide and is built up from approximately 450 laminations 
(0.020 in and 0.030 in thick) with a¼ in thick guard or reinforcing plate on each 
side of the stack of laminations. It weighs about 800 lb. Each lamination is 
insulated from its neighbours, the insulation being a 0.002 in layer of epoxy resin 
adhesive, bonding the whole assembly solidly together. These glued joints reeist 
the disruptive magnetic forces. 

The guard plates are of a low silicon electrical quality steel identical to 
that used for the magnet sectors. The thin (0.020 in) laminations are a high 
quality transformer steel, about 3,5% silicon, with high permeability at low flux 
densities, whereas the thick (0.030 in) laminations are a low silicon steel with 
high permeability at high flux densities. 

The polepieces are assembled with alternate thick and thin laminations in the 
ratio; 2 thick, 1 thin, 2 thick, 1 thin, etc. It was necessary to hold all the 
material in stock so that complete "shuffling" could take place prior to cutting 
to shape, to ensure a uniformity of magnetic properties in all polepieces which 
were produced in "matched" pairs. In addition, the laminations bad to be cut and 
assembled in such a way that effects of taper and "crowning" of the rolled sheets 
were minimised and uniformity of thickness of assembled poles from start to finish 
of the production run were maintained. 

The quarter million or so laminations had to be produced to very fine 
dimensional tolerances and variation of profile from lamination to lamination did 
not exceed 0.004 in. The laminations have a network of holes and slots arranged 
to achieve the required magnetic field. The general process of manufacture was to 
shear to overall size, pierce the holes, deburr, degrease, anneal, sort into pairs, 
blank profile, deburr, inspect, degrease and prepare the surface for adhesive. For 
the assembly, some very massive and rigid assembly jigs were designed and poles 
were assembled, prior to glueing, in a special clean conditions assembly room. 
A guard plate was first laid in the jig followed by a layer of adhesive, a lamination, 
a layer of adhesive, etc., all in a carefully controlled sequence, controlling 
weights as assembly progressed, until the complete stack was assembled. A slight 
modification to the assembly sequence was allowed over the last few laminations 
to permit the weight tolerance of ±1% to be achieved. 

The whole assembly, complete in the jig, was then lowered into one of three 
specially designed curing ovens and subjected to a carefully controlled pressure 
to ensure dimensional correctness as the adhesive became fluid when subject to the 
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curing heat. The heating cycle was also very carefully controlled and ooneisted of 
approximately 3½ hours to beat to 158°c, held at this temperature for 4½ hours and 
then allowed to cool over a further 6/7 hours. 

After cooling, the assembled pole was carefully cleaned of surplus resin. A 
small amount of machining of a taper on the guard plates was completed on a milling 
machine and the pole was then subjected to an exhaustive range of insulation, 
dimensional and strength teats. When passed final inspection poles were packed, 
two pairs in a specially designed transport box, and transported to Nimrod. 

The production of the poles, including the very extensive development period 
when manufacturing techniques were established and final profile shapes were worked 
out(from a very limited number of experimental poles)occupied a period of 24 months. 

Liaison was necessary at all times with the manufacturers and an elaborate 
series of manufacturing specifications were produced to cover each stage of 
production in great detail. 
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4.4. Straight Sections 

In the design of the straight sections and octant ends, the magnetic fields 
oan no longer be taken to be two-dimensional. The design had to ensure, 

(i) That the field in the straight section would be reduced to such a 
value that it would not have too much effect on secondary beams 
scattered from a target near a straight section 

(ii) That the field from the magnet would not decrease the permeability of 
the ferrite in the r.f. accelerating cavity and that the ferrite would 
not distort the magnet field shape 

( iii) That the effective length of the octants would be as near to the 
theoretical length as possible at all field levels 

(iv) That the field shape at all field levels would be reasonably correct. 

The three main components of the straight sections are straight section 
boxes, coil sbi~lding and end pole-pieces. The following designs were established 
using Model 111(8) and Model VI(ll). Model VI bad the same coil configuration as 
the main Nimrod magnet. 

4.4.1, Straight Section Boxes 

There was some distinction between the long (14 ft) and short (11 ft) straights. 
The design of the long straight boxes was dictated mainly by the requirements of the 
r.f. oavityJ the infleotor box was the main influence on the short straights. To 
provide good shielding of the straights mild steel boxes were chosen and the 
thickness of material required on the faces of the boxes was determined on Model III. 
Measurements of field gradients in the boxes showed thnt there was little difference 
in the field shape for the short and long straight oases. The flux densities 
measured on Model VI with a dummy r.f. cavity box with 2 in thick faces are shown 
in Fig. 4.4.1 (i). In order to get scattered particl es from internal t argets as 
near as possible to the forward direction, the outside edges of the working ends 
of soma qf the boxes were out baok, the steel being replaced as shown in 
Fig. 4.4.1 (ii). 

4.4.2, Coil Shielding 

The coil shielding is arranged to cut down the fringing flux from the main 
magnet coil and is shown in Figs. 4 .4 .1 (ii ) and 4 .4. 2 ( i). The flux densities as 
measured in Model VI are also shown on Fig . 4.4.2 (i). 

4.4.3. End Pol epieces 

End polepieces were designed using Model III and Model VI. Measurements on 
Model Ill were made to ensure that the effective length of the octant would be 
approximately correct and thnt it would not vary with field level. (Provided that 
all octants are the same length, an error in effective length of a few inches is 
permissible). A pole which was tapered azimuthally was usedJ to obtain optimum 
conditions, a taper into the second polepiece would be required. The resultant 
shape of pole was used on Model VI. By suitably subtracting effects due to the 
poles on Model VI, the effects on field shape of the ends of an octant were 
predicted. These are shown in Table 4.4.3(1). 
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TAJ3LE 4.4.3(I) 

Effective error in average 'n' due to octant end effects 

Field Distance from outeide of pole (inches) (kilogauss) 

16 18 20 28 30 

10 .08 .13 .11 -.04 -.13 

12 .11 .17 .13 -.09 -,24 

13 .15 .19 .13 -.11 --37 

14 .16 .19 .13 -.11 --47 

It can be seen that this gives an appreciable error in n in the operating 
region. Some correction could be achieved by crenellating the end polepiece. A 
sample was made from¼ in thick laminations with crenellations as shown in 
Fig. 4.4.3(1) and measurements on Model III (see Table 4.4.3(II)) indicated that 
it was worthwhile using crenellations on the end polepiece. 

TAJ3LE 4.4.3(II) 

Effective correction in average 'n' due to end polepieoe crenellation 

Field Distance from outside edge of polepiece (inches) (kilogauss) 

16 18 20 26 28 30 

8 .04 .02 .01 0 0 -.01 

10 .04 .02 .01 -.01 -.02 -.03 

12 .05 .05 ,03 -.03 -.06 -.07 

13 .05 .06 ,03 -.03 -.07 -.08 

14 .08 .06 .04 -.03 -.07 -.10 

4.4.4.0verall n-correction 

By adding the effects predicted from 28 pairs of Mark I poles, 12 pairs of 
Mark II poles and the end effects, an overall average n-value for an octant was 
obtained '(Fig. 4-4-4ti)). The values obtained during the survey are shown in 
Fig. 4.4.4(ii). The main difference in the predicted and measured values is at 
the inside of the good field region and is due to the greater correction of the 
Mark II poles mentioned in Section 4.3. 

At low fields the effective n at the inside radius at the end of an octant 
was always high, even without inner shims on the end polepieces. This is because 
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the field at this position is influenced mainly by the presence of the gap coils. 
The outer shim was predicted from model measurements. Tapped holes were drilled in 
the end stainless steel plate of the end polepiece to enable correction plates to be 
affixed as dictated by the magnet survey. One¼ in plate was found to be 
neoeeeary, as shown in Fig. 4.4.4 (iii ) due to an overcorrection at the outside 
radius. These were fitted for the rest of the survey. There was still 
overoorreotion of the inside radius, this is not so important since particles do not 
have useful closed orbits at this radius. The overall low field n-values are shown 
in Fig. 4.6.9(1). 

Care was taken with the installation of straight sections to ensure, as nearly 
as possible, oonstant conditions around the magnet ring. 
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4.5. Mechanical Al ignment of Sect ors and Pol epi eces 

4.5.1, Requi rement s 

The mechanical alignment of sectors and polepieces had to meet the following 
tolerances: 

(i) The radial and azimuthal tilt of the polepieces must not exceed.± 0.001 in in 
48 in and 13 in respectively 

(ii) The mean plane (defined by the mid point in height between the poles) must 
lie within a 0.040 in wide band around the whole 150 ft dia. circle, with limitations 
on the number of lobes and steps between adjacent ootants and sectors 

(iii) All poles must be within 0.050 in of their correct radial position and the 
overall lengths of the octants must be correct to within 0.050 in with a limitation 
on changes between adjacent sectors. 

4.5.2, Methods 

The machine alignment was broken down into four stages: 

(i) Stage 1 involved installation and survey of 24 floor reference points defining 
the machine geometry. These 24 points formed a network of 8 triangles and 
12 quadrilaterals. They have been surveye.d 8 times in plan and 32 times in height 
and the height surveys are continuing. 

The survey plan and equipment was designed to ensure that the position of any 
one of the 25 points was known accurately to within+ 0.005 in. From the survey 
measurements plan coordinates were computed, the difference between computed 
coordinates and nominal coordinates showing the error of each datum point. Height 
differences were also subject to a least squares computation, the results giving 
the height of each point in relation to the datum. 

The surveys have shown that the plan position of any one point is known to 
within 0.008 in and its height to within 0.002 in at a confidence level of 95% 

(ii) Stage 2 consisted of setting datum screws and marks on the 336 magnets defining 
the features which were to be accurately aligned. Since the gap of the magnets 
w4ich faced outwards was the only part machined and, for all practical purposes, 
there was no gap between sectors at the inner dia., it was necessary to define and 
reproduce datums at the rear and on top of the sectors which could be seen and 
measured from the octant centre. This operation became almost a production exercise 
with each sector having its datums set in relation to its characteristics in a 
measuring station. 

(iii) Stage 3 was the alignment of magnets in relation to the floor reference 
points. I;n each octant,six sectors, approximately equally spaced, were positioned 
by tape and theodolite using special purpose ancillaries. Heights and tilts 
were obtained using a surveyor's precise level. These principal sectors, when 
positioned, were used as references to "fair in" the remainder. For this a special 
large steel beam was used with a measuring station jig bored for each sector 
position. 

Sector alignment was completed in four months and when complete the heights 
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of all 336 sectors lay between limiting planes 0.02 in apart. The instruments and 
methods used were capable of greater accuracy the larger part of the error being 
du~ to movements of the foundations. 

(iv) Stage 4 was concerned with polepiece alignment and was a temporary installation 
without the vacuum vessel in place to allow the magnetic survey to be carried out. 

All these stages were preparatory to the final task of aligning the polepieces 
inside the outer vacuum vessels within the limits stated above. This final 
installation took ten months (working 12 hours per day, seven days a week) and 
was completed at the end of January 1963. The reference marks on the front of the 
sectors were used as datums for polepiece positioning, a pair of poles was 
installed in each principal sector and the remaining pairs faired in. Heights and 
tilts were controlled optically, direct from the survey height datums. A 
considerable amount of special lifting, handling and alignment gear was designed 
for this operation, which was carried out under clean conditions. 

4.5.3. Results 

The alignment achieved.is shown in Fig. 4.5.3(i). 
these results to the original specification. 

Table 4.5.3(I) relates 

TABLE 4.5.3(1) 

Tilts. Radial and asimuthal. 

Plan 

Specified• * 0.001 in Achieved1 5<:Y/o of all poles within± .001 in 

Radial position. 

Specified1 ± 0.05 in 

8~ II 

95'/o II 

II 

II 

II 

II 

II 

II 

¼ .002 in 

:l: .003 in 

Achieved1 all sectors within± 0.010 in 

all poles (in relation to 
sectors) within± 0.005 in 

All sectors lay on their correct radius within± 0.005 in 

and polepieces are correct to sectors within :l: 0.003 in 

4.5.4. Foundation Movement 

The main reason for the poor results in height was foundation movement. For 
various reasons it was not possible to complete the earth mounding on the roof, 

·which forms part of the biological shielding, until the polepiece installation 
programme was more than one third complete. The effect of the mounding has been to 
"bend" the monolith. It has been shown that the addition of 100 tons is the 
equivalent of 0.001 in deflection, not always however in the place most expected. 
"Spring back" when loads are removed appears to be very much less, perhaps less 
than a quarter of this figure. 

Since the thermal co-efficient of the monolith is approx 7 x 10-6/ 0 c small 
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temperature gradients can cause dishing. Some dishing is also caused by the columns 
carrying the roof. 

Temperature fluctuations of approximately 1°c are normal and probably account 
for the change in height of floor datums when they are measured monthly. These 
height measurements show a flutter of about ± .0.005 in in a random fashion month by 
month. Tilts also vary by about the same amount and it is unreasonable to expect 
the monolith to be more stable than this with the existing temperature controls. 
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4.6. Magnetic Survey 

The survey of Nimrod magnet took place during the period April-August 1962. 
The measurements included 

(i) n-values and median plane height over the entire working area of the machine 

(ii) comparative measurements of-flux density on the equilibrium orbit radius (Ro) 
to examine the symmetry of the machine 

(iii) measurements of the end-field at each gap between adjacent octants. 

A detailed report (4) of the measuring equipment has been published. 

4.6.1. Pulsed Field Measurements 

The quantities mentioned above are functions of the instantaneous field level 
in the magnet gap and therefore, a continuous recording during the rising part of 
the field pulse was required. This recording had to be a two-channel one, whereby 
the magnet quantity of interest was recorded alongside an indication of the field 
level. Because the amount of data to be handled was large, it was decided to 
attempt to record it in the first instance in a form acceptable to a computer. 
A two-channel tape recorder was used, and the½ in tape produced was compatible 
with the IBM 7090 computer. The output from a search coil in a "standard position" 
on Ro in the magnet was put on one channel, to give the field level and a search 
coil designed to be sensitive to the quantity of interest was connected to the 
other channel. The tape recorder sampled each search coil voltage alternately at 
a frequency of 10 kc/s. Each sample was digitized into a ten-bit number which was 
recorded in two write-cycles on the seven-tracks of the tape. The fourteen bits 
per reading thus available were used: ten for the digitised reading, one for a 
label to indicate the channel and the remaining three for parity-checking bits. 

The tape recorder was not of the fast-stop-start variety, because the extra 
cost of such a device was not justified. In order to record a magnet pulse, the 
tape was run up to speed (100 in/sJ run-up taking about 1 s) and then a pulse 
from the tape-speed circuits started the magnet pulse and also the record circuits. 
At the end of the magnet rise a pulse from the power supply timer stopped the 
recorder. A tape would hold about 90 such pulses. 

Subsequently the tapes were fed to an IEM 7090 to process the information. 
The search coil voltages on both channels needed time-integration to arrive at 
quantities related to magnet flux rather than rate of change of flux. Because 
of the density in time of the samples (5 kc/a per channel) a sufficiently accurate 
integration could be achieved by simply forming a running total of the samples in 
the computer. Multiplication of this total by the appropriate constants gave the 
f l ux: dens ity on channel 1 and the quantity of interest on channel 2. In all cases, 
division of channel 2 by channel 1 (simultaneous values) gave a meaningful resul t. 
(For example; inn-measurements, channel 2 carried field gradient information 
oB/or, so division gave Ro/~ oBjdr, Ro being included in the multiplying constants). 
Print-out was programmed at levels 300, 600, 900 and then every multiple of 1000 
gauss up to peak field, which was about 15000 gauss. 

The computer program was arranged to check the parity of the readings, 
rejecting any readings in error and registering a count of errors of various types. 
To eliminate drift of the zero-input reading of the recorder, use was made of the 
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interval between the initiating pulse and the magnet coming on, to establish a zero 
in the computer based on the actual recordings in the two channels. Tb.is zero was 
then used for the rest of tha t record and printed out at the end. Provision was 
made for setting up a four-figure identity which could be written automatically at 
the start of each record, before sampled voltages were recorded. The identity bits 
were written three times at the start of the record, which thus characterized a 
true record from any spurious bits which could be interpreted by the computer as a 
record. The sensitivities available were 40 mV up to 20 V in independent switched 
ranges on channels 1 and 2. The zero could be located either at the negative end 
of the voltage range, or half way, catering for unidirectional or bidirectional 
inputs. 

4.6.2. Remanent Measurements 

The remanent field in the magnet was about 8 gauss, an appreciable fraction of 
the injection field, 300 gauss, and therefore arrangements were necessary to survey 
the remanent field. In most cases this was done by moving a search coil in the 
field and integrating the resultant e.m.f. in an optical servo type flu:xmeter,to 
give the flux change. The flu:xmeter readings were recorded by a digital voltmeter, 
and both printed and punched on paper tape which was processed in a Ferranti Mercury 
computer. An exception to this method of measuring was the remanent median plane 
survey, where a fluxgate saturating strip magnetometer probe was used. For both 
the pulsed and steady field measurements, the search coils were located on paxolin 
trolleys and moved by compressed air cylinders. Rotation of the coils was achieved, 
when necessary, by use of paddle-type air-driven actuators. The search coils were 
formed on ground-marble formers and bonded with marble dust loaded resin. 

4.6.3. n-measurements 

The field index, n , was measured with an opposed coil-pair, sensitive to 
gradients, and not to uniform flux. 

Then-values were taken at 2 in radial intervals and 3 sector {about 40 in) 
azimuthal intervals, all round the machine. The coil-pair was arranged to be 
3 sectors long, so that all the machine area was covered. Then measurements were 
taken to an accuracy of about three decimal places. 

4.6.4. Machine Symmetry Measurements 

The flux-measuring search-coils used for these measurements were again 
3-sectors long, and 2 in wide. In the pulsed field measurements a coil was placed 
in the standard position in the machine and connected in series opposition with 
an exactly similar coil which was carried round the machine. The computer program 
in this case was arranged to give percentage differences in flux density at the 
various machine locations, with an estimated accuracy correct to 0.001%. 

The remanent comparison was made absolutely, to about 5 parts in 104 , using 
a search coil which was turned over in the fiald, indicating the resultant flux 
change on a servo-flux meter. The machine symmetry measurements were made only in 
the octants, and stopped 4½ sectors short of the ends. 

4 - 14 



4.6.5. Effective Length 

The pulsed effective length was measured by placing a long coil of accurately 
known width on the Ro line at the end of the octants. This coil started at the 
point where machine symmetry measurements left off, i.e. 4½ sectors from the octant 
end, and extended to the middle of the straight section. The coil was connected in 
series opposition to a flux coil in one of the standard machine positions and was 
of such a turns-area as to exactly oppose the long coil when the effective length of 
the end 4½ sectors was equal to the geometric length. 

For remanent measurements, a trolley carrying a search coil was arranged to 
follow the path occupied previously by the long coil described above. This search 
coil was indexed 2 in at a time and at each position the coil was rotated through 
180° and the fluxmeter readings recorded. The recording (on punched tape) was 
used to integrate the remanent flux density at Ro over the length of travel of the 
trolley. 

4.6.6. Median Plane 

In order to locate the median plane of a nearly uniform magnetic field, it is 
necessary to use a sensitive, direction-dependent, field-measuring device, which is 
capable of being orientated in the magnet gap with the position of its magnetic 
axis known very accurately. For instance, in Nimrod, with an n of 0.6, it can be 
shown that the curvature of the field lines in the gap is about 1000 in. To 
resolve a discrepancy of 0.1 in. between the geometric and magnetic median planes, 
therefore requires that the probe axis be angularly positioned better than 
0.1 in 1,000, ~ 20 seconds. If the 4ertical component of the field i s Bz, t he 0.1 in 
displacement results in a change 10- Bz in the horizontal field; whijh the probe 
must be able to measure. Since remanent field is about 10 gauss, 10- gauss must 
be measurable. 

Position measurements were made optically. A plane vertical mirror was mounted 
on the probe carrier so that altering the inclin~tion of the probes tilted the 
mirror about a horizontal axis. By obtaining an auto-collimating effect in a 
telescope with a gauss eyepiece, when the cross wires and their reflected image were 
coincident, the mirror was perpendicular to the axis of the telescope. With the 
telescope previously levelled the mirror would be in a vertical plane and the probe 
carrier would have some definite orientation relative to the vertical. The telescope 
used was an automatically levelled instrument incorporating a suspended prism. This 
equipment proved stable, ·robust and quick to use. Resolution of 2 seconds could be 
achieved with ease. 

Flu.xgate magnetometer probes were used to measure the magnetic field. These 
were 6 mm in length and were sensitive to 10-5 ~auss. For the pulsed measurements 
a 3-sec·tor long coil with a turns-area of 200 m was mounted with its axis 
horizontal. Alignment was carried out in a subsidiary magnet, whose field was 
fairly uniform and approximately vertical. In the remanent case the horizontal 
field component in the geometric median plane was recorded, one probe after another 
being displayed by means of a multiway switch. In the pulsed case, the computer 
print out was of radial field in the geometric median plane, expressed as a 
percentage of main vertical field. 

To do straight section measurements of remanent median plane, an aluminium 
bridge was used to carry a row of probes through the straight section box. A 
levelling mirror was provided on each end. Examination of the pulsed median plane 
in the straight section boxes was not attempted. 
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4.6.7, Other Miscellaneous Measurements 

By arranging a large board horizontally in the end of an octant and halfway 
into the associated straight section box, readings were taken of the field in the 
median plane. A 6 in reference grid was used for positioning, pulsed readings 
being taken on the tape recorder and remanent readings with an gaussmeter and probe, 
Us ing a similar technique a field plot was taken moving radially away from the 
magnet in 6 in steps. This was done at two azimuths, corresponding to the 
Mark I and Mark II polepieces. 

4.6.8. Results of the Survey 

The survey has shown that there are no errors in the magnetic field shape which 
are not capable of correction with the available paleface windings and their 
supplies. 

4.6 . 9. n values 

The value of n as a function of field and radius is of prime importance in 
determining how much of the magnet aperture is usable. The average value of n 
over the whole machine, including straight sections, for variou:3 field levels is 
shown in Fig. 4.6.9(i). The usable portion is increased by correcting windingsJ 
discussion of the variation of aperture with field will be deferred until the 
effects of the correction have been shown. 

4.6.10. Machine Symmetry and Effective Lengths of Octant-ends 

These results have been combined to obtain a comparison of the octant strengths. 
There is sufficient data to compare the octants only in pairs, since the initial 
part of the current waveform is not the same for all octants. Also it is difficult 
to buck out magnet ripple, which varies by 180° octant to octant, and correcting 
data is not available. The histograms of Fig. 4.6.lO(i) show the relative levels 
of neighbouring octants at various fields. They are field levels in the hard-edged 
octant of the correct geometrical length(llo ~/4) calculated to give the same line
integral of vertical field as the actual octant, including its end-effects. The 
levels are expressed as a percentage of the reference field f or each pair of octants. 
It can be seen that pairs. of oc tants are s imilar to 0.1% (or better) in nearly all 
cases, and t hat the level relative t o nominal field decr eases by about 0.7% at high 
fields. This is due t o the effective lengt h of the end-field decreasing. 

4.6.ll. Median Plane Results 

The median plane variations at 300 and 15000 gauss are shown in Fig. 4.6.ll(i) 
and 4.6.ll(ii). They have . been averaged for each octant and expressed as the 
fraction Br/Bo where Br is the radial field in the geometric median plane at any point 
and Bo is the reference field. The signs have been chosen so that an upward 
displacement of the magnetic median plane is represented by a positive value ofBr/Bo 
The general features do not change much with field level: there is a dip in 
the neighbourhood of octant 7 in the median plane, which otherwise is above the 
geometric median plane. The mar ked ri~e tn Bron the outside edge of the magnet is 
similar to thnt found on the Cosmotrontl2J. The general level of the magnetic median 
plane is about 0.1 in above the geometric median plane. 

Some local distortions of the median plane were found. One large shift of 
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about 3 in was found to be due to a temporary(!) mild steel jig about lin x 7in x ¼in 
which had been used during installation of the back return windings. Smaller 
shifts of about½ in.were found to be due to the use of silver steel instead of 
stainless steel for some 2 B.A. by½ in screws in some of the polepiece jacks. 
The extraneous objects have since been removed. 

4.6.12. Mis cellaneous Resul ts 

Figs.4.6.12(i) and 4.6.12(ii) represent the fall-off of field along a radius 
from the magnet, in the azimuth of Mark I and Mark II polepieces (over the r ange of 
Fig, 4.6.12(i) they are so similar that only Mark I is shown). The differences in 
fall-off are probably more due to the fact that Mark II polepieces are situated at 
the ends of the octants than due to differences between the polepieces. 

Fig. 4.6.12(iii) shows the fall-off in field on Ro at the end of an octant and 
in the straight section. 

Mapping of the field in the region of an octant-end and straight section has 
been done at various field levels; for illustration Figs. 4,6,12( i v)and 4,6.12(v) 
show the maps at 300 and 15000 gauss respectively. 
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4.7, General Characteristics of the Magnet 

4.7.1. Field Versus Current 

The measured magnetic field and hence the proton energy of Nimrod for varying 
current is given in Table 4.7.1(I). 

TABLE 4.7.1(I) 

I B T 
(A) (kilogauss) (GeV) 

2000 3.7 1.4 

3000 5.6 2.4 

4000 7.4 3.4 

5000 9.3 4.4 

6000 10.7 5.2 

7000 12.1 5.9 

8000 13.4 6.7 

9150 14.6 7.3 

10500 15.6 7.9 

12000 (16,4t (8.3)+ 

+ esti mated val ues 

These are higher values of field than predicted in (1) due to the shaping 
of the poles (6) and the use of extra steel in crucial areas of the yoke 
(see Fig. 4.7.l(i)). These 'build-up plates' carry appreciable flux at high fields 
as shown by measurements on Model IV (Fig. 4.7.l(ii)). They also lead to a 
decrease in the remanent field in the magnet gap. 

Calculations of rise times using predicted inductance or 'NA' figures have 
been confirmed in practice. 

4.7.2. Eddy Current Effects 

In addition to the normal depression of field due to eddy currents, (1),(7), 
(8) other eddy current effects become apparent when the control of flat-top slope 
was being investigated. The symptom was a very l arge transient depression 
( ~ .25 s) at the beginning of flat-top, Referring to Fig. 4. 7 .2( i), the curve 
XY gives the current expected from the impressed voltage on the magnet. The 
actual current obtained was on the path XZ. At high fields the size of the effect 
was much larger than the normal eddy current and hysteresis effect. Fig. 4,7,2(ii) 
shows the depression in current In as a function of rise time, i.e. peak current. 
Up to about 7,000 A the depression is constant at about 22 A and then rises sharply. 
The gap field in the magnet octant was depressed by an approximately constant 
amount as the rise time varied. Since a constant voltage is applied to the magnet 
and:-

V = NAdB/dt + RI ( i) 
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there must be a redistribution of flux in the magnet. 

Measurements of field depression azimuthally within an octant and straight 
section gave the result shown in Fig. 4.7.2(iii) _ showing a pronounced eddy current 
effect at the ends of octants at the transition from cIB/dt on current rise to very 
small cIB/dt on flat-top. This was the cause of the constant depression of field in 
the octant but did not explain the l arge depression in current at high peak currents. 
The eddy currents at the octant ends are due to fringe flux cutting the½ in end 
plates of the end sectors and also a ¾ in thick plate which was part of the coil 
shielding structure. This plate,which is thermally somewhat isolated, gets hot. 

The high current effect was found to be due to the build up plates (Section 
4.7.1). Measurements of the field just outside these showed a small value until 
the gap field reached about 10.5 kilogauss when there was a very rapid increase. 
This effect had also been found on Model IV; Fig. 4.7.l(ii) gives measurements 
of flux density in the -build up plates versus gap field. Air gaps between the plates 
and the sector act as an impedance to flux until the sector starts to saturate, 
when there is a sudden increase of flux. Since the plates are laminated 
perpendicularly to the flux direction there are large eddy current effeots. Again, 
from equation (i), since the total flux must remain at the correct value, as the 
eddy currents die away on going from current rise to flat-top, less current is 
required to maintain the flux and the current drops in the main magnet coils. 
Although the amount of eddy current power is quite considerable, no rise in 
temperature of the build up plates was detected. 

Some correction for the depression in field will be required. 

4.7.3. Transient Effects 

The voltage from the power supply has a fast switch on rise time ( ~ 0.1 ms). 
The probl~m Qf transients in the magnet due to this voltage step has been 
discussed~l3J. The ring in magnet voltage due to this t ransient is shown in 
Fig. 4-7~3(i) for two adjacent octants, forming a symmetrical quarter of the 
machine. 

By differentiating equation 20 in (13) and since V = NA(dB/dt) at low currents, 
the theoretical voltage transient is obtained. The theoretical and measured 
results for one octant are shown in Fig. 4.7.3(ii). The agreement is reasonable 
and confirms that the transient effects at the ·beginning of current rise,decay 
in a time short compared with the rise time to injection. The frequency of the 
oscillation is such that it will not be excited by the approximately 50 c/s 
voltage waveform used to produce the correct injection conditions. 

4.7.4. Magnet Movements during pulsing 

Movements of magnet components during pulsing have been measured at 10,700 A 
peak magnet current and are included in the Table 4.7.4(1). 
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Type of 
movement 

C IRCUMFERENTI.AL 
MOVEMENT 

(+VE INTO 
STRAIGHT SECTION) 

RADIAL 
MOVEMENT 
(+VE WHEN OUTWARDS 

DURING PULSE) 

CLOSURE OF 
THROAT 

(UPPER POSITION: 
+VE DOWNWARDS) 

(LOWER POSITION: 
+VE UPWARDS) 

TA:BLE 4.7.4(I) 

Movements of magnet. (0.001 in). 

Magnet Sector Number. 
component. 42 41 40 39 

SECTOR, TOP +10 +8 +4 +l 
p /P UPPER (FRONT +12 +8 +4 +3 

' (BEAR +7 +4 +3 +l 
SECTOR, BOTTOM +10.5 +6.5 +4 +2 
P/P,LOWER +10.5 +6.5 +4 +3 

SECTOR, TOP +3.5 +3 +3 +3 
P/P, UPPER +3 +2.5 +2.5 +2 
SECTOR, BOTTOM +1.5 +.5 0 0 
P/P, LOWER 0 0 +l 0 

SECTOR, TOP +5 +10 +11 +11 

P/P, UPPER ~= +7 +11 +12 +12 
+3 +4 +5 +7 

SECTOR, BOTTOM 0 0 0 0 
P/P, LOWER 0 0 0 0 

The movements recorded are all tolerable. 
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4.8. Pole .Face Windings 

The dispositions of the windings with respect to the aperture are shown in 
Fig. 4.8(i) which also shows the function of each individual conductor. Return 
windings are situated in equal numbers on the inside and the outside of the 
aperture. 

Consider a current +I to be passing through one pair of conductors (top and 
bottom): then the field gradient produced at the median plane is given by 
(see Fig. 4.8(ii)):-

dH ax = 
1r 2 -
10g2 

gauss/cm (I in A) 

= 0.0129 I sech2 1rx 
2g 

gauss/in (g = 5½-in) 

This assumes an infinite permeability for the iron and neglects the gap between 
the windings and the paleface. 

For a current sheet top and bottom, 

or 

dH 2 1rI 
dx 10g 

dH 
dx 

0.09 I gauss/in (I in A/in) 

Thus, at a field of 14,000 gauss, with R0 = 740 in, 100 A/in produces a change 
in n of: ~n = ~ 0.45 

For current sheets in the opposite direction, there is no change in n, but a 
net radial component is produced which alters the level of the median plane by an 
amount: 

560 I 
.Bo 

4.8.1. Overall Adjustment of n and the Median Plane 

Once the field has exceeded about 2000 gauss it is essential to short out of 
the circuit those conductors in the current sheets which are not in the good 
field region. Because of the inhomogenity of the field, large vertical forces 
would result on any winding carrying heavy current. In practice this means the 
removal from the circuit of the three conductors on the inside and the outside of 
the current sheet. This is achieved by switching as shown in Fig.4.8.l(ii),which is 
a more detailed description of the general circuit Fig.4.8.l(i). The octants are 
energized in pairs, so that the circuit of Fig. 4.8.l(i) is repeated for octants 
2 & 3, 4 & 5, 6 & 7. 

The 15 v, 5 A power units supply any current required during the injection period 
and up to a field level of about 1000 gauss. The current is then reduced quickly 
to zero, and switches A and C opened. The 60 kW supply is then brought into the 
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circuit by closing switches Band D. The e.m.f. induced in the windings is 
particularly troublesome because, although it has been minimised by juggling with 
return windings, during each acceleration pulse it reverses sign , as shown in 
Fig. 4.8.l(iii) and has a peak value of about 10 V per pair of octants. 

Median plane adjustments are made with the 3.2 kW set, injecting oppositely 
directed current into the upper and lower layers. One set supplies the four pairs 
of octants in parallel. 

4.8.2. Aperture at Injection 

One 3.2 kW set will feed the whole magnet, the arrangement of connections being 
shown in Fig. 4.8.2(i). Considerations of available power and voltages induced in 
the windings by the rising field have led to a compromise arrangement whereby it will 
not be possible to make n quite as 1miform across the aperture as was hoped. 
Four sets of windings ar e f ed i n parallel by the 3.2 kW set,these groups consisting 
of 2 and 25 Upper, 2 and 25 Lower, 4 and 23 Upper and Lower (in series), and 25 
Upper and Lower. The curr ents are varied by means of rheostats in series with each 
group. To conserve current, 25 acts as the return conductor for 2, and 4 performs 
the same function for 23. These equal and opposite currents provide approximately 
the right correction to the field shape. :3ince conductor 25 lies at the outside 
of the aperture, the upper and lower windings have been placed in separate circuits 
so that the distortion in the median plane in this region may be corrected. The 
current arrangement is therefore as shown :Ln Fig. 4.8.2(ii). 

4.8.3. Aperture at High Fields 

Because the current requirements for the windings at the inside and outside of 
the aperture are not the same, these windings have been placed in separate circuits 
(Fig.4.8.3(i)). This arrangement has the disadvantage that the same current must 
be passed through four octants at a time but the indications are that this lack of 
fine control will not be much of a drawback, as the field shape at high fields is 
fairly similar from octant to octant. 

4.8.4. Bo Correction 

Since it is not yet known what corrections have to be applied to B0 , no 
arrangements have been made apart from the provision of power supplies and four 
windings per octant. 

4.8.5. Manufacture of Pole Face ' Windings 

In each magnet octant there are two pole face windings, each continuous over 
the length of the octantJ one is attached to the face of the upper set and one to 
the face of the lower set of pole pieces. The upper and lower pole face windings 
are housed in the interspace of the double walled vacuum vessel which is evacuated 
to a pressure of approximately 10-2 torr. Demineralised cooling water is passed 
through all the conductors of the pole face windings at a temperature of 
approximately 18°C. 

Each winding consists of 26 conductors and 2 coaxial cables moulded within a 
glass fibre epoxy resin laminate. The following materials are used: 

(i) Conductors - softened high conductivity tough pitch copper to 
BS.1037 with an electrical conductivity of not less than 98% I.E.C. 
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and coated with polythene. 

(ii) Laminate outer skins top and bottom, 0.006 in glass cloth. 
Main core glass mat - pre-impregnated. 
Resin system: Araldite MY 470 - 100 parts by weight 

Methyl Nadic Anhydride - 80 parts by weight 
Ciba 33/1266 3 parts by weight 

(Cure temperature 100°c ± 10°c for a minimum of 2 hours.) 

(iii) Conductor End Terminations - phosphor bronze, silver brazed to the 
ends of the windings, insulated with a polythene sleeve and 
wrapped with a pressure sensitive impact adhesive polythene 
tape. 

The windings were carefully laid up on an approximately 50 ft long mild steel 
bed with the appropriate radius of curvature and cured on this bed. After the 
ends of the conductors had been shaped and vacuum tests performed, the windings 
were transported in pairs to the Laboratory. 
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4.9. Pole Face Winding Power Supplies 

The power supplies are of three types: 

(i) 60 kW with a peak output of 400 V and 200 A. 

(ii) 3.2 kW at 80 V, 40 A. 

(iii) 15 V, 5 A. 

4.9.1. Control Systems (General) 

Each power supply has an associated control system which ensures that the 
currents through the pole-face windings are functions of the main field (B). The 
control systems are basically of the form shown in Fig. 4.9.l(i). The search 
coil is in the "good field" region of octants 5 and 6, and a voltage Vi = K1B 
is induced in it when the main winding is pulsed. This voltage v1 is integrated, 
producin~ V2 = K2B, and V2 is operated on by a function generator to produce 
V3 = F(B). V3 is fed into input 1 of a differential amplifier which is part of a 
closed control loop. The voltage (Vs) developed across the manganin shunt S, is fed 
into input 2 of the differential amplifier and the polarities of the inputs are 
arranged so that the output voltage from the differential amplifier is G(V3 - V8 ), 

where G is the gain of the amplifier. The voltage G(V3 - Vs) is the control signal 
for the power suppl y and therefore the current through Sis a function of B, to an 
accuracy dependent upon G. 

4.9.2. Integrator Unit 

A schematic diagram of the integrator is given in Fig. 4.9.2(i). Three 
integrators with different time constants are used, the amplifiers being Philbrick 
units. The feedback capacitors are shorted at the end of each pulse by a 
monostable multivibrator triggered from the end of the magnet current timing pulse. 
The integrator unit has been made and commissioned. 

4.9.3. Function Generator 

There are 13 function generators, one for each power supply. A schematic 
diagram is given in Fig. 4.9.3(1). The generator is a 10 point device which 
accepts a voltage proportional to the magnet field and converts to a voltage which 
is sufficiently finely controllable to be a specified function of the field. All 
13 generators have been made and set up in the main control room. 

4.9.4. 60 Kilowatt Supplies 

The basis for these six units is a standard commercial 6-anode mercu:ry arc 
rectifier set with transistorised grid control. This has a linear characteristic 
of output volts versus input control volts. The control and driver unit which is 
requir-ed for the supply is shown in Fig. 4.9.4(i). 

All six sets have been delivered and are being installed. One set has been 
successfully oper8ted under actual operating conditions with a full servo loop. 
Ripple at 300 c/s is reduced by a static choke-capacitor filter. At a cu:rrent 
of about 150 A, 50 c/s ripple, which is inherently produced in the supply, is too 
great but modification of the grid control circuits should cure this. 
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4.9.5. 3.2 Kil owatt Supplies 

The three sets have been designed commercially to outline specification. They 
each have their output current servo controlled by~ demand input voltage from the 
function generator. Basically, the required variation of current is obtained by 
switching (using a varying mark to space ratio with controlled silicon rectifiers 
between positive and negative rails) and feeding through a filter network. The 
sets have been delivered and are being installed. Tests with a dummy load indicate 
that they work satisfactorily. 

4.9.6. 15 Volt, 5 Amp Supply 

A schematic diagram of the 15 V, 5 A, d.c. sets is given in Fig.4.9.6(i). 
Fundamentally these are ordinary bridge rectified, fixed output voltage, d.c. sets, 
with a series transistor which acts as an emitter follower to control the current 
through the load according to the demand signal F(B) from the function generator. 
The sets have been made and have all been tried out under actual wo~king conditions, 
i.e. they have been used in a complete control loop to drive current through the 
pole face windings when the main winding was being pulsed. These tests showed that 
there is a large· unbalanced e.m.f. of approximately 30 V peak to peak (including 
ripple) induced in the pole face windings when the main winding is pulsed at full 
current. 

It is possible to arrange that the 15 V, 5 A, sets are aided by the induced 
e.m.f. during the part of the magnet cycle when they are in circuit. If, under 
fault conditions, they remain in circuit for a complete cycle, the induced e.m.f. 
raverses in sign, opposes the applied e.m.f. and can reverse the polarity of the 
voltage across the transistors. Diode Dl has therefore been added to guard 
against this and C3 has been added to out down the ripple voltage seen by the d.o. 
set. The L-C filter unit used previously showed a tendency to ring under conditions 
of fast current rise or decay and has been replaced by the present circuit of C2, 
Ra, and C1. In addition, an OC28 is now used as the driving stage (TR5) because 
of its ability to withstand reverse voltages. These modifications have now been 
completed and the sets are being installed. No other difficulties were encountered 
during testing and the modified sets are expected to opera.ta satisfactorily, 
especially since the maximum current required is about 3 A. 
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4.10. Ripple Filter System 

The power supply for the Nimrod magnet consists of two 24-phase grid controlled 
rectifier sets fed, via multi-phase transformers, from two tandem coupled motor
alternator-flywheel sets (see Section 5 of this report). The rectifier output 
has an inherent ripple voltage of approximately saw-tooth shape, of (nominally) 
1200 c/s (the actual frequency varies over the period of a magnet pulse from 
1123 c/s to 1164 c/s, dependant on the slip frequency of the sl ip-ring driving 
motors). The amplitude of this ripple varies during the cours e of a pulse. During 
flat-top it was found to have a maximum value of approximately 1200 V peak to peak 
(for each half of the power plant). This was observed during commissioning tests 
on the power plant and may ultimately be reduced. It was also observed that, 
during current decay, the ripple voltage rose to about 3000 V peak to peak. 
Additionally, the rectifier output contained a 100 c/s (nominal) component of about 
175 V peak to peak amplitude. (This has since been reduced). 

The effect of these ripple voltages on th~ operation of the proton synchrotron 
is particularly significant during flat-top(14J. Under this condition the ripple 
will modulate the spiral rate of the proton orbits, the degree of modulation being 
indicated by the ratio of E to V-IR, where Eis the peak ripple voltage, V the 
mean voltage applied to the magnet during the flat top period, and IR is the 
ohmic drop in the magnet coil. For a flat-top duration of 0.5 s, V-IR has a value 
of about 50 V for the whole magnet, hence the ripple voltages referred to above 
will give a degree of modulation considerably greater than 10o%; consequently, 
unless some form of ripple filter is employed, it will be impossible to spiral the 
beam smoothly onto a target. It is estimated that it will be necessary to reduce 
the ripple flux by a factor of 100 for satisfactory operation with a 0.5 s flat-top, 

There are two ways of reducing the ripple flux in the magnet gap. The first 
method is to reduce the ripple voltage at the magnet terminals by developing a 
voltage, in phase opposition to that from the rectifiers, across an inductor 
placed in series with the rectifiers and magnets. The second method is to place 
an auxilliary winding around the magnet pole-pieces and use this to produce a flux 
acting so as to reduce the ripple flux in the useful region of the magnet gap. 
Both these systems will be employed on Nimrod to give the required reduction of 
ripple. The first system is referred to as the "primary ripple filter", the 
second system as the "secondary ripple filter". 

4.10.1. Primary Ripple Filter 

The system is shown schematically in Fig.4.10.l(i). It consists of two 
independant filters, one in each half of the magnet power supply. Each filter 
consists of a push-pull amplifier feeding into a transformer, the secondary of which 
is connected in series with the rectifier and magnet coils. The input to the 
amplifier is taken, via d.c. blocking capacitors, from across the ends of the 
magnet octants. The input voltage is thus the residual ripple E1 and the 
amplifier output is GEl where G is the overall gain of amplifier and output 
transformer. Hence, if E denotes the ripple produced by the rectifiers, the 
resultant ripple is given by:-

A resistor is plnced across the transformer secondary to damp out any 
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reasonances that may occur and to present the amplifier with a load that is 
reasonably constant with frequency. 

Fig. 4.10.l(ii) shows one of the filters in greater detail. The earthing of 
the magnet system is such thnt the input to the amplifier is floating. The input 
is fed, via an attenuator, to a differential amplifier giving a single output 
proportional to the difference between the voltages appearing at its two input 
terminals. The output is then fed into a para-phase amplifier to give two equal 
anti-phase signals which are then further amplified by identical Class A amplifiers. 
The final drive to the output stages is through impedance matching cathode 
followers. The output stage consists of two water cooled power triodes operating 
under Class B push-pull conditions. 

The major single item in the system is the eutput transformer. This has to 
carry the peak magnet current of 10,500 A in its secondary winding without 
saturation of the core. Under repetitive pulsing conditions the copper loss due 
to the magnet current is 100 kW necessitating the use of oil filled water cooled 
transformers. In view of the very large polarising current carried by the 
secondary winding, a large air gap and heavy conductors are required and no very 
great subtlety could be employed in the winding arrangement to minimise leakage 
reactances or winding capacitances to achieve a good high frequency response. 

An alternative arrangement is shown in Fig.4.10.l(i)(b). Here the original 
output transformer is replaced by a choke, and an additional transformer is 
interposed between this and the amplifier. A blocking condenser between the choke 
and transformer prevents any polarising current flowing in the secondary and limits 
any a.c. voltages at pulse frequency, that may be impressed on the secondary 
terminals. This should allow considerable improvement in design with consequent 
improvement in band-width. 

The difference in cost, weight and size of the transformer of Fig.4.10.l(i)(a) 
and choke of Fig.4.10.l(i)(b) did not appear to be significant and since the 
transformer could equally satisfactorily be used as a choke by the omission of the 
primary connections it was decided initially to proceed with the arrangement of 
Fig.4.10.1(i)(a). 

The two amplifiers, which were built on the site, were installed in the annexe 
to the converter house towards the end of 1961. The remainder of the equipment, 
which includes output transformers, amplifier power supplies and switchgear, was 
delivered and installed in the converter house in the early part of 1962. 

The magnet has been pulsed with the secondary of the output transformers 
connected and no undesirable effects on the operation of the power supply were 
observed. Tests were carried out on the individual amplifier units and their 
associated power supplies and the performance of these is within the required 
limits. Measurements of the frequency response of the output transformers were also 
carried out. These were rather poorer than had been hoped for due to the occurrence 
of resonances at frequencies of 10 kc/s and above. 

The open loop performance and frequency response of the complete system was 
measured, the latter is shown in Fig.4.10.l(iii), and the system has been operated 
as a filter with the magnet pulsed. In the limited time available for this latter 
test it was only possible to reduce the ripple by a factor of three. A study of 
the frequency response characteristics indicate that improvements to a factor of 
four or five could be made. 
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An alternative sys tem in which a fr action of the ripple voltage appearing across 
the rectifier is fed into the amplifier was al so tried. This does not comprise a 
feed-back loop and hence no problem of s tability arises. However, in this system, 
the amplifier gain and phase shift i s very critical and the results were not very 
much better than with the original system. Again careful design of phase correcting 
networks woul d improve this; however it would not appear to be possible to compensate 
for the slight changes in gain and phase of the output transfo::cmer which occur 
during pulsing, owing to the change in polarising current in the secondary winding. 
Consequently it would not s eem likely chat a reduction factor of better than five 
could be obtained. 

In order to achieve the required factor of ten or better it will be necessary 
to change to the arrangement shown in Fig.4.10.l(i)(b). A specification for a 
suitable transformer has been drawn up and enquiries regarding its manufacture 
are in hand. 

A further problem arises due to the fact that the 100 c/s ripple c0mponent is 
greater than had been hoped for. The original scheme did not provide for any 
filtering of components below 1200 c/s although a sufficient margin was allowed in 
the rating of the amplifier for these to be handled. A difficulty arises here 
since, if the bandwidth of the system is extended down to 100 c/s, then it will 
also attempt to respond to the changes in magnet voltage which occur during pulsing. 
This would result in saturation of the amplifier. However, the 100 c/s component 
is sufficiently small to be neglected except during flat-top and it should be 
possible to overcome the difficulty by a switching arrangement whereby the low 
frequency cut-off is only extended during the flat-top period. 

4.10.2. Secondary Ripple Filter 

The secondary ripple filter is designed to reduce the ripple field in the 
magnet gap by a factor of 20. The principle of the ripple correction network to be 
used is shown in Fig.4.10.2(i). The search coil samples the field in the good 
field region of the magnet gap. An amplifier drives a current through the 
correction windings in such a way as to oppose the field producing the search coil 
voltage. 

Suppose search coil and correction coil have a mutual inductance M. Then a 
current I in the correction coil will produce a voltage V = jwMI in the search coil, 
thus the output voltage is shifted through 90° and increases with frequency. The 
resulting 6 dB/octave slope of the open loop response may be corrected by the 
introduction of a circuit with a sinusoidal res ponse of the form e 0 ut cx..l._ ein. 

jw 

This may conveniently be done with an integrating circuit. 
circuit is considered below. 

(a) Design of the Ripple Chain 

The whole 

Suppose the unit consists of an integrator with time constant CR, an amplifier 
of gain G and a current amplifier of sensitivity S A/V. (see Fig.4.10.2(ii)). 

To reduce ripple by a factor of 20:-
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(b) Design Requirements 

It is necessary: 

(i) to have sufficient current available to drive through the correction 
windings to buck the maximum ripple field produced at all frequencies. 

(ii) to eliminate the effect of the d.c. step produced in both 
correction and search windings. 

(c) Mechanical Arrangement of Coils 

The secondary ripple filter system will consist of four separate and independent 
amplifiers each one sampling the field in the gap of two octants and correcting tbe 
ripple on these two octants. The octants will be paired as follows: 1 and 2; 
3 and 4f 5 and 6; 7 and 8. This gives a symmetrical arrangement azimuthally. 

There are two conductors close to each of the top and bottom main lip coils, 
and two conductors with each of the top and bottom paleface winding return (see 
Fig.4.10.2(iii)). These may then be connected to form four correction loops per 
octant. The co-axial cable embedded in the paleface winding laminate will be 
used to provide the pick-up loop. 

The method of interconnecting the conductors to form correction and search 
windings is shown in Fig.4.10.2(iv). 

(d) Current Requirement 

In order to calculate the current required in the correction windings to buck 
out the ripple field it is necessary to estimate the coupling (k) between the main 
and correction windings. (Fig.4.10.2(v)). 

At a frequency f = 

Assume that the balance condition is: 

Nl Il N2 I2 

Then, Vl = w {Ll - Nl .Mj I
1 wL1 (1 - IS_) I 1 

N2 

and v2 = w/f,2 - N2 •W I2 -wL (1 - IS) I 
Nl 

2 2 

Thus the impedances are reduced by factors: (1 - IS_) and (1 - IS) 
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When the secondary is open circuit, 

From this L1 and M can be deduced. L
2 

can be found similarly by considering 
the pri mary open circuit. Is_ and JS can then be deduced. 

Si nce t he Nimrod magnet was not ava i l able, coils were wound on magnet Model V 
to simulate correc t ion windings, and values of L1 and L2 and M ( and hence K1 and½) 
were obtained by experiment, at frequencies from 25 c/s to 120 ko/s . From these 
resul t s and the physical parameters of Nimrod it is possible to estimate the 
current required to buck the expected ripple field. 

These para.meters are shown in Table 4.10.2(I). 

TABLE 4.10.2(1) 

Number of:- Nimrod (one octant) Magnet Model V 

Polepieces (main coil) 42 8 (effectively) 

Polepieces (correction coil) 42 4 
Main coil turns 42 160 

Correction coil turnA 4 20 

Considering inductance as being proportional to area and (turns) 2 it 
follows thata-

L o. 724 ½A p 

½i 0.84 LC 

where L is the inductance of Nimrod main coil (over 2 octants) p 

LB is the inductance of Nimrod correction coil (over 2 octants) 

½A is the inductance of Model V main coil 

LC is the inductance of Model V correction coil 

The ripple potential for each half of the power supply applied to Nimrod magnet 
before any form of ripple correcti0n may be 600 V peak to peak (at 1135 c/s). 

If the primary ripple filter reduces this to 1/10 the ripple potential 
becomes 60 V peak to peak across 2 quadrants or 30 V peak to peak across 2 octants. 
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1 
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1 

wLP (1 - IS_) Ip 

0.724 ~ 

or V p 

and also: L p 

and N I p p 

the number of turns on Nimrod main coil 

the current in Nimrod main coil 

the number of turns on Nimrod correction 

the current in Nimrod correction coil 

coil 

Hence: =450 mA is obtained at 1135 c/s 

Also since VB = w1i3 (1 - JS) ~ 

VB = 2 volts is obtained at 1135 c/a 

(e) Back E.M.F1s. 

An estimate of the size of the voltage V induced in one turn per octant of 
the correction windings due to the current rise and decay may be obtained from: 

V = 

= 

No. of correction turns 
No. of main coil turns 

l /42 Vo 

X Voltage across one octant (Vo) 

This gives 50 V compared with the measured value on Nimrod of 42 V. 

(f) General Circuit 

The projected system is shown in block form in Fig.4.10.2(vi). 

The output stage is a current source capable of driving the necessary current 
through the correction coils. 

Elimination of the effects of the d.c. step, produced in the correction coils 
by current rise and decay in the main coils, takes place in the output stage. 
A step voltage substantially the same as that produced in the correction winding 
must be generated and fed to the output stage and the diagram indicates one way of 
producing this. 

The ripple field is sampled by the search coil and the signal fed through 
suitable integrating and amplifying stages (the d.c. step removed) and then to the 
output stage which drives an appropriate bucking current through the correction 
coils. 
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(g) Tests on Magnet Model V 

Prototypes of the output stage and the servo system have been constructed and 
measurements carried out on magnet Model V to check the values of current required 
to buck the ripple field. The ripple field was produced by using an external 
amplifier. The system operated on a closed servo loop and reduction factors of 
17 were obtained for various frequencies of ripple at amplitudes within the 
designed range. 

(h) Tests on the Nimrod Magnet 

Using the primary ripple filter as an external source, ripple was fed to the 
Nimrod magnet and measurements were made to check the calculations of the bucking 
currents required at various frequencies. At 1000 c/s, 0.420 A were required to 
buck 30 V of ripple compared with a computed value of 0.5 A. The discrepancy is 
probably due to the. differences between Model V and the Nimrod magnet resulting 
from the very different lengths, and variation in positions of the coils. 

The frequency response of the output stage was investigated using the Nimrod 
correction coils and the search coils. Further investigations will be required. 

(i) Frequencies below 1200 c/s. 

Detailed measurements of the ripple on the Nimrod power supplies have shown 
that considerable ripple is present at frequencies very much lower than those 
anticipated. Since the current required for bucking is approximately inversely 
proportional to frequency, it will probably be necessary to redesign the output 
stage to cope with the extra current requirements. 
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4.11. Peaking Strips 

The peaking strip and associated equipment determines the starting point for the 
primary frequency generator by giving out a trigger pulse when the field in the 
magnet gap passes through a pre-set value: it is needed because the starting point 
of the field in the magnet is variable due to the remanent field. 

The principle of the device depends on the fact that only a small field 
change is required to alter the flux in mu-metal from saturation in one direction 
to saturation in the other direction. Since this reversal occurs at around zero 
field, it can be used as a null detector indicating when the magnet field becomes 
equal to a reference field applied to it in the opposite direction. 

The layout is shown in Fig. 4.11(i). The bias solenoid produces a field 
along its axis in the opposite direction to the magnet field in which it is placed. 
A small piece of mu-metal wire is supported at the centre and when the rising 
magnet field equals the solenoid field a flux change occurs in the wire which 
generates a pulse in the pick-up coil wound on it. The signal to start the 
primary frequency generator is derived from this pulse. 

The bias solenoid has 20,000 turns of 30 s.w.g. enamelled copper wire producing 
a field of 120 gauss with about 47 mA. The mu-metal wire is 2½- in long by 4 thou. 
in diameter and the pick-up coil has 3,000 turns of 50 s.w.g. enamelled copper 
wire. In a field changing at the rate of 10 k.G/s the pulse shown in Fig.4.ll(ii) is 
produced. 

An overall long term stability in field of 1 part in 10,000 was required. 
The system is made up of a number of components each of which contributes to the 
total variation and it is necessary to attempt to reduce each contribution to 
1 part in 100,000. The two main parts are the bias current source and the pulse 
circuitry. 

4.11.1.Bias Current Source 

Fig.4.11.l(i) shows the basic circuit used to provide a stable current for 
the bias solenoid. Factors causing variation were: 

(a) Series Resistor R 

This was made of manganin which has a temperature coefficient of about 1 part 
in 100,000 per 0 c. The ambient temperature variation catered for was 18-32°C and 
it was mounted in an aluminium block thermostatically controlled to 1°c with a 
contact thermometer. 

(b) Reference Potential, eR 

The circuit is shown in Fig.4.11.l(ii). Leading from a stabilised -300V line, 
two extra stages of stabilisation are provided by zener diodes. The final pair 
(X3 and X4) have a temperature coefficient of less than 1 part in 100,000 per 0 c 
and are also mounted in the thermostatically controlled block. 

(c) Noise and Hum 

The reference potential is about 10 V so tha t any noise generated in the 
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summing resistors should be kept down to lOOµV. Any current flowing through the 
bias solenoid but not through R, or through R but not through the bias solenoid 
as a result of stray capacitance causes error. At the minimum bias current of the 
range (30 rnA) the noise current needs to be not more than 0.3 ~A a.c. peak to peak. 
Mains wiring can feed about 2 ,-a.A a.c. to earth into any unscreened conductors via 
the stray capacitance so that screening of every part of the solenoid circuit is 
necessary. 

(d) Voltages Induced by the Magnet Field 

A voltage proportional to the magnet supply voltage is induced in the bias 
solenoid. This has a d.c. and an a.c. component, the latter having a fundamental 
component of about 1200 c/s. At these frequencies the capacitance of the cable 
connecting the solenoid to the stabiliser and the capacitance of the solenoid 
itself, bypass the stabiliser. The solenoid is in fact self-resonant at around 
8 kc/s but fortunately at 1 kc/sit is sufficiently off the resonance. The effect 
of the cable capacitance is reduced by backing off the voltage in the solenoid with 
an identical one placed next to it connected in series opposition. 

4.11.2. Pulse Circuitry 

A change of 0.6 gauss is needed to drive the mu-metal from saturation to 
saturation so it is not accurate enough just to use the output pulse. without further 
treatment. Amplitude selection off one edge of the pulse was rejected because the 
height is proportional to rate of change of magnet field. The pulse is integrated 
to give an output proportional to flux density in the mu-metal which is directly 
related to the magnet field. A stable trigger circuit is operated when it reaches 
a pre-set level. 

4.11.3. Mechanical Construction 

The magnetic properties of mu-metal are destroyed by any permanent physical 
deformation and the wire is very thin so the pick-up coil is wound on a thin walled 
glass capillary tube (o.d. 23 thou.) and the wire threaded down afterwards. The 
coil is insulated and screened with 1 thou. copper foil and 1 thou. Micalex. The 
connections are then brought out in a tail of 34 s.w.g. enamelled copper wire and 
the final o.d. is approximately 130 thou. For protection this rather delicate 
assembly is cast in a cold setting Araldite to an o.d. of 0.145 in. 

The bias solenoid design is limited by power dissipation since heat can be 
removed only by radiation. For a multi-layer solenoid the dissipation is determined 
by its dimensions, the field and the specific resistance of copper and is reduced 
by making the ratio of inner radius to outer radius as small as possible. This has 
led to using the solenoid without any former at all. The wire is wound onto a 
former which is removed after the wire has been set in Araldite. The dimensions 
are shown in Fig.4.11(i). The power is reduced further by placing the peaking strip 
assembly in the fringe field of the magnet where it operates at half the gap field. 

The assembly is situated in the high vacuum region and consequently is covered 
with metal to reduce outgassing. This is done by electroplating with copper. 
Unfortunately a continuous metal surface like this constitutes an unpleasant 
shorted turn which would modify the field locally in an unpredictable way so it is 
necessary to break up the surface. All the metal has to be earthed to stop it 
charging up. Both these objects are achieved by etching vertical lines, using 
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ferric-chloride, joined at the top but not at the bottom. 

4.11.4. Progress 

It is not easy to prove that one has achieved a stability of 0.01%. 
Fig.4.11.4(i) shows two histograms of the time intervals between two identical 
devices. Each histogram is the result of 100 consecutive readings taken over a 
period of 2 min 20 s. Histogram (b) was taken 7 min after (a) during which the 
median shifted by O. 6 µ. s. Under the conditions of these measurements O .01% of the 
peaking strip operating field, 0.024 gauss, was 1.2 µ BJ the required tolerance 
is :i. 0.01%, and two strips were being compared with each other so that readings 
lying within a band of 4 .8 µ. s. are acceptable. As c.an be seen the short term 
jitter is well within tolerance, being about .:1: 0 .010 gauss per strip. The double 
peaked structure is probably due to the disturbing factor being roughly 
sinusoidal with time (the results were taken at regular intervals). Fig.4.11.4(ii) 
shows the results of some long term measurements, which are less satisfactory. 
The sudden obanges may be accounted for by the fact that commissioning work was 
being carried -out on the power supply at the time and the operating oonditions of 
the magnet were not steady. 

As a result of these and other measurements the final design of the equipment 
has been fixed and at the time of writing one bias current stabiliser unit has 
been completed with three others still under construction. The pulse amplifier 
and discriminator unit is being drawn up prior to manufacture. 

4 - 35 



REFERENCES FOR SECTION 4. 

1. J.J. Wilkins and A.J. Egginton. A.E.R.E. GP/R 2181. 1957. 

2. P. Bowles. Nuclear Engineering. April 1959. 

3. G.W. Dixon and A.G. Entwistle. Nuclear Engineering. April 1959. 

4. D.A. Gray et al. NIRL/R/4, 1963. 

5. A.J •. Holt and J.D. Milne. A.E.R.E. R 3312, 1960. 

6. J.J. Wilkins and D.A. Gray. NIRL,/R/33, 1963. 

7. D.A. Gray, A.H. Spurway and J.J. Wilkins. A.E.R.E. A,/R 2626. 

8. D.A. Gray, A.H. Spurway and J.J. Wilkins. A.E.R.E. A,/R 2845. 

9. G. Branca et al. L'onde Electrique No.387. 463, June 1959. 

10. J .J. Wilkins and A.H. Spurway. NIRL/R/6, 1962. 

11. A.J. Holt and J .D. Milne. NIRL/R/3, 1961. 

12. J.P. Blewett et al. R.S.I. g4_, 773, Sept. 1953. 

13. P.F. Smith. A.E.R.E. A/R 2849, 1959. 

14. J.J. Wilkins. A.E.R.E. R. 1860, 1959. 

4 - 36 



5.1. Introduction 

SECTION 5 

MAGNET POWER SUPPLY 

The Nimrod magnet power supply plant comprises two 60 MW motor-alternator
flywheel sets which power the magnet via a mercury arc convertor installation 
of similar rating supplied from the alternators through phase splitting transformers 
giving 24 phase operation. 

This report covers the period up to 31st December, 1962 and does not refer to 
details of design. These design aspects, with indications of the historical 
reasons for adopting the final design chosen are given in the following three 
papers published in Proc. I.E.E.,Vol. 110, No. 3, March 1963. 

Paper 1 
Paper 2 
Paper 3 

General 
Rotating machines 
Mercury arc convertors l All three papers have the main title:

'Magnet Power Supply for the 7 GeV 
Proton Synchrotron Nimrodr. 

The main power circuit is shown in Fig. 5.l(i). 

The first 60 MVA motor-alternator-flywheel set was commissioned for open circuit 
running conditions during the last two months of 1961 and it was then used to carry 
out preliminary 1 on load' commissioning using each half of the convertor 
installation in turn, with four of the magnet octants as load, during the first 
quarter of 1962. From April 1962 until the end of August 1962 one motor-alternator
flywheel set and one half of the convertor plant was used to pulse the magnet 
(four octants at any one time) in order that the magnetic survey could be carried 
out. 

The second alternator was delivered at the beginning of September 1962. 
Installation was completed in about six weeks and the second motor alternator 
flywheel set ran up to speed for the first time on 21st October, 1962. 

After further commissioning, and also re-alignment of the first motor
alternator-flywheel set to the recently installed second set, the final fitted bolts 
and bushes were installed in the flywheel to flywheel coupling and on 
21st November, 1962 the complete rotary plant on its common 100 ft long solidly 
connected shaft system ran up to speed for the first time. On load testing and 
final commissioning could not be carried out immediately since the magnet was 
not available. Detailed final commissioning of power supplies was planned for 
January 1963 using four magnet octants and February 1963 using the whole of the 
magnet. This period will be covered in the second part of this report. 

However, early experience on the plant has shown that when the plant is 
operating at its full thermal rating, pulse repetition rates will be at least lo% 
higher than those quoted in the design stages. 

The following general operational information may be of interest: 

Total running hours from October 1961-3lst December, 1962 

Total pulsing hours 

Pulsing hours at standard pulse and/or 
standard pulse +15% •• 
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1,600 

700 

460 



Running bours during magnetic survey period 

Pulsing hours during magnetic survey period 
(300 of these hours at standard pulse+ 15%) 

.. 
Approximate number of pulses during magnetic survey 

. . 

Approximate number of pulses October 1961-3lst December, 
1962 .. 

750 

400 

132,000 

557,657 

During the period September-December 1962 the power plant erection programme 
had to be phased so that two separate one week duration pulsing periods were 
available for 'magnet shakedown' purposes. During these 'shakedown' periods the 
opportunity was also taken to carry out such work as the determination of a 
variety of maximum repetition rates and ripple content of the magnet voltage. Stress 
values experienced on the outer vacuum vessel were also measured for the Design 
Group. 

The two shakedown periods were 7th October-12 October, 1962 and 
25th November-30th November, 1962. During these two periods the number of magnet 
pulses produced was about 132,000 and the period 7th October-12th October proved 
to be the most intensive period of pulsing to have been carried out so far. The 
statistics applicable to thia period are as followsz 

Total running hours 

Total pulsing hours •• 

Total number of pulses 

6% 
58 (5o½ of these at standard pulse+ 15%) 

74,785 (72,270 of these at standard pulse+ 15%) 

Power Supplies personnel have been responsible for the operation of the 
plant and have also worked as a team with the staff of the power supply plant 
contractors during installation and subsequent early commissioning. 

In the following report items of interest relative to the rotary plant and 
the converter plant have been mentioned. An effort has been made to avoid 
repetition of the subject matter contained in the three I.E.E. papers referred to 
on the previous page. Nevertheless for the sake of completeness a little 
overlapping has occurred. 
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5.2. Rot ating Plant 

By 31st December, 1962 the whole of the rotating plant and its associated 
auxiliaries were installed and commissioned, although No. 2 motor-alternator set 
had only been operated under open circuit conditions. 

5.2.1. Brief..Note on Commissioning Work Outstanding after 31st December, 1962 

There remained, however, a considerable volume of outstanding work to 
be completed during the first- half of 1963. This will be detailed in the second 
part of this report but for completeness, a brief mention of a few outstanding 
items still to be carried out is given belowz 

( i) 

( ii) 

( iii) 

( iv) 

(v) 

(vi) 

(vii) 

( viii) 

( ix) 

Final balancing of the twin motor-alternator-flywheel set. 

Re-alignment of the set. 

The grouting in of the complete set. 

Determination of the behaviour of No. 2 alternator A.V.R. system. 

Shaft torsionnl oscillation frequencies with differing plant 
arrangements (e.g., one motor-alternator set with two flywheels) 
to be determined. 

Investigation into the behaviour of the complete set feeding the 
whole of the converter plant and a complete magnet (eight octants 
will not be available until February 1963). 

Extensive flaw monitoring of the plant forgings from the bore by 
specially developed ultrasonic test equipment. 

Installation of an emergency lubrication system for the set. 

Examination of one of the alternator rotors (the original No. 2 
rotor). This rotor had not been accepted on an ex-works basis, 
but had been virtually on loan to allow the magnet survey to be 
carried out. 

5.2.2. The Foundation Block and its Behaviour 

Since the rotating plant is rapidly changing from generating to 
motoring modes of operation with resultant torque reversals, it was decided to 
mount this plant on a reinforced and post-stressed concrete block. The rotary 
plant and its foundation block weigh about 1,600 tons and this weight is supported 
on eighty spring units and twelve viscous damper units. A simplified sketch of 
the foundation block is shown in Fig, 5.2.2(1). 

Distr i bution of mass and stiffness in the block ensured that the range of 
natural frequencies of the foundation block is about 21-24 c/s, i.e. well above 
the frequency of the highest set running speed which is about 16.5 c/s. 

The natural frequencies of the spring system are within the range 3 c/s to 
4.5 c/s, i.e. well below frequencies associated with machine running speeds but 
sufficiently above the 2 c/s frequency applicable to the highest pulse repetition 
rate. 

Post tensioning of the foundation block in the longitudinal direction 
(installed to give a compressive stress of 200 lb/in2 in the concrete) was adopted 
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ae an insurance against the possibility of development of transverse oracles in the 
suspended block since such cracks would tend to lower the block natural frequency 
and bring it near to machine running frequencies. 

The dampers serve to limit block movement during short circuit conditions and 
they also limit any effects of resonance while the machine is being run up or shut 
down. 

Foundation settlement measurement equipment is installed on the block. 
Twelve measuring devices known as slave units are installed on the block (five 
along each side and one at each end). Their respective positions with respect to 
a master unit mounted at one end of the block can be determined to an accuracy of 
better than: 0.001 in. 

Having obtained a set of readings it is necessary to apply a suitable method 
of analysis to these to eliminate:-

(i) the effect of compression of the supporting springs due to particular 
loading conditions and 

(ii) tilting of the whole block due to non-uniform loading conditions. 

Having eliminated these effects it is possible to see just bow much the block 
profile changes. 

Effect of Block Profile Changes on Alignment 

Any change in the block profile obviously means an alignment change since the 
machine bearing pedestals are mounted along the centre line of the foundation 
block. 

Fig. 5.2.2(ii) shows that in as little as twenty-four hours of operation at 
full thermal loading the block profile can develop an increased 'hogging ' 
characteristic of as much as 0.06 in peak to peak along its entire length. It is 
expected that thi s bogging effect can develop to a f igure of 0.2 in from the 
original cold profile condition at which plant alignment takes place. 

Reference again to Fig. 5.2.2(ii) shows that over the central 30 ft section 
of the block where six very critically aligned large bearing pedestals are located, 
al though the two curves show a total peak change of o. 025 in, the relative variation 
between pedestals over this range is only 0.006 in. · 

Nevertheless it has proved necessary to misalign the machines when cold in 
order to achieve improved running conditions. Fig. 5.2.2(iii) shows the results 
achieved on No.l motor to alternator coupling on the first occasion that this was 
att~mpted. Final alignment is always checked by strain gauge methods. When 
No. 1 motor to alternator coupling was firs t made off, tb~ misalignment stress 
measured at 90° intervals as the coupling was rotated was recorded (Column A in 
the table). After the machine bad been running, a set of readings was taken with 
the machine hot (Co lumn Bin the table). This shows an increase in stress of more 
than 1000 lb/ in 2 • As a result of these observations the drive motor was 
re-aligned to the alternator during a convenient shut down period but care was 
taken to ensure that in aligning the two couplings angularly, a gap of 0.002 in 
was introduced at the bottom. The corresponding strain gauge figures immediately 
after doing this are recorded in Column C. Note the appreciable tensile stress 
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introduced at the bottom of the coupling, and the appreciable degree of deliberate 
misalignment compared with Column A figures. Column D shows the result of an 
alignment check at the motor to alternator coupling with the machine hot, the 
indication being that the movement of the f oundation block towards an incr easingly 
hogging profile (see graphs (c) & (d) in Fi g. 5.2.2( iii), had cancelled out t he 
bending stress initially deliberately introduced to give negligible misalignment 
stresses with the machine bot (a reduction from 1035 l b/i n 2 down to 15 lb/i n 2 ). 
The corresponding foundation block profiles corresponding to the readings 
tabulated at B, C & Dare shown in graphs (b), (c) and (d) respectively. 

5.2.3. Bearing Pedestal Vibration Levels 

No. 1 motor drive and bearing pedestal developed about 0.003 in peak to peak 
vibration before the re-alignment to which reference has just been made. This 
was reduced after re-alignment to 0.001 in and so far it has proved practicable 
to keep vibration levels down at all bearing pedestals to less than 0.001 in peak 
to peak. 

5.2.4. Machine Bearings 

Bearing temperatures are indicated in the power supplies control room and the 
white metal temperature does not normally exceed 65°c. During commissioning and 
early running one bearing bas been changed because of blistering of the white 
metal. The bonding of the white metal to the shell has been checked ultrasonically 
on all bearings. Differential pressure switches across orifice plates in the oil 
supply pipes to the bearings, operate to trip the set if the rate of oil flow to 
any bearing falls too much. 

5.2.5. Shaft Eccentricity Levels 

Eccentricity of the shaft system is measured in the immediate vicinity of 
each alternator bearing pedestal and these four eccentricy values are fed to a 
four channel recorder. Levels of eccentricity are normally of the order of 0. 001 in 
peak value although, on occasions, levels approaching 0.003 in have been recorded-

5.2.6. Shaft Torsional Stress Monitoring System 

On each alternator a pair of phonic wheels each having 540 teeth are mounted 
on the alternator shaft at positions as indicated in Fig. 5.2.6(i). These 
phonic wheels, in conjunctiop with magnetic pick ups, give, by phase comparison 
of the output from the pick ups, a direct measure of shaft twist. The output 
from the pick ups is fed to a transistorised phase meter which in turn operates 
transistorised alarm and/or trip relays whenever the appropriate level of torsional 
stress is reached. 

At present the alarm and trip settings are as follows:-

Alarm Setting (1.5 per unit torque) 0.0784° mecb. = 42.6° elec. 

Trip Setting (3.0 per unit torque) 0.1569° mech. 85.2° elec. 

This equipment bas opera ted quite satisfactorily during the commissioning and 
early operational stages, but the phonic wheels are to be replaced with wheels 
having teeth even more accurately machined in order to reduce the noise level furthere 
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Fig. 5.2.6(i) shows not only the location of the phonic wheels but 
illustrates generally the monitoring of the shaft system. Fig. 5.2.6(ii) shows 
the behaviour of the shaft system at Stations A & B (see position 4 in Fig.5.2.6(i)) 
monitored by the strain gauges installed at these locations. The flat top timer 
has incorporated in it a 1000 c/s crystal controlled oscillator, so that flat top 
times can be adjusted to be an odd number of half cycles of shaft torsional 
frequency to prevent possible build up of excessive shaft torsional stress. 

5.2.7. Starting and Pre-heating of the Set 

The complete set is equipped with four oil jacking pumps so that oil at 
1000 lb/in2 is introduced at the bottom of each bearing so that the shafts are 
lifted on a film of oil to ease starting conditions and to help avoid possible 
bearing damage. The selected main oil flood pump, capable of delivering 
325 gal/min at a discharge pressure of 50 lb/in2 has to be started before switching 
on the jacking oil system. After starting up the main flood

2
pump and the jacking 

pumps the barring gear can be engaged to rotate the set at 13 rev/min. 

The main lubrication oil tank is fitted with 30 kW of heating, In addition 
about 30 kW of beating is installed in each alternator stator frame. The 
lubricating oil is raised to a temperature of 40°c so that as the set is barring, 
the shaft temperature can be lifted to a minimum of 30°c before arduous pulsing 
commences. Stator heating can be used to assist in this process. 

(a) Reason for Pre-beating 

This pre-beating is carried out to ensure maximum security of the shaft 
system by ensuring that the transition temperature of the steel is reached or 
exceeded before appreciable pulsing stresses are set up, It seemed advisable to 
do this, particularly since extensive investigation on the Bevatron power supply 
had shown that it was prudent to pre-heat the Bevatron flywheel shafts to a point 
at which Charpy-Izod tests indicated satisfactory energy absorption levels. (2). 

(b) Transition Temperatures of Chrome Molybdenum and Low Nickel Vanadium Steels 

It is true to say that varying opinions are held on the subject of 
brittle fracture and machine failures. Nevertheless large rotors have burst and 
such failures have caused attention to be directed to the brittle behaviour of 
alloy steel forgings. It was found that if the notch toughness of the steel is 
evaluated over a range of temperatures by means of the Charpy-Izod impact test 
it becomes evident that the energy required to fracture test specimens decreases 
rapidly with decreasing temperature. This can be readily seen from the curves 
shown in Fig. 5.2.7(i) which are applicable to the steels used in Nimrod power 
plant forgings, If a line is drawn at, say, 15 ft lb and if the mean of the spread 
of results is taken for the two steels, it can be seen that the temperature 
corresponding to 15 ft lb fracture energy is about 20°c for the low nickel 
vanadium (LNV) steel and -2°C for the chrome molybdenum steel. Above these 
temperatures the steels will behave in an increasingly ductile way and below 
these temperatures in an increasingly brittle way. The temperature at which a 
steel specimen absorbs 15 ft lb of energy during fracture is called the transition 
temperature. 

Again sudden failures due to extremely rapid crack propagation, will only 
occur if there is a sufficiently severe stress concentrator to act as a point of 
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origin. However it is not practicable, even in very high quality forgings, to be 
certain that no flaws whatever are present. Where failures have occurred, most 
have taken place when the steel temperature has been below the transition temperature. 

One of the difficulties in the determination of the transition temperature 
is the wide spread of results obtained from specimens taken from various parts of 
the same forging. Fig. 5.2.7(i) shows the spread of results for the alternator 
LNV rotor forgings and the chrome molybdenum motor forgings. The flywheel half 
shafts are also made from chrome molybdenum steel. It can be seen from 
Fig. 5.2.7(i) that in our case, from a transition temperature viewpoint, the 
alternator forgings are more of a problem than the motor or flywheel shafts. If 
the mean curve of the LNV spread of results is taken, a figure of 15 ft lb is 
not achieved until a temperature of 20°c is reached. It seems prudent therefore 
to pre-heat to at least 30°c. 

In practice this temperature is achieved by alternator.and lubricating oil 
heating as far as is practicable, followed by a pulsing programme specifically 
suited to mercury arc converter ageing requirements. Since this mercury arc 
converter ageing programme is carried out with long flat top times (typically 8 s) 
at a magnet current of 5 kA and only 30% of peak voltage, the shaft torque levels 
are low so that this duty can be carried out not only to effect the necessary 
converter plant ageing, but also to assist in raising machine and shaft temperatures. 
This does mean, however, that the power supplies and the magnet load have to be 
available for 2 hours before normal pulsing is required. At the end of the pulsing 
programme 20 min are required to bring the set to rest with the brakes fully on 
after which the set is barred for a further hour or so, so that the rotors cool 
down evenly and possibilities of shaft bending are avoided. Power supplies plant has 
therefore to be operational for approximately 3½ hours in excess of the pulsing 
period required. · 

5.2.8. Lubrication Oil System 

A certain amount of difficulty bas been experienced with air entrainment in 
the oil system with resultant difficulties of pump priming. This could be 
particularly serious in the event of a pump failure or a site electrical failure 
since the stand by pump which should automatically out in, could fail to build up 
pressure. A temporary continuous bleed system was installed to greatly reduce the 
likelihood of failure. In 1963 modifications will be carried out to the existing 
pipework and in addition to this an emergency gravity fed system will be installed. 
The head of oil available may not be sufficient to prevent some bearing wipe but 
should be sufficient to avoid serious damage to the journal and bearing system. 

5.2.9. Routine Intrascope Inspections 

The alternator poles are 115 in long. The laminations are clamped between 
5 in thick steel end plates and the poles are keyed to the rotor body as shown 
in Fig. 5.2.9(1). During the early life of th~ set intrascope inspections were 
carried out at locations X and Y (Fig.5,2.9(i))in order to ascertain whether 
changes were occurring in this region. It was possible to ascertain, for example, 
whether any gaps between laminations .(or between laminations and end plates) 
had changed, whether there appeared to be any significant key movement, etc. 
All changes observed have been recorded nnd the changes noted so far do not give 
cause for undue concern. 
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5.2.10. Flywheels 

Tests have been carried out to determine the temp~rature rise of the flywheel 
when either the eddy current braking system or the mechanical band braking system is 
applied. The rise in rim temperature is somewhat similar in the two cases and 

0 temperatures of up to 140 Cat the rim a~e reached. The running temperature of 
the flywheel is normally not less than about 6o0 c, thus the temperature rise does 
not exceed 8o0 c. It is important that this rise should not be significantly 
exceeded otherwise the compressive stress in the rim approaches the yield point 
of the steel very closely. For this reason eddy current braking and mechanical 
braking cannot be used simultaneously for a more rapid shut down. Furthermore 
one mechanical brake or one eddy current brake must not be used to stop the 
complete twin set. 

An ultrasonic survey has been carried out on both flywheels and it was 
found that in the case of No. 1 flywheel there were 132 significant defect echoes 
distributed in about a 270° arc of the flywheel disc whereas No. 2 flywheel had 
only about 28 flaws distributed within about a 90° arc. It would appear that 
No. 1 flywheel disc is peppered with slag inclusions. It is reasonable that the 
two flywheel discs should not give similar results when ultrasonically scanned, 
since they were separately made and not from the same melt. 

The flywheels will be ultrasonically scanned at intervals to try to ensure 
that no significant change occurs in the known flaw patterns. It must be 
emphasised that these remarks apply only to the flywheel discs which are made from 
quite an ordinary steel having a minimum yield point of 20 ton/in2. 

The chemical composition is:-

Carbon 
Manganese 

0.28/0.34% 
0.8/1.1% 

Silicon 
Sulphur and Phosphorous 

0.1/0.3% 
0.05% 

The half shafts are made from a chrome molybdenum steel having a minimum 
yield point of 40 ton/in2 • The chemical composition is:-

Carbon 
Silicon 
Manganese 
Nickel 

o.25-o.35i 
0.1 -0.35% 
0.65'/o max. 
0.4% max. 

Chromium 
Molybdenum 
Sulphur 
Phosphorous 

2,5-J-5% 
0,3-0.1% 
0.05% max. 
0 .05% max. 

These half shafts will a1so be scanned ultrasonically at bearing journal 
locations during the final commissioning stages in 1963 (see section 5.2.13 on 
ultrasonics). 

5,2.11 Alternator Automatic Voltage Regulation System 

Fig.5.2.11(i) shows a block schematic of this system. The basic reference 
voltage is generated by reference neons fed from a stabilised supply. The output 
of the reference circuit is fed to a potential divider chain so that any selected 
value in the range 20'/o to 100% can be obtained to within a fraction of 1%. The 
transient voltage characteristic of the alternator is curved and if the 
excitation is controlled to follow a similarly shaped characteristic, the A.V.R. 
duty is less arduous and therefore more accurate than would be the case if the 
excitation followed a linear characteristic. This shaped characteristic is 
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achieved by the use of the droop unit which provides a controlling voltage (which 
is a non-linear function of the magnet current) to modify the reference voltage. 

The alternator volta.ge transformer (12.8 kV/180 V) output is rectified, to 
produce a voltage proportional to the average of the three line voltages, and fed 
back to be compared with the combined outputs of the reference and droop circuits. 
The resultant error is applied to the regulator magnetic amplifier, which in turn 
controls the grid control unit supplying the grid impulses to the mercury arc 
excitation rectifiers. 

Should the alternators ever run in parallel, a circulating current will flow 
between them if their excitations are unequal so a pair of cross connected current 
transformers are used to measure this current. Their outputs are fed to a phase 
sensitive rectifying circuit to produce a direot voltage proportional to the 
circulating current and of polarity dependent on the phase of the current. The 
voltage so produced is fed in opposing senses to each regulator amplifier to 
correct the excitation of the alternators. · 

An essential requirement of A.V.R. performance is tbat pulse to pulse 
repeatability must be maintained and one of the closest tolerances specified 
was th~t the alternator voltage should have recovered to within ±0.25% of 12.8 kV 
within 0.2 s of the end of the decay period. 

Figs. 5.2.ll(ii) and 5.2.ll(iii) show traces of (a) error volts AVRl and 
AVR2, (b) magnetic amplifier outputs AVRl and AVR2, (c) field volts alternator 1 
and alternator 2, (d) stator volts alternator 1 and alternator 2 under standard 
pulse conditions both at the beginning and end of a twelve hour pulsing period. 
The close similarity of the stator voltage traces may be noted; similarly, error 
volts have remained virtually the same over this period. On both alternator 
voltage traces, the voltage has recovered to within ~0.25% of 12.8 kV within 0.2 s 
of the end of the decay period. 

5.2.12. Brief notes on General Routine Commissioning 

In this report certain items which it is hoped will be of general interest 
have been mentioned. Much time was inevitably spent in the period under review 
in carrying out routine work associated with plant of this nature. The 
following list is by no means complete but serves as an example of such work:-

(i) 

(ii) 

(iii) 

(iv) 

(v) 

(vi) 

(vii) 

Primary and/or secondary injection testing of all plant protection. 

Checking the extensive sequence interlocking system on the plant -
also the complete alarm and tripping system. 

Fig. 5.2.12(1) lists the main protective devices on the plant together 
with the switches, etc., with which they are associated. 

Electrical pressure testing of plant and cables. 

Phasing out of transformers. 

Setting up and adjusting switchgear and ensuring that closing and 
tripping performances are in accordance with those laid down in B.S.S. 

Commissioning tests on all auxiliaries: e.g., motors, cyclic resistors, 
liquid controllers, batteries, oil purifiers, etc. 

Checking excitation and ignition circuits of the excitation rectifiers, 
grid-anode phasing, etc. 

5 - 9 



(viii) Dry out runs on alternators and static dry out procedures on the motors. 

(ix) Pressure testing of oil and water circuits and the calibration of orifice 
plates in these circuits. 

5.2.13. Ultrasonic Scanning of the Rotary Plant 

Reference has been made in sections 5.2.4 and 5.2.10 to flaw detection by 
ultrasonic methods on the flywheel discs, and the cheoking of the bonding between 
the white metal and the steel shell of machine bearings. Conventional ultrasonic 
test equipment is, of course, freely available to carry out such examinations a.nd 
also examinations from the exterior surface of bearing journal locations. It was by 
this means that the East generator shaft of the Bevatron magnet power supply was 
found to have serious flaw patterns in the vioini ty of a bearing journal. Flaws were 
also found on the West generator shaft but these were not so serious. However in a 
Bevatron Engineering Note (3) a comment is made that in the case of the East 
generator shaft the ultrasonic observations were sufficient to reject the shaft 
on current inspection standards for installation in new equipment. Ultrasonio 
survey programmes were set up on a three shift basis for both machines. 

In the case of the Nimrod machines, the locations at which ultrasonic 
examination can be carried out is limited to the bearing journal positions. In 
the case of the alternators this amounts to about 13% of the shaft length. 

However, the Nimrod motor-alternator-flywheel set has central boreholes 
throughout the shaft system. In the 14 ft 6 in long motor rotor forging the 
borehole is 2¾ in dia., in the 25 ft long alternator rotor for_ging it .is 4½ in dia. 
and in the 4 ft 6 in long flywheel half shaft it is also 4½ in dia. 

Since ultrasonic techniques have been accepted for many years as a means of 
evaluating the soundness of parts of rotary plant (e.g., end bells of turbo
alternator rotors) and in view of the American experience, it appeared prudent 
for ultrasonic inspection to be carried out on Nimrod. The practicability of 
scanning from the bore was considered. This had the obvious advantages that no 
machine dismantling need take place and very much more of the forgings could be 
examined. 

There was no commercially available equipment to carry out this work and 
various firms were approached to see whether a reasonable development contract 
could be arranged to investigate this problem. There were obvious difficulties 
to be overcome some of which are now mentioned1-

(i) The ultrasonic probe head would be out of the sight of the operator 
and up to 45 ft away from him, yet acoustic coupling conditions 
between the probe and the bore surface had to be constant throughout 
a survey. Furthermore the probe head had to pass through the 2¾ in 
dia. motor rotor bore before entering the 4½ in dia. bores. 

(ii) Time of inspection had to be as short as possible. In this connection 
it is interesting to note that to examine the alternator rotor forging 
alone for bore surface flaws,and also flaws from the bore surface 
radially into the forging up to a distance of 10.5 in from the bore 
(to the base of the pole dovetails), requires results to be obtained 
at about 60,000 probe locations. 
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( iii) 

( iv) 

(v) 

(vi) 

(vii) 

(viii) 

This means that it was necessary to devise, in effect, a continuous 
survey system which incorporates automatic trace recording and 
alarm features. 

The probe system had to be capable of being set up to achieve high 
repeatability accuracy in radial and longitudinal locations in order 
to achieve direct comparison with previous scanning results. 

It had to be possible to set up the equipment within half a day so that 
use could be made of short shut down periods of say, two days duration. 

Results had to be capable of relatively easy interpretation. 

This in turn meant that the probe system had to give results which were 
accurate and comparable with previous results irrespective of the 
forging temperature, which can vary at least over the range 20°C-70°C. 

Another difficulty is caused by the fact that there is increasing signal 
attenuation as greater steel thicknesses are penetrated; thus the 
amplitude of the flaw trace is not constant for~ given fl aw size over 
the range of interest. However this problem can be overcome by suitable 
swept gain amplifier design to increase sensitivity with increasing 
range. 

A development contract was placed in April 1960. It soon became apparent 
that a standard barium titanate/perspex probe could not meet the specified 
conditions but by August 1960 a much more satisfactory "free oil column" probe 
bad been produced. This was basically an immersion technique using oil. 

By March 1961 a prototype had been produced which permitted the probe bead 
to pass through the 2-¾ in dia. motor rotor bore i nt o the alternator and fl ywheel 
bores. Early field trials had also been carried out direct into the alternator 
rotor bore at the alternator manufacturer's works. To keep the probe at a constant 
temperature irrespective of rotor steel temperature, the couplant oil system was 
designed to have a suitable flow, comoined with a couplant oil beating system 
ar ranged to give very close temperature control. A couplant oil then had to be 
found which would have suitably stabl e characteristics at the operating temperature 
required. 

This project was commenced sufficiently early in the manufacturing stages 
of the rotating plant to make it possible to enlist the aid of the manufacturer 
in arranging for certain holes in various parts of the rotor forging to be flat 
bottomed. These, of course, give a vastly different signal response when 
scanned ultrasonically and acted as 'navigation' marks, which was particularly 
helpful in the early development trials. The bore surface finishes were also 
improved to a 15 ~in finish. It would appear that a 50 ~in finish would have 
been adequate. By this time it had also been decided not to scan the motor from 
the bore since this complicated probe head design even more. Extra complication 
was not justifiable since half the length of the motor bore has a 2¾ in dia. 
insulated liner in it as part of this particular type of motor construction. 
Ultrasonic scanning in this region is therefore not possible in any case. 

As the work progressed it became apparent in the first half of 1962 that 
it would be helpful to attempt to improve the probe design further. The oil 
columns incorporated in the probe design attenuated longitudinal ultrasonic 
waves only to a small degree, thus considerable reverberation signals existed 
which tended to mask the useful flaw signals. The oil column probe was finally 
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replaced by a Nylatron G.S. column probe incorporating suitable oouplant oil 
channels. This proved to be a major improvement and early results showed that 
interpretation of the results obtained was very much simpler. 

( i) 

(ii) 

( iii) 

(iv) 

The final probes which will be supplied are as follower-

A circumferential surface wave probe. The range of detection to be over 
a 90° arc of the bore surface. The sensitivity to be such tha t a V 
scratch 0.25 in in length, having an included angle of 3-5° and a depth 
of 0.005 in, will be clearly and unmistakably indicated. Frequency 2.5 Mo/a. 

A longitudinal surface wave probe. Minimum range of detection to be 3.5 in 
ahead of the probe. Sensitivity as defined in (i) above. Frequency 2.5 Mc/s. 

A longitudinal wave (V.L.O.) probe. The sensit ivity requirement to be 
such that the probe is capable of detecting-tin dia. flat bottomed holes 
drilled radial l y over a range from 0.1 in below the bore surface to 10.5 in 
from the bore surface. Frequency 2.5 Mc/a. 

Suitable standard type probes for scanning the four llin dia. journals 
and the eight 20 in dia. shaft journals from the exterior. 

The development phase of this contract was virtually completed by December 1962. 
The commissioning of the final equipment and the initial and very detai l ed ultrasonic 
surveys of the rotary plant will take place during the first half of 1963 and will 
be described in the second part of this report. Before then a paper will be published 
on tb.is project. 

This introduction bas been given at some length since no information is at 
present available elsewhere on the general background and considerations which 
led to the development of this special equipment. As f ar as is known this is 
the first time that such a comprehens ive equipment has ever been produced for 
monitoring forgings in service from a central bore hole. 
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5.3. Converter Plant 

In this section some of the more interesting problems which arose during the 
commissioning of the convertor plant are discussed. As an introduction, a general 
description is given of the main power circuit of the convertors and the essential 
control items. As already mentioned in section 5.1 a more detailed description, 
together with early design considerations, will be found in the three papers 
published in the proceedings of the I.E.E. (1). 

5.3.1. General Description of Power Circuit 

The basic circuit is shown in Fig.5.l(i). It will be seen that the convertor 
installation is in two identical parts and that each half is made up of eight 
groups of converters. Each group itself comprises six single anode convertors, 
and these are of the water cooled,continuously evacuated,excitron type. 

For each half of the plant there are four main rectifier transformers having 
a primary rating of 11.93 MVA and supplied at 12.8 kV from the alternators via 
an air blast circuit breaker. Each transformer has two secondary windings 
connected double star with an interphase transformer, the no load secondary 
voltage being 3 1 400 V phase to neutral. The primary windings of the transformers 
are connected star, delta, extended delta+ 15° and extended delta -15° 
respectively, and this has been arranged so that each half of the converter 
plant operates as a 24 phase installation. The secondary windings of the 
transformer having the star connected primary, are associated with converter 
groups 1 and 2; the delta connected transformer with groups 3 and 4 and so on. 
The groups are connected in a series parallel arrangement shown in Fig.5.l(i) and 
the manner in which they operate to give a 24 phase output, and the function of 
the interphase transformers, will be explained by reference to Figs.5,3.l(ii), 
5.3.1(iii),5.3.1(iv). 

The magnet current pulse is such that it demands three distinct modes of 
operation of the converter plant. 

(i) A period of approximately 0.7 s during which time all converters are 
operating as free firing rectifiers and current is increasing in the 
magnet. The actual time of current rise is variable depending on the 
value of magnet field required. 

(ii) A short period which is adjustable in 1 ms increments during which time 
the magnet current is held approximately constant. 

This condition is obtained by arranging that only one group of convertors 
in each series pair operates as a rectifier, whilst the second group 
functions as an inverter. The degree of inversion is such that there 
is just sufficient forward voltage as a resultant output across the 
series pair to overcome the resistive drop in the load and its connections. 

(iii) A period of time similar in magnitude to the current rise time (i) during 
which the magnet current decays to zero. 
During this time all convertors function as invertors to transfer the 
energy stored in the magnet to the power supply system. 

A typical magnet current pulse waveform is given in Fig. 5.3.1(v) while 
Fig.5.3.1(ii) shows the build up of the d.c. voltage waveform across one series 
pair of converter groups. It has been assumed that the angle of overlap for the 
condition considered is 371° and that the safety angle during inversion is 221°. 
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Curve 1 shows the anode voltage of one star group of say converter group No.lJ 
curve 2 shows an anode voltage associ~ted with the other star of the same 
transformer secondary. Because of the action of the 150 c/s interphase transformer, 
each anode conducts for l/3rd of a cycle and the d.c. current is shared equally 
between the two star windings. Since anodes associated with each star group are 
conducting simultaneously, the effective d.c. voltage due to the converter group 
is the mean of curves 1 and 2 and is drawn as curve 3, The voltage across the 
150 c/s interphase transformer will be the difference between curves 1 and 2. 

Curve 4 is similar in waveform to curve 3 but is displaced in phase by 30° 
to represent the d.c. voltage of the series converter group, say group 4. 

When changing into flat top condition the d,c. voltage waveform of group 1 
converters moves into the negative inverter region as shown by curve 3 whilst 
curve 4 remains in the ~ositive rectifier region until the end of flat top. 

The nett d.c. voltage across the series pair of converters is the algebraic 
sum of the voltages due to the individual groups and is indicated by the heavy 
full line on the Fig. 5,3.l(ii). 

The nett d.c. voltage due to series converter groups 3 and 2 will be similar 
in waveform to tha t due to groups 1 and 4 already considered,but since group 
3 is 30° out of phase with group 1, then switching into flat top cannot occur 
at the same instant. On Fig. 5,3.l(iii) the waveforms for groups 1-4 and 3-2 are 
shown dotted and the effect of the 300 c/s interphase transformer is that the 
nett d.c. voltage output across the four groups is the average of the two curves, 
and is shown by the full heavy line. The voltage across the 300 c/s interphase 
transformer is the difference between the two dotted curves, and it can be seen 
that during full rectification and full inversion this should be zero. 

Converter groups 5, 6, 7 and 8 are all phase displaced by 15° relative to 
groups 1, 2, 3 and 4 already discussed, and perform in precisely the same manner. 

It follows that the output voltage waveform of these two parts of the plant 
will be similar in shape but displaced i n phase by 15°. This is shown on the 
dotted curves 0£ Fig. 5,3.l(iv) and the effect of the 600 c/s interphase 
transformer is that the nett d,c. voltage output from each half of the converter 
installation is as shown by the full heavy line. The voltage across the 600 c/s 
interphase transformer is the difference between the two dotted curves as 
indicated. 

5.3.2. Commissioning Experience 

No attempt will be made here to cover all the commissioning tests which have 
been carried out. Many of these were of a routine nature of limited general 
interest, and a complete record is available in the form of test schedules which 
were completed as the various tests were carried out. It is considered preferable 
to describe some of the more interesting aspects of the plant, and tests which 
were carried out to establish the plant performance. 

(a) Main Rectifier Transformers 

One of the tests carried out on the main transformers was a pressure test 
at 30 kV d.c. During this test one of the transformers broke down at approximately 
12 kV d.c. and it was necessary to remove the transformer from its tank to find 
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Fig. 5. 3. 1 (i) View of Convertor House showing the rectifier gallery with control gear under
neath. The two primary ripple filter chokes can be seen in the centre of the 
picture and to the right the Brentford regulating transformers. 
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Fig. 5. 3. 1 (vi) View of Transformer Yard 
(The building in the centre of the yard, with open doors, 
contains the air blast switchgear). 



Fig. 5. 3. 2 (i) General View of Rectifier Transformer Removed from 
its Tank 



Fig. 5. 3. 2 (ii) View of Rectifier Transfor,mer Neutral Connection 
Showing Damaged Insulation 



the cause of the trouble. It was found that at one point there had been. 
insufficient clearance between a neutral connection and a web on the side of the 
tank. It was concluded also that the method of locating the transformers in 
their tanks was not positive, and tha t movement had occurred in transit. 

Photographs are included of the transformer being removed from its tank, and 
a close up of the neutral connection showing the damaged insulation where chafing 
had occurred, resulting in breakdown on pressure test (Figs. 5.3.2(i) and 
5.3.2(ii)). 

As a result of these findings it was necessary to examine each of the eight 
transformers and to modify the method of locating the transformers in their 
tanks. Fortunately it was possible to do this by draining down the oil and 
working through inspection covers in the sides of the tanks. 

(b) Convertor Load Sharing 

By far the largest part of the commissioning time has been spent in carrying 
out adjustments to the plant to obtain reasonable load sharing between the 
paralleled convertor units. The causes of poor load sharing have in general 
been due to one of the following:-

(i) Current compensation influence on grid phasing. 

(ii) Incorrect operation of the interphase transformers. 

(iii) Unsymmetrical capacity to earth of the d.c. connections to the magnet. 

(iv) Faults in the grid impulse generating circuits. 

The last item is of little general interest and will not be dealt with 
further. The first three items will be treated under their separate headings. 

(i) Current Compens ation Influence on Grid Phasing 

In order that the synchrotron as a whole may operate at its maximum repetition 
rate, it is necessary that at the end of the flat top period the magnet current is 
reduced to zero as quickly as possible. This is done by so phasing the convertor 
grid impulses that the anodes can only conduct during the time when their voltages 
are negative relative to the transformer neutral. Thus the convertors are 
operating as invertors. This is possible due to the high inductance of the 
magnet, which produces a back e.m.f. to force the current through the convertors 
from anode to cathode, against the direction of the applied anode voltage. 

It is desirable to operate with the maximum degree of inversion possible, and 
this involves continually altering the phasing of the convertor grid impulses as 
a fuction of load current. Fig. 5.3.2(iii) explains the reason for this. At (a) 
i s shown one of the double star main transformer connect i ons and the anode voltage 
waveforms produced by this transformer are shown at (b) and (c) with the 
convertors operating as invertors. At (b) anode 1 is shown commutating to anode 
2 at an angle ~before the anode voltage waveforms cross each other. Commutation 
can only occu~ from one anode to another which is more positive and therefore 
would be impossible if the grid impulse of anode 2 were retarded beyond the cross 
over point. In fact commutation must be complete well before this cross over 
point to allow DUfficient time for de-ionisation of the space surrounding the 
extinguished anode which would otherwise re-ignite. The minimum time in which 
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commutation must be completed before the crossover. point, is called the safety 
angle and is shown as the angle 6 on Fig. 5.J.2(iii). This diagram has been 
drawn neglecting commutation time, i.e. angle of overlap .,-,. which is shown in ( c). 
Since we must maintain the safety angle 6 after commutation, it is necessary that 
the grid impulses must be advanced by an angle ,-,. giving /j = 6 + µ. • Tbe overlap 
angle is a function of load current and commutating voltage and Fig. 5.3.2(iv) 
shows the amount of grid advance applicable for given currents at the various 
operating voltages. This control is lrnown as 'current compensation'. 

The circuit which initiates the generation of convertor grid impulses relies 
on an a.c. waveform of alternator frequency being cut by a d.c. voltage. By 
varying the level of the d.c. voltage input, the point at which this cuts the 
a.c. waveform and hence the phase position of the grid impulses, is changed. 
Each group of convertors has its own current compensation control, which is obtained 
by connecting in series with the d.c. input to the grid control units a component 
which is a function of d.c. current fed via d.c. current transformers (see 
Fig. 5.3.2(v)). The original scheme was such that the d.c. current for each group 
supplied its own current compensation control. This scheme was unstable an~ 
various forms of cross connection were tried to provide some current compounding 
control to give even load sharing between the convertor paths. The scheme finally 
adopted is shown in Fig. 5.3.2(vi) which indicates, for example, that the d.c. 
current in group 1 influences the grid phasing of groups 3 and 7, whilst the 
currents in groups 3 and 7 also influence the grid phasing of group 1. Current 
compensation is only effective during inversion and does not influence impulse 
phasing during rectification. During flat top the cross compounding of groups 
1, 3, 5 and 7 will be operative to assist load sharing and during current decay 
groups 4, 2, 8 and 6 will behave similarly. 

It will be clear that the primary function of the current compensation 
control is to provide an adequate safety angle. The current sharing feature is a 
secondary aspect and is not a closed loop control in the normal sense, in that 
there is no controlling influence operating directly as a function of current 
unbalance. Load sharing will only be correct if the current compensation 
controls are precisely set up and any differences in the settings between one 
oonvertor group and another will in fact enforce current unbalance. 

(11) Inoorreot Operation of Interphase Transformers 

The function of the interphase transformers (I.P.T's) has been explained in 
section 5.3.1. It will have been seen that the largest voltage/time areas across 
the I.P.T's, and hence the maximum flux conditions, occur when switching from 
rectification to inversion or from inversion into rectification. The latter 
condition applies at the end of an injection platform which is produced at the 
beginning of the current pulse at approximately 170 A. The injection platform is 
produced in the same way as flat top is produced at peak current. At the end of 
the platform period the odd numbered groups of convertors are switched from 
inverter to rectifier duty to continue the current rise period. Fig. 5.3.2(vii) 
shows t he I.P.T. waveform obtained on a programme with injection platform and 
a very small peak d.o. current. It is included to show the voltage/time areas to 
which the I.P.T's are subjected when changing from rectification to inversion and 
vice-versa. 

The control of convertor switching from rectification to inversion and vice
versa is from a master timing unit which is set up to provide the required periods 
for current rise, injection platform, flat top and repetition rate. The timer 
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output pulses operate via impulse amplifiers and transformers, and multivibrator 
switches to change the d.c. input level to the grid control units as explained 
above. This alters the phase position of the grid impulses and gives the required 
operating mode, i,e. rectifica t i on or inversion. The design of t he tllller is s uch 
that the large voltage/t i me ar eas to which the I.P.T' s are s ubject ed occur i n 
opposit e dir ect ions each time tbe convertor operat i ng mode i s changed . 
Fig. 5.3.2(viii) indicates bow t his occurs f or t he 150 c/s I.P.T. and the same 
applies for t he 300 c/s I.P.T. This can be seen by reference to Fig . 5. 3. 2(vii). 
In the case of the 600 c/s I. P.T. the s ame condition applies for inject i on 
platform, but the flux change at the beginning and the end of flat top are in the 
same direction and it is not possible to avoid this. 

Early operating experience showed tha t the design of the interpbase 
transformers was such that precise setting up of the grid circuits and current 
compensation circuits was essential if I.P.T. saturation at the end of flat top 
was to be avoided, particularly so in the case of the 300 c/s I.P.T's. 
Fig. 5.3.2(ix) has been drawn to show the effect of current compensation errors 
on the 300 c/s I.P.T's during flat top. At (c) is shown the I.P.T. waveform when 
current compensation settings are precise. At (b) the case is shown where there 
is a 3° error in current compensation and at (a) a 7½0 error is shown. At (c) 
it is clear that alternate positive and negative voltage/time areas are equal 
whilst at (a) and (b) this is not so and the d.c. component of flux will quickly 
cause saturation. 

Test results confirmed that the dimensions of the I.P.T's were such that 
they would not function properly without pre-magneti s ation of t he core. If the 
plant commenced operation with the I.P.T. cores f luxed at remanan ce l evel, 
saturation would occur on the first large voltage/time area to which they are 
subjected at the beginning of injection platform . Fig. 5,3.2( x) is included to 
show this effect and can be compared with Fig. 5.3.2(vii) which was taken under 
identical conditions but with pre-magnetisation. Pre-magnetisation is obtained 
by passing a pulse of d.c. current through the I.P.T. windings from an external 
source immediately before the commencement of each magnet current pulse. The 
idealised fluctuation of flux in the core of the I.P.T's is shown in Fig.5.3.2(xi) 
which indicates the reversals of flux in the 300 c/s I.P.T. In practice the flux 
does not remain at the pre-magnetising level as indicated but tends always to 
move towards the remanance level. This is particularly so when the I.P.T's are 
subjected to an alternating flux change which, due to the hysteresis 
characteristic of the material, produces a de-magnetising effect. The 300 c/s 
I.P.T's have proved particularly troubl esome in that they tend to saturate at 
the end of flat top and the probable reasons for this are:-

(i) Physical dimensions of the I.P.T's are inadequate. 

(ii) The effect of pre-magnetisation has reduced considerably before the 
end of flat top time and the core flux has reduced to remanance value, 
accelerated by the de-magnetising effect of the 300 c/s alternating 
flux during flat top,which can be seen in Fig. 5.3.2(vii). 

(iii) Load unbalance during flat top due to inaccuracies in current 
compensation control (see Fig. 5.3.2(ix)). 

If the I.P.T's saturate when subjected to the large voltage/time area at the end 
of flat top, all the load current is transferred from one series group of 
invertors to the group in parallel with it,which results in invertor arc through 
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and a shut down of the plant. 

The problem has been overcome by deliberately causing an out of balance of 
current to exist in the series groups of convertors on each side of the 300 c/s 
interphase transformers. This produces a d.c. flux in the I.P.T. core in the 
opposite direction to that to which it is subjected at the end of flat top. This 
effect has been obtained by introducing small phase shifts in the convertor grid 
circuits. 

(iii) Unsymmetrical Capacity to Earth of the D.C. Connections to the Magnet 

During the commissioning stages it was not always possible to use the eight 
magnet octants as a load and various connections were made to octants as available, 
in groups of four. Some connections were such that the lengths of cable were 
dissimilar from the positive and negative terminals of the power plant, and it 
was observed that under this condition load sharing between the convertor groups 
was poor. This was due to the unbalanced capacity condition which existed with 
different cable lengths. Experiments were carried out to simulate the condition 
under symmetrical cabling arrangements and it was found that although up to 20 µF 
could be connected between the positive connection and earth with no ill effect 
on load sharing, a 1.16 µF capacitor connected from the negative terminal to 
earth could make the plant inoperative. 

Investigation showed that on the odd numbered groups of convertors a small 
step appeared on the leading edge of the grid impulses (see Fig. 5.3.2(xii)) when 
the 1.16 µF capacitor was connected from the negative terminal 0£ the plant to 
earth. This step caused premature firing of the anodes and bad load sharing 
between groups. It was noted that this effect only occurred during full inversion 
(i.e. magnet current decay period) and that the grid voltage step corresponded 
with a disturbance in the d.c. input to the grid control units. 

The cause of this trouble is not yet clearly understood but it was cured by 
connecting a 1 µF capacitor across the terminals of the grid control units. 

(c) Power Supply Harmonics 

The harmonic voltages present in the power supply d.c. output were measured. 
To do this, an amplifier with tuned negative feed-back was constructed and the 
results for the case of 10,500 A peak magnet current having a 844 ms flat top 
with no slope control are given below (Table 5.3.2(I) ). All voltages are peak 
to peak. The harmonics are expressed relative to the fundamental frequency of 
the alternators, the actual frequency depending on the pulse dimensions and 
repetition rate. The values given are those at the power supply terminals and 
take no account of the ripple filter equipment which bas not yet been commissioned. 

TABLE 5.3.2(I). HARMONIC VOLTAGES 

Harmonic 1st 2nd 3rd 6th 12th 24th 48th 72nd 
(Fundamental) 

Al Power Supply 25 65 30 50 60 250 130 85 

A2 Power Supply 30 60 30 50 60 250 125 100 
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The second harmonic (approximately 100 c/s) was reduced to the value of 65 V 
peak to peak from a value of approximately 230 V peak to peak. Tests carried out 
to investigate the cause of the large 2nd harmonic, showed that this was due to a 
presence of this harmonic in the d.c. input voltage of the grid control units. 
It was found that this was being generated in the current compensation circuit 
(see Fig.5.3.2(v)) due to the action of the d.c. current transfonners supplying 
this circuit. By connecting a 1,000 ~F capacitor across the circuit the reduction 
in ripple in the power supply output voltage was obtained. It is felt that 
inherent inaccuracies of approximately 2° between the impulses of the grid control 
units largely account for · the remaining low frequency harmonics. 

(d) Flat Top Slope Control 

To enable experiments to be carried out in the beam pa.th of the synchrotron, 
it is necessary to control the rate of change of the flux during flat top to move 
the beam radially inwards, or outwards, on to targets. This involves being able 
to control the slope of magnet current during flat top, and is achieved by a 
preset variable component in the input voltage to the grid impulse generating 
units associated with the odd numbered groups of invertors. See Fig. 5.3.2(v). 
By this means the degree of inversion of these groups is controlled, so that the 
·nett d.c. voltage applied to the magnet is either just sufficient to overcome 
the circuit IR drop (true flat top), or is more negative or more positive than 
this value to give negative or positive flat top slopes as required. 

A similar control to that explained above is included to control the slope 
of the injection platform, so as to obtain the precise magnet field level required 
for injection of protons into the synchrotron. 

The flat top slopes possible for 10CJ%, 90% and 80% voltage operation are 
given in Table. 5.3.2(II). 

(e) Protection Circuits 

For the sake of completeness a summary of the main protection devices on the 
convertor plant is given, although the detailed commissioning tests carried out 
on these devices will not be included. 

The primary protection on the plant, which oper~tes in th_e event of a serious 
fault or overload, comprises two air blast circuit breakers which isolate the 
converter plant from the source of a.c. power, and two air operated high speed 
magnet shorting switches. These items and their position in the power circuit 
are indicated in Fig.5.l(i). · In addition, in the event of a fault, all the 
convertor groups are switched to full inversion. The order of operation of the 
primary protection is as follows:-

(i) All converters switched to full inversion. 

(ii) Magnet short circuiting switches close. 

(iii) Air blast circuit breakers open. 

The times between the inception of a fault and operation of the protection 
have been measured from an oscillograph and are as indicated on Fig. 5.3.2(xiii). 
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TABLE 5.3.2(II) MAGNET CURRENT FLAT TOP SLOPES 

Alternator Magnet Current At Slope Control Slope (amps/second) Voltage Start of Flat Top Regulator Setting 

1oo% 10,000 A 0 -650 
II II 20 0 
II " 45 +610 
" 9,180 A 0 -500 
I II 25 0 

II 45 +680 
7,500 A 0 -330 

II 20 0 
II 30 +200 
II 40 +400 

5,000 A 0 -110 
" 13 0 
II 20 +110 
" 25 +140 
" 30 +225 

3,000 A 0 -10 
II 3 0 
II 10 +70 
" 15 +140 
II 17 +170 
" 20 +200 

90'!, 9,700 A 0 -820 
II II 37 0 
" II 50 +280 
" 9,100 A 0 ..;.800 .. 

" 20 -140 
II " 37 0 
II 7,500 A 0 -440 
II II 32 0 
II II 50 +210 
II 5,000 A 0 -240 
II II 20 0 
" " 35 +150 
II " 40 +18o 
II 3,000 A 0 -90 
II ,, 10 0 
II II 20 +90 
II II 25 +120 

80% 9,150 A 0 0 
II II 20 +380 
II " 25 +530 
II 7,300 A 0 -90 
" II 8 0 
I " 30 +380 

5,100 A 0 -80 
" 5 0 
" 30 +225 

3,000 A 0 -45 
II 15 +10 
II 20 +125 
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Notes It is important that the converters are switched into inversion 
before the shorting switches close. Switch into inversion 
normally takes place via an electronic circuit within a few 
milliseconds of a protective relay operating. But in the event 
of failure of this circuit, back up protection is provided via 
an impulse choke connected across the shorting switch operating 
ooils, The oscillogram from which the times indicated above 
were taken was a case where switching into inversion was from the 
back up circuit to prove that this was satisfactory. 

Fig. 5. J. 2. (xiii) Sequence of Operation of Primary Protection 



\ 

s 
0 
0 
~ 

-..... -
. 

in 

.... 
~ 



The main protection devices are:

(i) Back Fire Protection: 

In the event of reversal of current a biased off impulse choke in each anode 
connection provides an impulse which operates a multivibrator to operate the 
primary protection. 

(ii) Arc Through Protection: 

A transformer connected from cathode to neutral of each converter group 
responds to the large voltage swing in the event of an arc through of any anode of 
the group. The secondary voltage is connected to a half wave rectifier and the 
output is applied to a multivibrator circuit, to operate the primary protection. 
Half wave rectification of the transformer voltage makes the circuit direction 
sensitive, and it only responds to an arc through from inversion to rectification -
not from rectification to inversion. This is a modification incorporated during 
commissioning. The protection is automatically suppressed below approximately 
1000 A and is switched in at this level of magnet current by an impulse choke in 
the main d.c. busbar. This suppression is required to prevent operation when 
changing from inversion to rectification at the end of the injection platform. 
The original arc through protection circuit was not direction sensitive and each 
time the master timer sent out an impulse to .switch the plant to inversion a 
second impulse was required to operate an electronic circuit to suppress the arc 
through protection circuit. By modifying the circuit to make it direction 
sensitive it was possible to delete the protection suppression feature and to 
simplify the overall circuit. 

(iii) D.C. 0vercurrent Protection: 

The output from d.c. current transformers in each of the series groups of 
converters is fed to a biased off multivibrator circuit which can be adjusted to 
opernte at different input levels. There is one multivibrator circuit for each 
half of the plant and the circuit is so arranged that an overload in any series 
group will cause the protection to operate. 

(iv) Transformer Protection; 

A conventional relay in the primary supply to each transformer gives protection 
against short- circuit and overload faults. There is an element in each phase of 
the supply with time delay and instantaneous settings. 

(v) Magnet 0vervoltage: 

Spark gaps are cormected across magnet octants and to earth as indicated in 
Fig. 5.1(1). In the event of a gap breakdown the fault current causes an output 
pulse from bi-directional impulse chokes to operate a multivibrator circuit, 
which in turn operates the primary protection. 

(vi) Magnet Earth Leakage: 

In the event of an earth fault, a conventional relay operates the primary 
protection (see Fig. 5.l(i)). 
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5.3.3. Further Work 

Although the initial commissioning tests on the converter plant had been 
completed by the end of 1962 there remained a considerable amount of work to 
be done. Some of the more interesting work then outstanding is summarised 
here:-

(a) Reduction of Backfire Rate 

The backfire rate on the plant was excessive and unacceptable. It was 
thought that the cause of the backfires was known and further tests were to be 
carried out by the manufacturers to overcome this trouble. It was considered 
preferable to delay issuing further details until investigations were completed. 
The extent of this problem was not fully appreciated until early 1963 after 
prolonged pulsing periods became available. 

(b) Platform and Flat Top Slope Controls 

At that time the controls for flat top slope and inj-ection platform slope 
were to some extent interdependent. Work was proceeding to separate these two 
controls. 

(c) Grid Control Units 

The grid control units are standard items of equipment as used on normal 
industrial installations. For this particular plant extremely precise grid units 
are desirable, as will be appreciated from what has already been said relative to 
the problems of load sharing during flat top, saturation of interphase transformers, 
and low frequency ripple in the d.c. output voltage. Further work was programmed 
to improve the accuracy of the grid units. 

The existing grid control units were not satisfactory from the point of view 
of access to component parts. Also it was very desirable that the grid control 
circuits generally should be at earth potential to allow adjustments and checks 
to be made during plant operation. The possibility of modifying the grid control 
arrangements to enable this improvement to be incorporated was under consideration. 

(d) Modification to Flat Top Voltage Characteristic 

It had been found that at the commencement of flat top a re-distribution of 
the magnet flux takes place which reduces the flux level over the effective part 
of the magnet octants. This problem is dealt with in more detail in section 4. 7. 2. 
Thus at the start of flat top the magnet flux drops to a lower level, and 
consideration is being given to a modification to the grid control circuits of 
the converter plant to produce a d.c. voltage transient to counteract this effect. 
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SECTION 6 

R. F. SYSTEM 

6.1. Introduction to the Synchrotron R.F. System 

6.1.1. The energy necessary to raise the accepted protons from 15 MeV to 7 GeV will 
be provided by an accelerating voltage in a r.f. cavity mounted in a straight section. 
Protons will obtain an average increase in energy of 6 keV on each traversal of the 
cavity. The orbital frequency of the proton beam increases from 355 kc/sat 
injection to 2.02 Mc/sat an energy of 7 GeV. The r.f. frequency is four times the 
orbital frequency ( harmonic number= 4) and a fraction of the injected protons will be 
trapped into four phase stable rP,gions or bunches, each proton describing a synchrotron 
oscillation about the stable phase angle of the accelerating voltage. The harmonic 
number of 4 is a compromise figure involving the radial synchrotron oscillation 
amplitudes and the effect of the total energy spread in the oscillations on the 
trapping efficiency. Initially, the betatron and synchrotron oscillations of some of 
the protons will occupy the entire vacuum chamber. Although these oscillations will 
reduce in amplitude as acceleration proceeds,it is important that the mean radial 
position is held near the centre of the vacuum chamber (R0 ), or at whatever controlled 
deviation may be required. 

6.1.2. During acceleration the magnet guide field rises from 290 gauss to 14 kilogauss 
and the frequency of the r.f. voltage from 1.41 Mc/s to 8.1 Mc/s. To maintain the 
correct radial position the frequency must follow accurately a given function of the 
magnetic field. Because successful acceleration depends on limited coherent phase 
motion, it will also be necessary to control the phase o·f the beam relative to the phase 
of the accelerating voltage. 

6.1.3. A simplified block diagram of the planned system is given in Fig 6.l(i). The 
system will have four main sections:-

(i) The high power r.f. equipment, providing the accelerating voltage. 

(ii) The low power r.f. equipment, or primary frequency generator (P.F.G.), 
providing an accurate and controllable frequency source for the high 
power r.f. system. 

(iii) The beam control system, providing a means of comparing the radial position 
and· phase of the proton bunches with suitable reference values and of 
correcting any deviations via the P.F.G. 

(iv) The beam diagnostic system , giving the dimensions, positions and movement 
of the beam in the vacuum chamber at all times from injection to full 
energy. 

6.1.4. A considerable amount of work has proceeded both on the beam control and 
diagnostic systems but, for clarity and the presentation of a coherent story, it has 
been found convenient to defer the account of this work to the second part of this 
report where a de scription of the use of the systems during commissioning can be included. 
This aoeount concentrates on the details of the low and high power r.f. systems and the 
accelerating cavity. 

6.1.5. The hig_h power r.f. equipment is situated in straight section 8 in the magnet 
ring (Fig. 6. 3 . 9 ). A pair of transmitter triodes supply r.f. power to the accelerating 
cavity(Figs. 6.3.l(i) and (ii)). The cavity is loaded with f errite to allow tuning 
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required frequency range. Power losses in the ferrite have a peak value 
and the load due to the proton beam rises to 1.6 kW per 1012 protons at 

over the 
of 42 kW 
7 GeV. Two series gaps in the cavity each develop 6 kV peak r.f. voltage and at the 

magnet field rise rate of ' 20 kilogauss/a, the synchronous phase angle is 150°. normal 

6.1.6. The power triodes are driven from a drive chain with an input of about 2 V 
r.m.s. at an impedance of 1000 derived from the P.F.G. The cavity is tuned to the 
accelerating frequency by means of a bias winding around the ferrite carrying up to 
900 A peak from a special bias pov,er s upply. There are two alternative bias supply 
systems avail able ; one (thermionic) was developed during the early design stages , the 
second (using high power transistors) was developed later and will normally be used in 
the system since it has considerably greater frequency response. The amplitude of the 
accelerating voltage at the cavity gaps is controlled by means of an aut omatic level 
control (A.L.C.) loop by which the accelerating voltage is maintained equal to a vol t age 
analogue of the rate of rise of the magnetic guide field (B), thus keeping the synchr on
ous phase angle constant. 

6.1.7. The low power r.f. (P.F.G.) is situated in the Nimrod main control room. It 
supplies a low level c.w. signal of accurately controlled frequency to the drive chain .• 
Coarse control is arranged as followss 

(a) The magnet field rise rate (B) is measured by a pick-up loop in the magnet 
field. 

(b) The pick-up loop output is integrated (giving a voltage analogue to B) and 
used to control the bias current on the ferrite core of a r. f. oscillator 
coil. The relationship between the oscillator frequency and the bias 
current is arranged to be very close to the law relating orbital frequency 
and guide field. 

Fine control is obtained by regulating the voltage across two variable capacity 
diodes in parallel with the oscillator tuned circuit. The oscillator output is fed 
through an amplifier and gate to the drive chain. The P.F.G. has a voltage function 
generator, the curve corrector, which can correct the oscillator frequency through 
several hundred kilocycles at fixed intervals of magnet field. Thus the frequency 
law and the radial position of the beam can be set to close limits. The frequency at 
injection is accurate to .:t. 300 c/s. 

6.1.8. The P.F.G. is also a source of timing pulses for many other machine functions. 
The Band B signals generate these pulses which are thus related dir~ctly to the magnet 
field and hence to the proton energy in the machine. Time delayed pulses are also 
available for injector timing signals and. for functions such as target programmes during 
magnet 'flat top'. The B signal is also available for controlling the cavity voltage 
via the A.L.C. loop of the drive chain. 

6.1.9. Besides providing open loop control of the accelerator frequency, via the curve 
corrector, the P.F.G. will also be an essential part of the beam control system. The 
radial and vertical position of the beam will be measured by means of induction electrodes 
through which the protons circulate. The radial electrodes will be slit diagonally 
(Fig 6.5.2(ii) ) so that the voltages induced on the two halves will be equal when the 
beam is at R0 • The sum of the two voltages will be a measure of beam intensity and 
their difference divided by their sum will give the radial position. The radial signal 
will be compared with a r eference voltage , the error signal being fed (via a low pass net
work) to the variable capacity diodes in the P.F.G. 

6.1.10. Phase Control will also be via the P.F.G. A beam phase detector will compare 
the phase of a signal induced on an induction electrode with the phase of the r.f. 
cavity voltage. 
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6.1.11. The two control loops will be gated independently. The radial loop should 
ensure consistent operation of the r.f. system without recourse to much adjustment of 
frequency via the curve corrector. The phase loop should damp coherent synchrotron 
oscillations induced by magnet ripple, and r.f. voltage and frequency errors. 

6.1.12. Signals proportional to the magnitude, radial position, vertical position and 
phase of the beam are eusential in tracing faults and adjusting many of the machine 
parameters, They will be used in combination with signals from diagnostic probes 
which will take the form of targets made of metal (for charge collection) or plastic 
scintillator. The induction electrode signals obtained with chopped injected beams 
will be particularly useful for the measurement of radial betatron oscillations during 
injection and vertical oscillations, if they exist. The -diagnostic probes will be 
positioned at ten points around the machine(see part 2 of the Nimrod report). They 
will be accurately located by means of remotely controlled position servos. They will be 
useful for emittance and energy spectrum measurements on the injected beam and for 
closed orbit studies. For more direct observation of the beam, it is planned to use 
transpar-ent grids made of fine wire coated with fluorescent material. These grids 
can be swung diagonally across the vacuum chamber behind windows in each octant. 
They will be controlled remotely and will be viewed through the windows by a closed 
circuit television system which will display all the grids simultaneously on a split 
field tube. 

6.1.13. Assessment of changes in machine parameters may involve the simultaneous 
measurement of a number of quantities such as beam intensity, radial position, magnet 
field or accelerating voltage and frequency. The usual methods of oscilloscope 
measurement are inadequate in many instances for these requirements. A data record
ing system is therefore being developed which can handle s i x channels of voltage 
analogue information, each at a rate of 1000 readings/s. P.ead out will be either 
by means of punched paper tape which can be fed into a t el epri nter or di rect to an 
on-line computer. 
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6.2. Low Power R.F. System 

6.2.1. Introduction 

The purpose of the low power r.f. system (N.B. the "heart" of the system is 
often referred to as the primary frequency generator or P.F.G.) is to produce a 
r.f. voltage whose frequency is related to the guide field of the magnet as 
shown in Fig. 6.2.l(i). 

The required performance can be considered under four headings:

(a) Frequency stability at injection, 

(b) Frequency tracking, 

(c) Frequency stability at full energy and 

(d) Frequency deviation noise. 

The development took place in three stages: first, a system using 
thermionic valve circuitry throughout; second, a system u~ing valves in the 
r.f. and d.c. amplifier circuits and transistors in the ancillary control 
circuits, and finally, using transistor circuitry throughout. Comparing the 
first and last systems, the volume has decreased from five racks of equipment 
to two, and the power consumption from over 1 kW to less than 90 W. Each stage 
of development improved the performance. The "perfect" switch action of transistors 
and the general lower impedance level resulted in circuits that were more stable 
and less sensitive to outside interference. 

6.2.2. Description of System 

A schematic diagram of the system is shown in Fig. 6.2.2(i). 

A voltage proportional to the rate of rise of the magnet field is produced 
by a pick up loop in the magnet gap and this is integrated to produce a voltage 
proportional to the magnet guide field. The integrator is controlled by 
signals derived from the magnet power supply and from a peaking strip which 
determines the constant of integration. 

The oscillator is a permeability tuned Colpitts oscillator, with a 
frequency range of 1.4 to 8 Mc/s, obtained by varying the incremental permeability 
of the ferrite inductance using a polarizing current of 4 A maximum. The 
output voltage of the integrator (30 V maximum) is converted into a current 
(4 A maximum) by means of the voltage to current converter. 

The tracking law of frequency against magnetic field is chiefly derived 
from the design of the oscillator tank circuit and small deviations are 
corrected by means of an arbitrary function generator controlled by the magnet 
field. When the synchrotron is finally operational it is probable that this 
function generator will be replaced by a voltage derived from measurements of the 
radial beam position. 
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The peaking strip signal is obtained when the magnet field is approxi
mately 160gauss and the accelerating voltage has to be switched on at 
approximately 280 gauss. This delay is introduced by feeding the integrator 
output into a comparator, which produces an output pulse when the input voltage 
is equal to a reference voltage. This comparator could also be used for 
triggering the injector by an appropriate choice of reference voltage and a 
further delay introduced between this signal and the gate opening signal. 

6.2.3. Component Circuits 

Figs. 6.2.3(i) and 6.2.3.(ii) show the general constructional methods used 
for the units. Emphasis has been placeci on "in situ" accessibility rather than 
on compactness. 

(a) Pick up loop. 

The pick up loop, Fig. 6.2.3(iii) encloses approximately the central third 
of the magnet aperture, radially There is one section in each octant, with 
windings alternately in the upper and lower pole face to measure the average 
field seen by the protons. The eight sections are connected in series to give 
the correct level for optimising drift in the integrator. 

(b) Integrator unit 

This unit, Fig. 6.2.3(iv), is designed around a d.c. amplifier with the 
addition of an output stage (shown inside dotted lines) to increase the output 
voltage swing from± 6 V to.± 30 V. The second amplifier in the unit is used for 
monitoring. 

The voltage from the pick-up loop enters the unit by a screened twin feeder. 
One s·ide of the loop is taken to the signal earth of the d.c. amplifier, which 
acts as the earth reference of the pick-up loop; the live side of the loop is 
fed to a potential divider, which is used to adjust the scale factor of the 
integrator. 

The ·amplifier summing resistor is split into two parts, the centre of which 
is connected to an electronic switch to control the application of the pick-up 
voltage. The integrating condenser is a plastic foil type. As the current 
in the magnet coils falls, this condenser is discharged by Rl and the contact on 
RLl. For test purposes the pick-up voltage can be simulated by a fixed voltage 
derived from the Zener diodes MRl and MR2. 

(c) Integrator switch control unit 

The unit, Fig. 6.2.3(v), controls the integrator on receipt of three input 
pulses, P1 , P2 and P3 • These are derived at the following times: P1 - just 
befora the magnet field starts to rise; P2 - at a precise value of magnet field 
(approximately 160 gauss) just beifore the field corresponding to injection; 
P3 - after acceleration, at the end of the magnet flat top. Pulses P1 and P3 
are supplied by the magnet power supply control system and P2 from a peaking 
strip. 

There are two parts to the unit, the first, Jl to J4 controlling the relays 
RLl (situated in the integrator unit) and RLC (situated in the V/I converter unit); 
the second, J5 to JS controlling the clamp MR7-10, which is applied to the junction 
of the summing resistors in the integrator unit. 
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J2 and J3 form a conventional bistable circuit,the windings of the above 
relays forming the collector loads of J2 and J3. The circuit is set and re
set by Jl and J4. A positive pulse P3 applied to J4 oloses the relay contact 
RLl-1 which discharges the integrating capacitor; it also operates the relay 
contacts RLC-1 to change from the forward to the reverse bias condition of the 
ferrite core of the oscillator tank inductance. A positive pulse P1 applied 
to Jl reverses the action, allowing the i~tegrator to operate and changing the 
reverse bias back to forward bias (via the vJr converter). 

J6 and J7 form a complementary bistable circuit set and reset by J5 and J8. 
A positive pulse P3 applied to the primary winding T3 results in the 
transistors J6 and J7 being cut off. Current flows from the positive supply 
rail via R27 and R25 through the bridge MR7-10 and then via Rl6 and Rl5 to the 
negative supply rail. This results in the output point SKJ..6 being clamped to 
earth. The potentiometer RVl is adjusted to eliminate mismatch between the 
diodes. 

A positive pulse P2 applied to J5 causes the transistors J6 and J7 to 
saturate and reverse biases the bridge diodes and so unclarnps the output point, 
allowing the voltage from the pick-up winding to be applied to the integrator. 

(d) V/I converter 

The output from the integrator approxime.tes to a sawtooth with 28 V 
corresponding to 14 kilogauss. The frequency modulation characteristic of the 
oscillator is such that this has to be converted into a sawtooth of current, with 
4 A corresponding to 14 kilogauss. 

The unit (Fig. 6.2.3(vi)) is designed round the same d.c. amplifier as used 
in the integrator. The high voltage output stage is, in this case, followed by 
an emitter follower J5 driving a pair of transistors J6, J7 connected in parallel. 
Resistors R31-40 are used to improve load sharing between the transistors. The 
load,which is the polarizing winding on the oscillator tank inductance,is shown 
in dotted lines. The current through the load is monitored by the 4 0 
resistor (also shown dotted) and the voltage across this is fed back to produce a 
stable, linear transfer characteristic. 

To compensate for a slight non linearity in the initial frequency modulation 
law of the oscillator, the transfer characteristic of this unit is modified by the 
diodes MRl and MR2 and their associated components. 

The reverse bias potentiometer is set for approximately 30 mA of reverse 
current in the polarizing winding of the oscillator tank inductance to cancel the 
polarized memory left by the 4 A forward saturation current of the ferrite, which 
would increase with successive cycles. The forward bias control is set so that the 
r. f. "start" frequency is correct at injection magnet field. 

(e) Oscillator and gated ampUfier 

The oscillator unit (Fig. 6.2.3(vii)) contains the oscillator transistor Jl 
and most of the frequency determining elements, all mounted in a brass cylinder 
through which oil is circulated at a constant temperature. The oscillator circuit 
is a common collector Colpitts circuit with inductors 13 and 14 (in parallel) and 
capacitors C6 and C7 as the principle components. 13 and 14 are each wound on a 
separate ferrite toroid with a common polarizing winding 15. The two r.f. 
windings are connected so that no r.f. voltage is induced in the polarizing winding. 
The final frequency and the shape of the frequency modulation characteristic at the 
knee are determined by the inductance 16 and variable capacitor VCl. 
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Corrections to the frequency modulation characterstic are obtained by means 
of a voltage applied to the variable capacity diode s MRl and MR2. The amplitude 
of the oscillator output is limited by the diodes MR3 and MR4. The oscillator 
is connected to the diode gate MR6 - 9 by the isolating emitter follower J2. The 
output from the gate is,amplified and phase split by the emitter coupled 
amplifier J9 and JlO and applied to the output push pull pair Jl3 and Jl4 via 
emitter followers Jll and Jl2. The gain, stability and frequency response are 
improved by feedback via R53 and R35 to the base of JlO. 

The gate is controlled by the bistable circuit using transistors J3 
to J8. 

(f) Comparator 

The comparator circuit is shown in Fig. 6.2.3(viii). The output from the 
integrator has a scale factor of 28 V representing 14 kilogauss. The delay to 
be introduced is approximately 100 gauss represented by 0.2 V. The integrator 
voltage is first amplified by a factor of 10 and then compared with a reference 
of 2 V. derived from Zener diode MR6 and its associated potential divider. 

The difference is amplified by the second d.c. amplifier which, having no 
feedback~produces a rapid transition ,from negative to positive saturation as the 
amplified integrator voltage passes through the reference voltage. The output 
is. further sharpened by the complementary trigger circuit Jl and J2,and triggers 
the output blocking oscillator J3. 

The performance of the comparator.(also known as the injector trigger 
pulse generator) is described in detail elsewhere (5). 

(g) Function gener ator (Curve corrector) 
I 

The function generator is discussed in general terms: 

If a clock pulse train feeds an eight stage binary counter which (in turn) 
feeds a digital to analogue -converter, then the first 256 pulses produce a stair
case waveform with 256 steps at the output of the digital to analogue converter. 
After these 256 pulses, the counter is automatically changed from an "up" counter 
to a 11down"counter, causing the output of the digital to analogue converter to 
decrease, again in 256 steps, to zero. The counter is then changed back to an 
"up" counter and the cycle repeated. 

The resultant output waveform is marked (a) in Fig. 6.2.3(ix) where the 
steps are smoothed out. By taking outputs from both sides of the binary stages 
the interleaved waveform shown dotted is produced. The outputs during the 
periods Tl, T2, T

3 
etc. can each be i ndependently adjusted to any value between 

±A and tnererore a function with the wavefor m marked (b) in Fig.6.2.3(ix), can 
be generated. · 

The advantage of this method of generHting a function by a series of 
triangles rather than linear sloping segments, is that any one of the function 
points can be adjusted without having to alter any of the adjacent points. 
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The above description, indicates an operation which will produce an output 
as a function of time. It can be converted to a function of magnetic field, B, 
by replacing the clock train by a train of pulses, each pulse corresponding to 
an equal increment of B. This pulse train is obtained from B by using a digital 
integrator with an output pulse for every increment of 0.4 gauss. 

With this system, each segment of the function generator corresponding to 
256 clock pulses is 102.4 gauss and the 20 segments in the generator correspond 
to 2.05 kilogauss. This does not cover a sufficient fraction of the 14 
kilogauss increase in magnetic field but the fine steps of 100 gauss are needed 
at the start. 

These limitations are overcome by feeding the magnet 6B train into two 
binary dividers B1 and B2, (Fig. 6. 2.3(x)). The original input and the outputs 
from the two dividers are fed to gates G1, 02 and G3, with a common output 
which is used as the new input train from the magnet. 

Control waveforms are applied to the gates, such that 01 is opened for say 
the first 6 segements, 02 is opened for say the second 6 segments and G3 is 
opened for the remaining segments. Under these conditions the interval for the 
first 6 segments will be 100 gauss, for the second 6 segments will be 200 gauss 
and for the last 7 will be 400 gauss. 

6.2.4. Per f ormance of System 

Most attention is given to considerations of cycle to cycle jitter as this 
is much more troublesome than a gradual regular drift.,which can be offset by an 
overator if the time between these adjustments is of the order of hours. A 
figure of 1~ instability in beam current is regarded as an acceptable level. 

Most of the measurements quoted have been taken under dynamic conditions 
corresponding to a standard machine pulse. 

(a) Frequency stability at•· injection 

At injection, when the aperture is "full" of particles, any freq_uency 
deviations will cause a loss of beam. It is uncertain at present, how the 
particles will be distributed in terms of betatron oscillation amplitude but a 
pessimistic assumption indicates that a 1~ loss of particles will be produced 
by a frequency error of 0.05%. With a starting frequency of 1.43 Mc/s the 
tolerance is 715 c/s. 

Since the "zero" of the system is determined by the peaking strip, errors 
in the peaking strip signal will be reflected as frequency errors. Assuming 
random errors eq_ually distributed between the peaking strip and the low power 
r.f. system, the stabilities req_uired are 0.1 gauss for the peaking strip and 
500 c/s for the r.f. The freq_uency jitter corresponding to injection has been 
measured using simulated input signals and has a standard deviation of 360 c/s. 
This total has contributions from several sources and an attempt has been 
made to split the error into its various components. 
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The integrator has a jitter equivalent to 30 milligauss, corresponding to 
150 c/s in oscillator frequency; the jitter in t he vol tage to current converter 
is 8 µA, corresponding to 80 c/s; the amplitude of the f .m. noise in the 
oscillator is 10 c/s, and the measuri ng error is 60 c/s . 

The s um of these components, assuming they combine in a r andom manner i s 
180 c/s whi ch is not in good agr eement with the measured value. Since t he t ot al 
jitter figure is well bel ow t he assumed l imit , t his anomaly has not been 
invest i gat ed but could well be due to the differ ence in environment between the 
measurements taken on the individual units and those taken on the combi ned syst em. 

(b) Frequency tracki ng 

As the magnetic field rises after injection, the betatron oscillation 
amplitude becomes less and small frequency errors can be tolerated without further 
loss of beam. Taking this into account along with the decrease in effective 
aperture, the permissible frequency error is shown in Fig. 6.2.4(i). Above an 
arbitrary field level, say 6 kilo gauss,it can be assumed that further restric
tions due to target or extraction requirements will be imposed and the frequency 
tolerance should follow the curve shown dotted in Fig. 6.2.4(i). 

The possible variables are shown in Fig. 6.2.4(ii) where the frequency 
determining tank circuit of the oscillator is shown in some detail. The 
oscillator is essentially a Colpitts circuit which is frequency modulated. by 
varying the inductive element. The main variable inductor consists of two 
ferrite toroids each with a r.f. winding, surrounded by a common polarizing 
wi nding. The connections are such that no r.f. volt age is i nduced in the 
polarising winding. (This arrangement has been used on other large proton 
synchrotrons.) 

Without the shaping circuit shown in Fig. 6.2 .4(ii) the oscillator frequency 
varies with bias as shown in Fig. 6.2.4(iii)-(a) between 1 and 12 Mc/s. The 
first part of the curve is very non-linear and is not used (it is traversed while 
the magnetic field rises from 200 to 300 gauss). By suitable choice of fixed 
bias on the inductor, the frequency at i njection field can be chosen to correspond 
to the frequency of the particles. Also , by choosing a scale factor relating 
bias current to the magnetic field, the early part of the curve can be made to 
fit the required frequency law closely. 

By suitable choice of a fixed "shaper" inductance the frequency law can be 
m.ade to saturate at a frequency correspondin~ to the near relativistic f requency 
of rotation of the particles (Fig. 6.2.4( iiiJ-(b)). This enables the f r equency 
at high energies to be determined by a fixed inductor with a correspondingly high 
frequency stability which can be adjusted relatively independently of the settings 
made for injection. 

The fixed inductance is further shunted by a small capacitor so that the 
resonant frequency of the two is slightly above the asymptotic frequency. The 
combination may therefore be used to adjust the degree of ' squareness ' of the 
knee of the frequency curve as shown in Fig. 6 . 2.4( iii )- ( c ). Curve l corresponds 
to the case where the self resonant frequency of the combination i s closer to the 
asymptotic frequency than it is for curve 2. The range of adjustment covers the 
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theoretical curve so that the components can be set to give an optimum fit. There 
is a slight disadvantage in that the adjustment of final frequency and degree of 
squareness are not independent. 

The adjustments available on the oscillator can then be summarised as 
follows:-

(i) an arbitrary choice of the constant of integration to give the correct 
starting frequency 

(ii) choice of the scale factor relating biassing current to magnetic guide 
field to give optimum tracking over the first phase of acceleration 

(iii) adjustment of the final frequency 

(iv) adjustment of the squareness of the knee 

The optimum adjustment of these controls gives a curve with a tracking error 
indicated by the points marked in Fig. 6.2.4(i). It can be seen that over the 
first part of the cycle the points lie inside the curve corresponding to no loss. 
The maximum deviation from the correct curve is 4% and this is compensated for 
by the function generator. This applies a correcting signal to the voltage 
sensitive capacitor, shown in Fig. 6.2.4(ii) as the variable capacitor shunting 
the tank circuit of the oscillator. 

The maximum correction that the function generator (or curve corrector) can 
apply is 5% and its stability is 0.5% of full scale so the final adjustment should 
be well inside the curve of Fig. 6.2.4(i). 

(c) Final frequency 

At the end of acceleration, factors in addition to retention of the beam apply. 
For example, if the final frequency has a jitter of 0.05% this corresponds to 
1 cm in equilibrium radius and would have no effect on beam intensity. However, 
with a long output pulse, say 500 ms, it would result in a jitter in the timing of 
the output pulse of the order of 50 ms. 

The oscillator circuit is such that the final frequency is determined by 
"fixed" components which should give high stability. Measurements have confirmed 
a cycle to cycle jitter in final frequency which corresponds to less than 1 mm 
of equilibrium orbit radius. 

(d) Frequency modulation noise 

The phase motion of the particles is a lightly damped oscillatory motion 
which is excited by frequency and phase modulations of the accelerating voltage. 
Though the phase oscillation frequency varies over the range 2 to 5 kc/s during 
the acceleration period, the forcing function is wide band noise which contains 
components at this frequency at all times. The phase motion is therefore 
continually excited during the acceleration period, 
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Fig. 6. 2. 4(ii) Frequency determining tank 
circuit of oscillator. 
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The noise consists of two components; the inherent noise of the oscillator 
and the current noise in the amplifying chain providing the bias current. The 
latter component becomes less important as the slope of the frequency/bias 
current curve becomes small after the first part of the ac-celerating cycle. 

The r.m.s. noise in the oscillator is 10 c/s and the r.m.s. noise current in 
the bias chain is 2. 5 µA. This latter figure differs from the 8 (.LA u.sed in 
section 6. 2.4(a) which includes a large "flicker" component, whereas the 2.5 µA 
only includes components in the frequency range 1-10 kc/s~ · 

Making an approximate allowance for the relative proportions in which these 
two components are combined the expected build up of phase oscillation amplitude 
is 0.4 radians. The resulting loss of particles depends on the detailed way 
in which the particles are distributed in the phase stable region but is expected 
to be between 10% and 25%-
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6.3. High Power R.F. System 

6.3.1. Introduction 

The high power r.f. equipment comprises the r.f. cavity, the power amplifier, 
and the bias supply. A block diagram is shown in Fig. 6.3.l(i) and a cut away 
view of the cavi ty in Fig. 6.3,l(ii). The single two-gap accelerating cavity is 
energised from the power amplifier and automatically tuned by the bias supply. 
The bias supply is controlled by a phase detector sensing the load susceptance. 
There is also a closed loop amplitude control associated with the power amplifier, 
acting directly from the gap voltage. 

The r.f. frequency programme and also a level control programme are fed to 
the power ampl ifier from the primary frequency generator (see section 6 . 2). 
The required f requency rises from 1.423 Mc/s to 8.012 Mc/s in o. 75 s; this is 
r epeated every 2 s. The required energy gain per turn averages 6 keV, being 
proportional to B. Special voltage programmes may be required at injection and 
extraction; the system is required to function over a 10:1 range of amplitude 
at injection. The normal r.f. stable-phase angle is 150°. 

The r.f. frequency is the fourth harmonic of the proton orbital frequency. 
This harmonic number was chosen as the best compromise between the reduction of 
synchrotron oscillation amplitude and the deterioration of ferrite properties 
with increasing frequency. 

6.3.2. Accelerating Cavity (Figs. 6.3.2(i), 6.3.2(ii) 

(a) Basic description 

Initially a critical comparison was made between the loaded cavity type 
structure and the "Bevatron-type 11 drift-tube structure. It showed the cavity 
structure was obviously the more efficient (1). This is mainly due to the large 
beam aperture in Nimrod coupled with the relatively ~hart straight section which 
would make a low impedance circuit inevitable with the drift-tube arrangement, 
leading to a necessity for a high peak voltage and hence a high power requirement. 

A third alternative, consisting of a cavity incorporating a variable capacitor, 
was also considered and rejected because c,f awkward mechanical problems which would 
introduce jitter and noise. The power requirement would again be high because 
the ferrite would be less heavily biased (and therefore mbre lossy) at high 
frequencies and the capacitance at low frequencies would be higher, leading to 
a lower impedance. 

The loaded cavity consists of two highly re-entrant Eo10 resonators side by 
side. They are loaded symmetrically by a total of four ferrite cores to provide 
a large variable inductance. The capacitance is not varied. The two acceler
ating gaps are paralleled and connected to the output of the push-pull amplifier. 
The ferrite is biased by a d.c. winding which links the two cavities in opposite 
senses, to buck out r.f. voltages. The d.c. winding is distributed round the 
cores and being inside the cavity, it also a.cts as the main r.f. winding (its turns 
are paralleled by capacitors for this purpose) and the cavity walls can be 
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N, B. This drawing shows the original design for the cavity. Later 
modifications included new side covers, removal of tuning capacitors 
and addition of separate r.f. windings (see para. 6.3.2). 
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Fig. G. 3. 2(i) View of the accelerating cavity in position in straight section 8. 
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considered to perform the function of a screen. The central dividing wall 
between the cavities is not present, as it performs no useful electrical 
function. 

(b) Vacuum vessel 

The vacuum vessel is a rectangular cross section stainless steel tube with 
two insulating gaps, across which the accelerating voltage is developed. When 
the cavity is moved out of its position in the magnet ring for servicing, the 
vacuum vessel can be rolled on wheels out of the cavity (in the beam direction) 
for inspection of the insulators and seals. The wheels run in locating grooves 
on the epoxy resin boxes enclosing the ferrite. Large spring fingers make 
electrical connections to the end walls of the cavity. Various materials were 
considered for the insulators including glass, fibre-glass and epoxy resin, 
alumina and other ceramics, polythene and P.T.F.E. The principal requirements 
of the material are that it shall have:-

(i) a combination of low dielectric loss and high thermal conductivity, 
i:e. ( a: tan(> )/K must be as small as possible; 

(ii) low vapour pressure and gaseous permeability; 

(iii) reasonable mechanical strength, freedom from plastic flow and a 
high radiation resistance; 

(iv) suitable properties to allow manufacture to the shape shown in 
Fig. 6.J.2(iii). 

The results of the investigations were as follows:~ 

(i) Glass fibre and epoxy resin 

The choice of an epo:xy resin was abandoned since experiment showed that the 
temperature rise of at least 90°0. would lead to a very high vapour pressur~ 
and that a fairly extensive air blowing system would be required. 

(ii) P.T.F.E. 

This material would have a temperature rise during operation of approximately 
22°0. which, together with a surface temperature of 20°0., might just be satis
factory from a vacuum point of view, although the vacuum seal could have proved 
difficult due to plastic flow ·of the P.T.F.E. A number of manufacturers were 
asked to produce an insulator of this material but they declined,due to 
diff'icul ties in making a suitable mould. P .T.F .E. also has poor radiation resistance. 

(iii) Alumina ceramic 

Several types of ceramics satisfied the principle requirements, although the 
gaseous permeability could have proved troublesome in some cases. Again 
manufacture proved difficult, mainly due to the break up of the formed item 
during firing. 
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(iv) Glass 

A special telescopic glass slab, having good vacuum and r.f. qualities and high 
radiation resistance, was manufactured. Insulators were cut from this slab and 
proved satisfactory when tested under the operating conditions expected in the 
r.f. cavity. The cost of this type is, however, rather high. 

(v) Polythene 

Polythene insulators have been adopted and are in use but glass ones are 
available as an alternative. The polythene insulators have proved satisfactory 
under operating conditions although the effect of radiation is not yet known. 

Insulator tests 

All insulators were subjected to vacuum and high voltage tests on a test 
rig in which the insulator was secured between two stainless steel vessels by 
32 tie bars. One of the vessels was fitted with a diffusion pump provided with 
a refrigerated baffle. Both the cavity vacuum vessel and the insulator test 
rig vacuum vessels have special metal stops fitted, equally spaced, around the 
inner faces to prevent excessive strain on the insulators when under vacuum. 
With both polythene and glass insulators a vacuum of 5 x 10-7 torr was achieved 
after about 48 h pumping. 

High voltage tests were carried out using a portable r.f. transmitter with . 
an output power sufficient to produce approximately 8 kV across the insulator. 
During these tests the vacuum vessels were carefully insulated and screened by a 
copper box. 

The test rig was eventually modified so that it can be attached to the 
cavity vacuum vessel when the cavity is withdrawn from the magnet ring to its 
test position in the centre of the magnet hall. Under these conditions the 
normal cavity power amplifier is available to provide a source of r.f. voltage, 
since it remains attached to the cavity. 

Tie Bars 

The original specification for the 32 tie bars securing each insulator between 
the flanges of the cavity vacuum vessel called for a material having a low 
dielectric constant and a low power factor to avoid overheating when placed in 
a r.f. field. Ceramic and epo:xy resin glass fibre types were tested, the latter 
proving the better both for mechanical strength and r.f. properties. The 
breaking strain of each tie bar is 5 ton. 

Each end of a tie bar is provided with a split collar and a special nut 
which is tightened only by means of a torsion spanner while the collar is held 
in place by a tool provided. Abrasion and scoring of the tie bar ends by the 
split collars has been overcome by binding the ends with a single turn of 0.002 in. 
aluminium alloy strip before assembly. 

The bars have a rolatively large surface area to cross section ratio and 
do not overheat but a little air is blown over them as a safety precaution. 
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Fig. 6. 3. 2(iv) View of a ferrite core 'window frame'. 



(c) Ferrite 

A careful investigation was made of all available materials. A full account 
of this investigation has been reported elsewhere (2). The requirement was for 
the best compromise for the product~ Q over the frequency range and the ampere 
turns required to pull the resonant frequency from 1.4 to 8.0 Mc/s. ( µ ~ 
permeability of ferrite; Q = loaded Q of complete cavity with ferrite filling). 
It was also necessary for the manufacturer to be capable of manufacturing large 
blocks to the required mechanical and electrical tolerances. The material 
finally chosen was a special Philips material similar to Mullard B1 , but with a 
slightly lower permeability and correspondingly higher Q. At 1.4 Mc/sun
biased: ,-i = 600 and Q = 10 at 60 gauss peak flux density. When biased to 
8.0 Mc/s: Q = 40 and the bias field is 12 AT/cm. The ferrite is made in "window 
frames" 4 cm thick (Fig . 6.3.2(iv)). The long limbs are each made of seven blocks 
(25 cm by 23 cm) and the short limbs of three narrower blocks. The four limbs 
of a window frame are loaded individually into the cavity and are held together 
by gravity and by spring loaded clamps on the top surface. 

A problem arose over the joining together of the blocks to form limbs. 
Originally all the limbs were made by glueing the blocks together with cold
setting Araldite. However, during assembly into the cavity some of the long 
limbs broke in the centre, and it was found after an extensive investigation 
by the manufacturers that the strength of the cold-setting Araldite bond decreased 
with time, reaching zero after a period of 4 or 5 weeks, due to water vapour 
from the air reaching the bond through the porous ferrite. A technique was 
developed for glueing the limbs using a hot setting Araldite, which also loses 
some strength during the first few weeks after glueing but levels off at a value 
which is still very high. However, in the meantime a method had been found to 
hold the long limbs together using stainless steel clamps. These clamps were 
sufficiently small to fit in the cavity without affecting the oil flow around the 
ferrite, and they included an insulating portion to avoid the possibility of 
induced currents in the clamps. The short limbs rely on gravity to assist the 
strength of the original Araldite bond. 

There are 28 frames in the cavity (7 in each core), with a total weight of 
nearly 6 ton. The amount of r.f. power absorbed by the ferrite varies with 
frequency but has a peak value of about 42 kW at 4,5 Mc/s. The four ferrite 
cores are enclosed in individual fibre-glass loaded epo:xy resin jackets filled 
with transformer oil, which is cooled by circulation through a heat exchanger, 
the inlet temperature being maintained at 58°F (14.5°c). 

(d) Bias Winding 

The ferrite requires a total bias field of approximately 7,000 AT. If 
this were provided by a single winding carrying 7,000 A the peak voltage required 
to obtain the desired rate of rise of current would be approximately 5 V. The 
cavity was designed and built in such a manner that the actual cavity walls could 
be used as a single turn winding of this type, but it was decided that the most con
venient impedance at which to work would be provided by a 10-turn winding requiring 
a peak current not exceeding 800 A and a peak voltage of 50 V and this was the 
arrangement finally used. The path followed by any one turn of the winding is 
shown in Fig. 6.3.2(v). The input is underneath the centre of the cavity and 
the 10 turns are distributed circumferentially around the ferrite. The input 
is bypassed with a O.OlµF capacitor, and is connected through the r.f. filter 
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to prevent even small r.f. currents getting to the sensitive operational 
amplifiers in the bias supply. There is a considerable problem in avoiding 
subsidiary resonances in the bias winding system. These, in general, are due to 
the air-cored stray inductances and capacitances between sections of winding 
and the adjacent cavity wall. The bias winding is the main conductor for r.f. 
currents, and to ensure a uniform current distribution the windings are paralleled 
for r.f. by 0.01 µF capacitors. 

In addition, each winding is decoupled to the cavity wall. Originally each 
was decoupled in at least two places and also bypassed to the actual flange of 
the accelerating gap. This combination lead to the existence of a host of 
absorption resonances in the 1 to 8 Mc/a band, giving a low input impedance at some 
fequencies and high voltages at certain decoupling capacitors. It was found that 
owing to the complex arrangement of the bias winding turns within the cavity, it was 
impossible to eliminate all resonances within the 1 to 8 Mc/s band from the cavity. 

After removing all except one decoupling capacitor on each turn, and bypassing 
only one of the turns to the gap flange, most of the resonances disappeared. How
ever, to eliminate one severe "double-humping" condition associated with the central 
part of the vacuum vessel, it was necessary to bypass the winding to the gap flange on 
the inner side only of each gap. This latter bypass capacitor circuit was found to 
ca:rry a very large current at one frequency and to prevent the capacitor being 
destroyed in the event of the cavity being energised continuously at this frequency, 
a 20, 200 W damping resistor was inserted. 

Lesser resonances were found to overheat some of the other decoupling 
capacitors at certain frequencies and eventually a simple filter arrangement was 
used between each turn and the wall, consisting of a 0.01 µF capacitor in series 
with a parallel combination of a 0.01 µF capacitor and a 60, 20 W resistor. 

(e) R.F. winding 

The accelerating gaps in the cavity are connected in parallel by the bias 
winding and the original intention was to connect the power amplifier directly to 
the centre point of this parallel connection. This, however, presented a rather 
lo~ impedance to the power amplifier and it was decided to increase the imput 
impedance of the cavity by making the cavity a two-turn to. one-turn, step-down auto
transformer. To accomplish this, each input lead from the amplifier goes once 
round the appropriate ferrite core before being attached to the flange at the 
accelerating gap. The configuration of the windings is shown in Fig. 
6.3.2.(v) while a theoretical equivalent circuit for the cavity and the bias and 
r.f. windings is given in Fig. 6.3.2(vi). 

The arrangement introduces two new factors; the leakage inductance of the 
transformer and the stray turn-to-turn capacitance. The effect of the stray 
capacitance is to lower the resonant frequency of the cavity and all the lumped 
tuning capacitance which was originally incorporated had to be removed. This 
was also necessary because the output capacity of the power amplifier is seen 
by the cavity through the 4sl impedance transformation. The effect of the 
leakage inductance is to reduce the voltage at the gaps and also to cause a series 
resonance to appear whe~ the leakage inductance resonates with the gap capacitance. 
This resonance tends to occur bet~een 10 and 20 Mc/sand it was decided to push 
it above 16 Mc/ s, i.e. above the second harmonic of the maximum operating 
frequency. A low inductance winding is required to do this and in the final 
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WINDINGS A AND B 
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turns for r. f. are not shown in this diagram. 

Fig. 6. 3. 2(vi) Cavity equivalent circuit diagram . 



arrangement, each input busbar from the amplifier goes towards the accelerating 
gap, then splits into five parallel turns distributed around the cavity. These 
l i nk the ferrite once and connect by knife switches to the gap flange. 

The power amplifier is situated as close to the cavity as possible and the 
connection is made by large diameter conductors to reduce the stray inductance. To 
shorten connections to the minimum the tee junction between accelerating gaps 
is inside the cavity. 

The r.f. winding was not incorporated in the original design of the cavity 
and as the length of the cavity is severely limited by the dimensions of the 
magnet straight section the space available for the r.f. winding is rather 
limited. Originally, considerable difficulty was experienced with arcs between 
the r.f. turns themselves and to the bias winding. These always involved surface 
tracking across the fibre-glass oil jackets around the ferrite. 

Tests on samples showed that the fibre-glass material was highly resistant 
to surface tracking at 1 to 8 Mc/s, with or without red anti-tracking paint. 
However, quite small traces of dirt (or more particularly moisture) lead to 
tracking at quite low voltages. Since the jackets could not be kept clean, 
air insul ation had to be used. Ceramic stand-off insulators were glued to 
the jackets to support the r.f. turns, with a clearance of i in to the fibre
glass. This solved the arcing problem completely. 

(f) Cavity screening 

The cavity must be magnetically screened, to ensure an approximately field 
free region which will minimise any effect of the main magnet field on the ferrite. 
Consequently all walls of the cavity, which is roughly a 7 ft. cube, are made of 
copper and steel l aminations. The top, bottom and side walls are made up from two 
) in. plates, the outer one being steel while the inner one is copper clad steel 
(7/16 in. steel and 1/16 in. copper). The end walls consist of two ~ in. steel 
plates, together with an inner½ in. copper clad steel plate. The laminations are 
separated by paper insulation and all clamping bolts are insulated. Every joint in 
the cavity is bridged by internal spring fingers. The total weight of the shielded 
cavity containing the ferrite is of the order of 20 ton. 

Despite the magnetic shielding there is an appreciable effect on the ferrite. 
It is at a maximum when the ferrite is fully biased, owing to the non linear 
vari ation of permeability with flux. The effect is two-fold: first, the 
required bias current for 8 Mc/sis slightly increased (to values still within the 
capability of t he bias supply), second, the effect is asymmetrical so that the 
power amplifier sees an unbalanced load (the unbal anced currents are also 
within the capability of the amplifier and its stability is not affected). 

6. 3.3, High Power R.F. Amplifier Development 

(a) Specificat i on 

The amplifier has to accept a signal of about 2 V r.m.s. amplitude at 100 n 
impedance from the Primary Frequency Generator and to deliver the necessary 
voltage and power to the accelerating cavity. The design for the amplifier is 
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based on the specification in (3). 
following figures:-

Important features are displayed in the 

Fig. 6.3.3(i) shows the peak voltage required plotted against frequency; 
it is about 6 kV over the band. Fig. 6.3.3(ii) shows the impedance presented 
to the amplifier plotted against frequency. Each valve of the output stage 
has an anode load which falls to 2500 • Fig. 6.3.3(iii) shows the power loss 
which is almost entirely absorbed in the ferrite coresf the skin loss and beam 
loading effects are negligible by comparison. The graphs in the l ast two 
figures were based on estimates from a sample ferrite testing programme. 
Fig. 6.3.3(iv) shows the assumed equivalent circuit for the cavities. It was 
decided at an early stage that to assess the behaviour of the cavities, the 
amplifier must be capable of operating with a c.w. output. In considering the 
valve line-up therefore, no account is t aken of the 3:1 duty factor in the 
actual machine cycle. 

From Fig. 6.3.3(i) and (ii) allowing a safety margin, the most stringent 
peak conditions for each output valve of the amplifier are:-

Required anode swing = 
Load impedance 
Fundamental component of anode current = 

3.5 kV 
250 D. 
14 A (peak) 

Considering only triodes: for a reasonable angle of anode current flow, 
the peak space current to meet the above condition could be 35 A which 
demands a high peak usable cathode current. A low anode efficiency and high 
peak grid current would follow and would require a high input driving voltage. 
There is the further problem of the input capacita~ce of these large valves, since 
a wideband untuned stage would be needed to drive the output stage of the amplifier. 
If a conventional push-pull amplifier is correctly cross-neutralised the input 
capacitance = 2(Cga + Cgf) + strays (say 200 pF total). There is, therefore, a 
large reactive current demand from the driver at 8 Mc/s. 

Further examination of the likely load impedance leads to the decision to 
incorporate a 4:1 impedance transformation ratio into the cavities by carrying 
the input leads once round the ferrite cores before connecting them to the 
accelerating gaps. Each valve then runs under the following conditions:-

Required anode swing= 7 kV 
= 1000 0 Load impedance 

Line current 7 A (peak) 

At this stage an analysis was carried out as described in (4). The 
analysis covered a wide range of possible valves and a large number of possible 
operating conditions. The final choice was the English Electric Co. Type BW 161 
with the following specification&- Va max = 12 kV; Anode dissipation= 30 kW; 
Peak usable cathode current= 45 A; Gm= 23 mA/V; ~ = 45; Cga = 36 pF; Cgf=57 pF. The 
basic circuit arrangement used is shown in Fig . 6.3.3(v). To prove the power 
output capability of this circuit it was tested using a dummy load as shown in 
Fig. 6.3.3(vi). This load had impedance v. frequency and Q factor v. frequency 
characteristics similar to those of the cavity. 
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During the development of the cavity and the incorporation of the integral 
r.f. transformer the characteristics became more accurately understood and the graphs 
in Fig. 6.3.3(vii) and (viii) give the actual conditions seen by the amplifier. 

To meet the load conditions applicable at a frequency of 4.5 Mc/s, the output 
valves work under the following approximate conditions:- Vb"' 10 kV, Eamin = 3 kV, 
V0 = - 140 V, Eg max. = +300 V, Eg drive = 440 V, Pout= 23 kW, Pin~ 50 kW, Pa diss. 
= 27 kW, e l' = 180°, P grid dies . = 200 W, Im~ 18 A. There is considerable grid 
current. I f Ig total = 3 A, then Ig fundamental ~ 1. 3 A and the impedance seen 
by the driver at this frequency i s about 300 Q shunted by -120j n • Both the 
grid current and reactive current components of the driver load vary considerably 
over the band. 

(b) Experimental driver 

The only designs considered for the driver had wideband untuned stages through
out. For power amplifi cat i on, two types of valves were useda The first was an out
put pent ode (EL 34) r ated f or 25 W anode di ssipation and intended for audio reproduc
tion. It has Cout = 8. 4 pF and 8ni = 11 mA/V. A pair in push-pull were used to drive 
four i n parallel push-pull. The anode loads of the first pair were given high 
frequency compensation by shunt peaking as shown in Fig. 6.3.3(ix). The anode 
load of the second stage was an autotransformer feeding an inductance peaked 
resistive load which was designed to swamp the input impedance of the succeeding 
stage. The resistance value was 3000 • The output transformer used two tape 
wound coil stacks side-by-side on a small toroidal fe rrite core and the stage 
delivered a 70 V peak signal to the succeeding stage with a flat response over 
the band. Feedback was used to improve linearity and to maintain a good 
sinusoidal waveform in the output; the second of the two stages ran under Class A 
conditions. The basic circuit configuration of this stage is also shown in 
Fig. 6.3.3(ix). 

The next stage used the second type of valve (QY5/3000A) in push-pull and 
Class A. The valve is a high power forced-air cooled tetrode rated for anode 
dissipation of 3 kW and primarily intended f or use in VHF t el evision transmitters. 
It had the desirable qualities of C0 ut = 8.4 pF and Bin= 19 m.A/V wit h Cin no mor e 
than 23.5 pF. This stage ran with quiescent anode currents of 1 A at Vb == 2 kV 
and E0 = 0 V. The anode load was again a wideband ferri t e cored aut otransformer 
feeding a resistive load of 300 Q , and the s tage delivered a 200 V peak signal 
with flat response over the band, and faithful r eproduction of the input waveform. 
Up to this point the core sizes and wire lengt hs i nvolved in the wideband 
transformers had not brought any unwanted resonances within the band or caused 
lack of end coupling. The design of the output coupling transformer for the 
final driver stage did, however, involve these, and other factors. 

The aim was to provide a signal of 600 V peak over the band into the load 
already defined as the input impedance of the amplifier output stage. This was 
achieved by using four of the tetrodes in parallel push-pull~Class B condition1with 
grid current. The valves parallel very readily at these frequencies and three 
on each side have been used very satisfactorily. Screen and control grid 
stoppers were used but not anode stoppers. 
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To keep the flux swing in the output transformer core to a reasonable level 
the core was necessarily large and the leakage inductance and winding capacitances 
were high. The toroidal core size was 150 mm OD, 50 mm ID, 40 mm thick and 
carried a total of 32 turns of wire. The leakage inductance of this transformer 
was arranged to resonate with the input capacitance of the final amplifier BW 161 
tubes and for a level input over the band the driver output stage produced a 
response curve as shown in Fig. 6.3.3(x). It shows a characteristic peak below 
the bottom frequency of the band due to shunt winding resonance, then a slight 
droop and a flattened peak just above 8 Mc/s . The flattening was achieved by 
resistors placing 350 n across the transformer primaries and has the effect of 
maintaining the screen currents of the te\rodes at an acceptable level throughout 
the band. 

Complete circuit diagrams for the prototype transmitter are given in 
Figs. 6.3.3(xi), 6.3.3(xii) and 6.3.3(xiii). This driver and output stage 
was used successfully through all the early testing of the cavity, the automatic 
gap voltage control and the automatic cavity tuning system. 

(c) Wide band transformer development 

Further work was carried out on the driver output transformer and a large 
number of winding and core configurations were tried. The following design 
considerations were incorporated in the transformer. It would couple the anodes 
of six of the tetrodes connected in parallel push-pull to the grids of the 
BW 161 valves and give a flat response over the range 1.4 Mc/s to 8 Mc/s. The 
use of transformer coupling enables a leakage inductance to be selected which will 
separate the output and input capacitances of the stages to be coupled to form 
a~ network at the upper frequencies. In this way it is possible to achieve a 
flat response characteristic over the band and to introduce a transformation 
ratio to accommodate the difference between the two capacitances. At an upper 
frequency limit of 10 Mc/a the reactance of the 200 pF looking into each BW 161 
is 80 0. The load resistors from each grid to ground were therefore fixed 
at 75 n • 

The total anode capacitance of each side to ground is 100 pF, the reactance 
at 10 Mc/a being 1600. Together with strays, this gives an anode-anode 
impedance of 3000. The impedance ratio required for the trans former is 
therefore 3001150 0 J a turns ratio fi"i 1 The nearest possi ble figure with 
the low number of turns required is 1.511. 

The transformer must handle a peak drive voltage to each BW 161 of 500 V. 
The total r.m.s. drive power is therefore 3300 W. The transformer losses must 
be kept low because of heating and for efficiency. It was manufactured on a core 
consisting of eight ferrite toroids each having OD= 3 in, ID= 1 in and axial 
length 1.57 in. These were arranged in bi.nocular form with concentric and 
strip windings to give limited impedance matching through the windings. 

The transformer design mot the specification and could be overloaded to 
deliver 1000 V from each output terminal to ground at G.3 Mo/a. The basic 
winding arrangement is shown in Fig. 6.3.3(xiv). 
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6.3.4. Final Amplifier Des i gn 

(a) Output st age 

Early in 1960 it was necessary to consider production of a fully engineered 
version of the experimental transmitter capable of unattended operation from a 
remote station. 

The choice of valve for the output stage was the BW 161. 

The valves operate in conditions which utilise their characteristics to 
produce a transition from Class A to Class C as the drive signal is increased. 
Initial grid bias sets the quiescent anode currents at approximately 2 A each. 
These currents rise as the drive signal is increased but, due to the operating 
transition mentioned, are no more than 5 A when they are delivering the required 
maximum output power. The output stage is arranged as a wideband amplifier 
with aperiodic grid circuits and loosely coupled anode circuits, and the valves 
are cross-neutralised by variable vacuum capacitors. The basic circuit arrange
ment remained the same as that used for the experimental transmitter. 

Neutralising the cold amplifier is achieved using a portable oscillator and 
detectors made for the purpose. A filter network is incorporated in the 
neutralising connection to prevent a self-oscillatory condition at the frequency 
at which the input of the cavity load shows a series resonance (about 18 Mc/s). 

(b) Driver stage 

At the higher frequency end of the band, the anode swing required from the 
BW 16l's is increasing and under these conditions the reactive component of 
drive current is comparable with the peak eleptron grid current which has almost 
triangular waveform. A driver of the cathode follower type having low impedance, 
good regulation and the necessary bandwidth for the harmonic content was therefore 
considered. Various designs had previously been considered working in Class A 
with large standing valve currents. The driver circuit finally evolved is a 
combined push-pull phase-splitter/cathode follower. Type TY6/5000 W triodes 
having a high slope characteristic and consequently low cathode impedance are 
used. They operate with zero bias under quiescent conditions and with grid 
resistors returned to chassis. When driven, a transition from Class A to 
Class B operation takes place as increasing grid current develops grid bias. 

At high input signal levels with the valves in Class B the driver produces 
only positive-going half cycle outputs from each cathode. Thus in any half cycle 
one cathode follower valve and one power amplifier are cut off. But the power 
amplifier tube is cut off by its steady d.c. bias voltage under a condition in 
which, due to push-pull coupling in the anode circuit, the anode potential is 
rising and this leads to an inefficient anode condition. The driver valves are 
therefore used additionally as phase splitters. Outputs are taken from 
resistance loaded anodes to the opposite grids by capacitors and the negative
going signals are used to swing the opposite valve into a true cut-off condition. 

Under conditions of low signal· input, this stage will operate in Class A 
to produce full waveform outputs in antiphase. D.C. returns to both grids and 
cathodes of this stage are made by a r.f. choke. The basic circuit is shown 
in Fig. 6.3.4(i). 
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(o) Low-power driver stage 

To provide the required output of about 500 V peak from the cathode
follower phase-splitter stage an input of about 900 V peak is needed. To give 
this, the sub-driver has four radiation-cooled tetrodes (QY4/250) in parallel 
push-pull working in Clase AB. 

The interstage coupling has two elemental a shunt-fed transformer and a 
frequency compensating filter network. The transformer has very tightly coupled 
windings to transfer signals in push-pull to the input of the succeeding stage. 
The filter network can be described as having one and a half sections of a 
low pass, constant K filter with~ mid-series termination which allows the input 
capacitance of the succeeding stage to be used as the mid-shunt capacitance. 
The stage is conventionally equipped with stopper resistances. 

This sub-driver is itself driven by a cathode follower which has two 
radiation cooled triodes (Type TY3/250) in Class A push-pull. .The output 
impedance of the stage matches the control grid requirement of the sub-driver 
amplifier. The r.f. input to the stage is fed via a full section, constant K 
filter network. The amplifier chain is completed by the five cascaded stages 
of the pre-amplifier. 

The low-level r.f. excitation signal is fed into the first R C. coupled 
single pentode stage together with the automatic level control signal which is 
applied to the high slope suppressor grid. Then follows a second R.C. coupled 
single pentode as a buffer amplifier. The next stage is a push-pull voltage 
amplifier, also used to provide unbalanced to balanced signal conversion, followed 
by an amplifier operated as a long-tailed pair and finally a Class A push-pull 
stage using two valves type QV06/20. These last two stages are also R.C. 
coupled but with some inductive compensation so as to utilise their high gain 
qualities. 

The output of the tetrode (QV06/20) is about 180 V peak at an impedanoe 
level which matches the requirement of the cathode fcllower (TY3/250). Fig. 
6.3.4(11) shows the completed amplifier cubicle in position. 

(d) Beam loading 

Th~ original r.f. specification included a maximum accelerated beam of 
2 x 101 protons per pulse. The power absorbed by the beam from the r.f. 
amplifier is proportional to frequency, and at 8 Mc/a is 1.6 kW for eaoh 1012 
p.p.p. From the aotu~l performance of the amplifier at all frequencies, it is 
estimated that 5 x 101 p.p.p. oould be accelerated. The first limiting point 
is at 4.5 Mc/a where probably it would be dangerous to increase the phase angle. 

6.3.5. Automatic Level Control of Gap Voltage 

(a) Introduction 

During the operating cycle, the amplitude of the accelerating voltage at the 
cavity gaps has to be controlled by a d.o. signal fed to the r.f. amplifier from 
an external souroe. This signal is derived from the same pi.de-up coil (placed in 
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the main magnet field) as that feeding the B signal to the P.F.G. and it is fed via 
a shaper to an emitter follower in the main control room. A control labelled 
"Synchronous Phase" feeds a pre-set proportion of this signal from the emitter follower 
to the r.f. amplifier. The cavity gap voltage muot be proportional to this signal 
over a range extending down to at least one sixth of the full accelerating voltage. 

A further requirement is that internally generated disturbances to the gap 
voltage such as those arising from ripple on H.T. supplies to the r.f. amplifier 
must be reduced to an acceptable level. These requirements are met in the closed 
loop circuit shown in Fig. 6.3.5(i). 

A two-valve circuit is connected at the front end of the r.f. amplifier 
chain. The r.f. drive signal from the primary frequency generator is fed to the 
control grid of the first valve. The voltage on the suppressor grid is used 
to control the output from this stage. The gap voltage is reduced by a factor 
of 120 in a capacitance divider and rectified in a peak detector; this envelope is 
applied to the summing junction of a d.c. amplifier-cathode follower combination. 
At the summing junction it is compared with the programme voltage from the magnet 
field coil and the difference is amplified and fed to the suppressor grid of the 
automatic level control stage valve as a correction signal. 

(b) Circuit details and performance 

The ,amplitude sensing, capacitance potential d~vider is connected to the 
gap flanges of the drift-tube assembly and the output is fed through the cavity 
wall at a convenient point adjacent to the power amplifier. The cable from the 
divider must thread the ferrite core once on its way to the cavity wall and is 
necessarily rather long. Care is taken to damp any cable resonances which appear at 
low harmonics of any frequency within the band. 

The detector uses germanium diodes in a simple voltage doubler circuit and 
is placed at the divider output terminal on the cavity itself. The output from 
the detector is fed via a 4.7 kn resistor to the summing junction of a d.c. 
amplifier which is followed by a cathode follower. A feedback resistor of value 
56 kO is connected from output to input of this combination and across this 
resistor are connected Zener diodes and the series R-C combination shown in 
Fig. 6.3.5(i). 

The series R-C combination serves to prevent the closed loop being self 
oscillatory in the frequency range in which its gain-phase shift characteristics 
would otherwise make it so. The combination is chosen not to have too adverse 
an effect on the transient response of the loop, which could be important under 
the following condi tiom if a signal exists on the gap -voltage control terminal 
before the r.f. signal from the primary frequency generator is gated on, the 
suppressor grid of the first valve will be at approximately zero volts when the 
full r.f. signal is applied to its control grid. Full gap volts will appear in the 
cavity and these volts must be brought under automatic control in a time which is 
short compared with phase oscillation period. In the arrangement described this 
time is about 40 µs. The Zener diodes limit the voltage of the suppressor grid of 
the valve to the required range (and no more), the diode current being provided by 
the cathode follower. 

In the normal mode of operation of the system the gap voltage control 
signal will be gated at a time which eliminates the over-shoot of gap voltage. 
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The gain of this d.c. amplifier network in the low audio frequency range 
is seen to be approximately 12. The gain at these frequencies, between the 
supressor grid of the first valve and the output of the detector, is approximately 
13, and therefore the internally generated ripple voltages at these frequencies 
are reduced by a factor of about 150. 

6.3.6. Phase Detector 

(a) Principle 

The basic principle is that of the conventional overlap phase detector, 
depending upon the production of rectangular current pulses, whose width depends 
upon the overlap between the positive half cycles of two input sine waves. 
These variable width pulses are then integrated to give a demodulated output. 
The two inputs are obtained,one from the grid_ of the final power amplifier valve 
via a 90° phase lag network (reference signal), and the other from the anode of 
the final valve via a 200:1 capacitive potential divider. Coincidence is 
measured using a 6BN6 gated beam valve so that when the power amplifier valve 
anode voltage is 180° out of phase with its grid, the grids of the 6BN6 are in 
quadrature, placing the phase detector at the oentre of its range. If the 
valve anode is other than 180° out of phase with respect to the grid~ then the 
6BN6 grids will overlap to a greater or less extent. 

Development of the phase detector has taken place in the three stages. 

(b) First circuit 

The final r.f. power amplifier stage is in push-pull and advantage was 
taken of this to employ two 6BN6 1 s with paralleled outputs connected, as shown 
in Fig. 6.3.6(i)-(a)., thus deriving two current pulses per r.f. cycle instead of 
one. This doubled the sensitivity. 

Performance was satisfactory provided the r.f. amplifier operated at full 
gap voltage throughout the frequency band. However, the cavity is required to 
operate at a much lower gap voltage at injection, a.nd choosing a figure of 1 kV 
from 1.4 Mc/s to 2.0 Mo/s, there is insufficient input at this level to the 
6BN6 1 s (particularly from the power amplifier grids). It was necessary to provide 
gain at the lower r.f. frequencies between the phase detector inputs and the 
6BN6 1s. This was achieved by replacing the cathode followers with cathode 
coupled limiters (Fig. 6.3.6(i)-(b)). 

(c) Second circuit 

Identical limiters were used, the simplified circuit being given in 
Fig. 6.3.6(ii). The advantages of this circuit area 

(i) At high input levels, it functions as a symmetrical clipper and 
thus assists the 6BN6 in amplitude limiting; 

(ii) At low levels, it functions as an amplifier, consisting of a cathode 
follower driving a grounded grid stage, so that the input impedance is high and 
the amplifier is stable without neutralising; 
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(iii) Limiting is achieved by anode current cut-off on both half cycles 
of r.f. input (Vla then Vlb) and, ideally, no grid current flows. 

The gain of the limiters in the region 1-2 Mc/sis about 4.5 (there is some 
variation as the 6BN6 1 s draw slight grid current which varies with input ampli
tude). 

With this modification the detector functioned at a much lower gap 
voltage, particula.rly at the lower r.f. frequencies. However, variation in the 
level of the gap voltage caused the set zero to change since the current 
puloes at the anodes of the 6BN6's are not perfect square waves. The larger 
the input signal to the phase detector, the better the limiting and the faster 
the rise time, so that after integration the mean level increases. The 
difficulty has been largely overcome in the final version by using a differential 
system. 

(d) Final circuit 

Comparison of Fig. 6.3.6(iii) with Fig. 6.3.6(i)-(b) will show that the 
final version consists essentially of two phase detectors V5/V6 and V7/V8 with 
the difference that the inputs to V7/V8 are crossed over (e.g, V8 6BN6 functions 
with the power amplifier anode 1 and grid 2). This means that the outputs of 
v5/V6 and V7/V8 are in push-pull and are converted to single ended output via the 
differential amplifier. Variations in the rise times of the current pulses 
produce a common mode signal at the output of V5/V6, v7/v8, and this is rejected 
by the differential amplifier. 

From 3 kV to maximum peak gap voltage, the performance is satisfactory 
over the whole r.f. band with a sensitivity of 0.55 V/degree. At 1.4 Mc/s to 
2 Mc/s the detect~r functions normally down t o 600 V peak gap voltage, but at 
higher frequencies anything lower than 3 kV results in a much lower sensitivity 
and a reduced maximum available output. Maximum output s,-1ing is ± 25°, which 
is sufficient to cover the initial transient phase error in the servo loop. 

With the cEi.thode-coupled limi tars each feeding two 6BN6 1 s, capacitive 
loading puts the linear bandwidth of the former at around 8 Mc/s. At the higher 
frequencies there is, therefore, considerable phase shift through the limiters, 
but this is balanced on all four inputs and the overall error is small. The 
practical circuit layout is symmetrical so that stray capacities are equal on 
all four limiters. 

(e) Phase l ag network 

The 90° phase lag network from the grids of the power amplifier is a simple 
R-C filter comprising a series 1 kOresistor and a parallel 1200 pF capacitor. 
The se values put 1.4 Mc/a at approximately ten time s the filter cut-off frequency, 
giving a phase lag of 85°. One disadvantage of this network is the fall in 
output with increased frequency at the rate of 6 db/octave, but it does have the 
advantage that harmonics are attenuated, (2nd harmonic - 6db, 3rd harmonic -
9.5db). Second harmonic distortion of the type encountered in the grid waveform, 
after transmission through the network, would result in a waveform which is 
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symmetrical about the time axis, and has zero crossing points which are not 
displaced so that the phase detector functions correctly. The exaggerated 
waveforms shown in Fig. 6.3.6(iv) illustrate this point (the waveform (b) has 
been amplified x 10 for comparison). 

Transmission· time through such a network is not constant for all frequencie~. 
The power amplifier grid waveform is however, fairly sinusoidal and there is 
no problem from the distortion point of view. 

(f) Physical arrangement 

The phase detector unit is mounted in the r.f. amplifier cubicle, and 
connected to the anode potential dividers and the grid lag networks with coaxial 
cables of length 5 ft and 7 ft respectively. At the sending end of these cables, 
resistors of value equal to the cable Z0 (1000) have been inserted in series. 
On the assumption that the cables are lossless and terminated in an open circuit 
(a good approximation as the phase detector input impedance is high), it can be 
shown that the magnitude of the ratio of source voltage to received voltage at the 
detector is unity and independent of the line length. This reduces voltage 
variations that would occur due to transformation on the cables. Furthermore, 
viewed from the phase detector, the cables are approximately matched instead 
of presenting a high-Q circuit at the~ resonant frequency of 24-30 Mc/s. The 
phase relationship between the sourc~1and the detector input now depends on line 
length as in a matched line(~= tan ~). The 2 ft difference in grid and anode 
leads contribute a maximum error of 5 degrees as the r.f. frequency changes but 
this is compensated for elsewhere. 

(g) Semiconductor phase detector 

Earlier in the development programme a transistorized phase detector was 
designed operating on the same principle of overlapping square waves. This 
showed promise when tested on the bench but difficulties arose in adapting the 
unit to the r.f. amplifier. The maximum input to the detector (determined by 
transistor base-emitter ratings) was around.± 0.5 V, and it was necessary to 
employ diode limiters on all inputs (Fig. 6.3.6(v)). 

In this circuit the clipping and squaring of the waveform was performed at 
the outset before reaching the phase detector proper. Unsymmetrical clipping 
displaced the zero crossing points and the detector did not function correctly. 
Symmetrical clipping was difficult to achieve, due to variations in the detector 
input impedance as the input transistors were switched. There were also hole 
storage effects in the diodes. It was difficult to balance phase shifts through 
the diode limiters, as the input levels from the power amplifier varied over 
such a wide range. 

Development was not pursued as the thermionic detector showed more promise, 
but it is not thought that a semiconductor phase detector is impossible, 
especially with improvements in modern transistors and diodes. Considerable 
work on the problem would be required, however, and the question of adequate 
cooling in the power amplifier cubicle would require special attention. 
Alternatively, to avoid damage by radiation, the phase detector would have to be 
located remotely, and long, matched cables would have to be used. 
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6.3.7 Mark I (Thermionic) Bias Supply 

(a) Basic circuit 

The control circuit of this supply is essentially the same as that used 
with the Bevatron. Fig. 6.3.7(i). Each phase of the input three-phase 
transformer, Tl, has its secondary connected in series with each corresponding 
primary of the load transformer, T2. The delta arrangement of Tl secondaries 
and T2 primaries feeds the selenium rectifier MRl, on which there is a variable 
load made up of the two control valves LVl and LV2. Variation of the current 
through LVl and LV2 effectively controls the voltage applied to the T2 primary. 
The secondary voltage of T2 is rectified by the germanium rectifier MB.2 to 
provide the load current up to a maximum of 800 A. Ideally, with the control 
valves biased to cut-off, the output would be zero, but the inverse resistance 
of the selenium rectifier draws current and the output of the germanium rectifier 
has a standing current of some 10 to 15 A. This is backed off as described 
later. 

(b) Ripple 

The utilisation of a three-phase supply ensures that the ripple current 
in the output is small and is approximately 4% of the d.c. load current, though 
this percentage varies throughout the current range as the cavity inductance 
changes~ Reduction of this ripple with a conventional smoothing circuit is not 
possible, for this would increase the bias supply time constant, but with the 
application of voltage feedback the current ripple has been reduced to less 
than 0.3% over the whole range. With the bias supply in the phase detector 
and cavity tuning l oop , the phase modul ation due to bias current ripple is 
never more than 1° peak in the r.f. frequency range 1.4 Mc/s to 2.0 Mc/~, 
and negligible over the remainder of the band. 

(c) Voltage feedback 

In designing the voltage feedback circuit, measurement of the transfer 
function from the control valve grids to the output was complicated by the 
presence of the large 300 c/s ripple component, which was far greater in ampli
tude than the measured signal frequency. The Resolved Component Indicator 
with its ability to discriminate, was used successfully for the lower frequencies, 
while, for the higher frequencies, a Wave Analyser gave the amplitude plot and 
and phase was• estimated from this. The small signal d.c. gain varied with 
current level from -23 db to -36.5 db with a response flat to approximately 
5 kc/s. To improve the high frequency response, a transformer was connected 
with the primary in series with the control valves anode circuit and the 
secondary in series with the output of the germanium rectifier. The turns 
ratio of this transformer is 200:1, which is the same as the germanium rectifier 
transformer T2, thus maintaining ampere-turns balance and extending the frequency 
response smoothly up to some 50 kc/s. Above this frequency the cavity bias 
winding no longer presents a simple inductance to the bias supply but enters 
a series of resonance and anti-resonance points, due (it is thought) to the 
distributed decoupling capacitors from the bias winding to the cavity skin 
forming,in effect,an artificial transmission line. The performance of the 
fast transformer is such that it will pass to the load all signal frequencies 
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above about 20 c/s, while signal frequencies below 20 c/s to d.c. reach the 
load via T2 and the germanium rectifier. As a result of the load inductance 
a rapid decrease of cavity current oan demand a negative voltage swing, 
although the current will remain unidirectional. Without the fast transformer 
in circuit this is not possible as the germanium rectifier acts as a clamp to 
earth for negative potentials. The available negative swing however is limited, 
particularly at low current levels, where the control valves are biased towards 
cut-off. 

The preamplifier preceding the control valves is a conventional d.c. 
amplifier consisting of two long tailed pairs and an output cathode follower. 
Overall voltage feedback is taken from the output of the cathode follower back 
to the first long tailed pair. The small signal d.c. gain is in the range 
+30 to +34 db, with a 3 db bandwidth at approximately 50 c/s. The response 
has been carefully tailored by networks in the feedback path to give a gradual 
fall of gain with a maximum phase shift of 60° in the region of 500 c/s and less 
at higher frequencies. Initially the peak i n t he closed loop response of this 
unit occurred close to 100 kc/s placing a hi gh impedance in the grid circuit of 
the control valves at this frequency. With a 100 kc/s resonance in the anode 
circuit there was sufficient feedback for these valves to oscillate. The peak 
has n~w been reduced and moved to beyond 250 kc/sand the system is stable. 

With the addition of a high gain operational d.c. amplifier, the voltage 
feedback loop is arranged as in Fig. 6.3.7(ii). 

The d.c. gain of the d.c. amplifier is 60 dB with a bandwidth of 150 c/s 
and determines the d.c. drift of cavity voltage. This amplifier is a chopper 
stabilised type with a low drift figure. With the closed loop gain set at 
x 9, the long term drift in bias current is about 0.05 A, assuming a resistance 
of about 20 mtlfor cavity winding and leads. It is possible therefore, to set 
the initial cavity bias sufficiently accuratel y for the cavity to be l ess than 
one degree off t une at the commencement of the acceleration cycle ( ~ 1.4 Mc/ a ). 
The backing off suppl y shown i n Fig. 6.3.7(ii ) enables the cavity current t o be 
zero despite the s tanding current mentioned i n 6.3.7(a). The standing current 
will equal the backing off supply current, whilst the voltage feedback maintains 
zero volts across the load for zero signal input. Adjustment of R now provides 
a means of setting the standing current to a value higher than the previous 
minimum and still maintaining zero current in the cavity. This is useful, as 
the control vaives will now.function with a higher initial bias and a reasonable 
quiescent current, so that the voltage feedback is fully operational. Drifts 
in the backing off currents are not important as they are automatically compen
sated for by the feedback loop. 

The bandwidth of the supply with voltage feedback as above is 3 db down 
at 20 kc/s. 

(d) Automatic cavity tuni ng 

Fig. 6.3.7(iii) shows in simplified form the arrangement of the bias supply 
in the automatic cavity tuning loop. The auxiliary amplifier raises the d.c. 
loop gain by+ 17 db and is tailored to stabilise the control loop consistent 
with t he best frequency response. The auxiliary amplifier response can be 
approximated as shown in Fig. 6.3.7(iv). The complete closed loop frequency 
response varies with the bias current and is plotted against r.f. frequency 
in Fig. 6.3.7(v). 
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At the commencement of acceleration ( :e: 1.4 Mc/s) the control loop 
frequency response is 300 c/s with an open loop d.c. gain of approximately 3000, 
these figures primarily determining the initial transient phase error which takes 
the form shown in Fig. 6.3.7(vi). After the transient, the phase error is 
negligible being less than 2° over the band (disregarding inaccuracies in the phase 
detector). In designing the servo loop, small signal measurements indicated the 
possibility of bandwidths greater t~an those achieved, but these were unobtainable 
in practice because ,of oscillation (at 1 kc/s) under large signal conditions, 
initiated by overloading at the higher signal frequencies. 

Re~erring again to Fig. 6.3.7(iii), the inputs to the auxiliary amplifier 
and bias supply are clamped to earth in the absence of r.f. volts on the cavity 
gap. This ensures that the control loop is only closed when the cavity is on 
tune, and therefore, the error signal is within normal working limits. Under 
certain open loop conditions the output of the phase detector may be quite large 
and the use of two clamps following one another ensures that no residual input 
reaches the bias supply (this would modify the set initial current level). 
In preference to two clamps in series on the input to the bias supply, one is 
used on the input to the auxiliary amplifier to prevent saturation of this 
amplifier under open loop conditions, since recovery would then have a long 
time constant. 

(e) General remarks 

(i) Efforts to increase the complete control loop frequency response at 
the 1.4 Mc/s point (to reduce the transient error) are restricted by the variation 
in cavity time constant as the current increases. The time constant is 
progressively reduced as the current increases, the change being in the ratio 
of 32zl over the band,which makes stabilization difficult. The application of 
current feedback to the bias supply would reduce the time constant but not 
necessarily the ratio. A further difficulty in achieving stability oyer the 
band is a change in the open loop gain of 14.5 db with variation in bias current. 
This is plotted against r.f. frequency (without auxiliary amplifier) in· Fig. 
6 -3. 7 (vii) • 

The fall in gain of solll39 db between 2 Mc/sand 1.4 Mc/s (the graph of 
bias current against frequency has an inflection at this point) is unfortunate, 
as the highest d.c. gain is needed here. 

(ii) Given normal conditions in the cavity, no great difficulty was 
experienced with r.f. interference in the bias supply. The d.c. amplifiers 
(particularly the voltage feedback amplifier with its high d.c. gain of x 1000) 
required the most attention, and it was necessary to prevent r.f. loop currents 
flowing through the signal earths. This has been achieved by grounding the 
signal earths to the chassis via capacitors, and increasing the impedance of the 
signal earth connections with r.f. chokes. Direct grounding of the signal 
earths, which is desirable from the r.f. point of view, was not possible due to 
difficulties with low frequency loop currents. To facilitate the isolation and 
reduction of earth loop currents, all co-axial leads have been terminated on 
insulated material, with provision for grounding or inserting resistance in the 
screens as required. It was noticeable that some differences in earth potentials 
(for example between the r.f. driver chain and bias supply) were only apparent 
when the magnet was pulsing. 
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(iii) Due to hole storage effects in the germanium rectifiers there are 
large voltage spikes on the bias supply output at 300 c/s repetition frequency. 
These spikes have a ringing frequency of approximately 100 kc/sand damp out in 
about 5 to 10 cycles. Spikes of approximately 1-2 degrees of phase modulation 
are also visible on the output of the phase detector. The practice of employing 
hole storage capacitors across the T2 secondary has not been employed, as it is 
preferable to retain the high ringing frequency of short duration. 

(iv) The voltage needed across the bias winding is dependent chiefly on 
dl/dt rather than I, and it is not therefore possible to protect the supply 
against current overload by limiting the voltage in any way. Current limiting 
must be achieved by monitoring the actual bias current, and originally the 
voltage drop across a resistor in series with the cavity was used for this purpose. 
However, the current required has increased to a level (800 A)whsre load resist
ance has to be reduced to a minimum, and this monitoring resistance has had to 
be dispensed with. An alternative solution is being sought. 

(v) Referring to the transfer function of control valve grids to the output, 
there is considerable attenuation at 300 c/s and higher frequencies, which implies 
a large 300 c/s ripple component on the grids of these valves. At mean grid 
levels of approximately -10 V the superimposed component of ripple is just swinging 
into grid current. Any increase of mean level over -10 V, limits the voltage 
feedback loop gain and the ripple component is no longer "bucked out". Similarly 
with the higher signal frequencies, the limit is set by the onset of grid current 
and is the overloading referred to in 6.3.7(d). Once overloading does occur, 
the onset of distortion i~ sudden and drastic as a consequence of the voltage 
feedback. 

The transfer function also shows that at the higher current levels the d.c. 
gain from control grids to output is approximately x 0.06. At a given output 
current, a small change in load resistance will demand a change in grid voltage 
17 times that of the output voltage. For example, assume the current is 800 A, 
then a 2 mO increase in load resistance will require 1.6 V rise at the output, 
and this in turn requires an increment at the control grids of 1.6 x 17 = 27 V. 
The Mark I supply is therefore very dependent on keeping load resistance to a 
minimum at these high current levels. 

(vi) The present transient phase error is considered satisfactory but if 
it should prove unacceptable in the future, there is the possibility of programm
ing the bias supply over the first 2 ms or so of the frequency sweep. This 
could be achieved by injecting a suitable waveform into the summing Junction of 
d.c. amplifier No. 2. 

6.3.8. Mark II (Transistorised) Bias Supply 

(a) Purpose 

The Mk II bias supply was developed to provide a more flexible means of 
automatically tuning the r.f. cavity with a better overall performance. 

It was designeda-
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(i) to provide accurate phase control of the oavity r.f. voltage over the 
frequency sweep period, 

(ii) to pe_rmit phase modulation of the cavity r.f. fn the 2 to 5 kc/a 
(i.e. the synchrotron oscillation) band, 

(iii) to deliver if required an increased current to the bias turns in the 
r.f. cavity. 

The supply comprises a direct current power unit capable of delivering up 
to 900A at 50 V via a control unit to the bias turns. 

(b) Control unit 

The control unit dissipates most of the output from the power unit. It 
consists of a parallel array of 192 power transistors divided into .8 distinct 
blocks, each operating with emitter and collector load resistors. There are 
subsidiary circuits, including drive stages, fault protection and fault readout 
circuits associated with each block. Under conditions of maximum power the 
emitter load resistors, collector load resistors, and power transistors dissi
pate 11, 18 and 10 kW respectively •. Several cooling systems are employed in 
the control unit to remove the dissipated power: theemitter and collector 
resistors are mounted in ducts through which air is forced by a radial flow 
blower to an air-water heat exchanger; the transistors are mounted on water 
cooled heat sinks through which chilled demineralised water continuously 
circulates; and a smaller axial-flow fan ensures air flow through the main 
body of the unit to remove power dissipated in the drive stages. 

A comprehensive system of interlocks ensures that all cooling systems 
are operative before the load is switched on. If a transistor break.down occurs 
in any block,this is detected, the block is isolated and the position of the 
faulty transistor indicated. The control unit may then be used with 7 blocks 
operative and can carry up to two faulty blocks. If a fault occurs it is 
necessary that1-

(i) all transistors in the block containing the faulty transistor should 
be protected by bottoming, 

(ii) the position of the failed transistor should be displayed so it can 
be quickly removed and replaced, 

(iii) the faulty block should be disconnected automatically so that operation 
can be resumed without a complete shutdown. 

(c) Choice of transistors 

The important transistor ratings are:-

(i) Maximum collector emitter vol tage (Vee max.) (i.e. with base and 
emitter shorted). This was compared with a careful assessment of the collector 
voltage under all transient conditions. Since the load is inductive_, the most 
severe conditions occur at turn off on full load, especially when turn off time 
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is rapid (lOOµs or less). Charts of maximum reliability area, available from 
the transistor manufacturers, are most useful in assessing the operating conditio~s. 
Fig. 6.3.B(i) shows the voltage-current locus for a single power transistor 
during the first millisecond of turn off from full load. 

(ii) Maximum power and junction t emperature. To ensure good reliability 
the junction temperature in the output transistors is kept low. The transistor 
finally chosen is rated at 150 Wand 100°0. The actual maximum power per 
transistor under fixed frequency conditions is 70 W, a requirement to be met 
occasionally during tests. Under these conditions the junction temperature 
does not exceed 6o0c. 

(iii) Cutoff frequency in common emitter circuits. This was specified 
at 10 kc/s or above to meet the phase modulation requirement. 

(d) Power units 

The possibility of power transistor breakdown, due to mains surges, 
rectification spikes and the stored energy associated with the inductive load, 
placed a special requirement on the power supply. The margin between Ee,,. 
(the nominal output voltage at 50 V d.c.) and V max. (80 V) requires 
good smoothing to reduce rectification spikes ancf~ipple to a tolerable level. 
The energy stored in the bias turns at full load is about 60 J, this must be 
safely absorbed by the power supply also. The following possibilities, all 
employing 3 phase transformer/rectifier sets as the basic system, were 
considered► 

(i) Output regulation by means of series transductors in the primary 
side was rejected because it was felt it offered insufficient protection. 

(ii) Regulation by means of silicon controlled rectifiers (S.C.R's) was 
also rejected for the same reason. 

(iii) Series regulation by motor-driven Brentford regulator - fast 
transients being absorbed by a heavy duty lead acid battery floated across the 
output. This was chosen as the most simple and reliable arrangement providing 
continuous protection, although it is somewhat bulky. 

(iv) As (iii) but with a nickel cadmium battery of compact sintered block 
construction - heavy current access to the battery taking place via S.C.R 1 s only 
when surges occur and when the load energy is delivered at the completion of each 
sweep. 

This was rejected because of its greater complexity though it is considered 
it would work effectively and be more compact than (iii). 

A skeleton circuit showing the arrangement of power unit, control unit and 
transistors is shown in Fig. 6 J.8(ii). The capacitors are high current heavy 
duty electrolytics for reducing very fast spikes at the transistor collectors 
(where these are of order tens of microseconds, battery inductance becomes a 
considerable factor). It is important that they and the spike clipping 
rectifiers be placed as close as possible to the control unit terminals. 
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(e) Battery fuses and earth fuse 

For safety reasons the battery is fitted with isolator and fuses. Standard 
H.R.C. fuses at 100 A were chosen to compromise between low resistance and low 
fusing current. 

A low current fuse provided between +50 V and earth, which is essential for 
safety reasons, developed unwanted feedback voltages in series with the input 
signal path. It was necessary to separate signal and earth return paths to 
avoid unstable modes in the phase and current feedback loops. 

(f) Phase and current feedback loops 

The control of phase or current are alternatives determined by the 
conditions required at the start of the frequency sweep. At the end of injection, 
a few hundred microseconds may elapse before the full voltage is applied to the r.f. 
cavity. During this interval, the current control loop is de signed to maintain 
bias current at the right value, rising at the correct rate to ensure that phase 
errors are minimised in the cavity and r.f. drive chain. At the instant full volts 
are applied to the cavity, the bias loop is automatically switched to phase control 
and remains so until the completion of the sweep. The current reference may be 
derived from an independent source or from the integrated B signal derived from 
the magnet. 

Because the bandwidth requirement of the current loop is not stringent, 
stabilisation is not difficult. The phase loop presents a more serious problem. 
The basic open loop transfer function of the phase loop is of the forms 

1 X 1 

LC s2 + i S + 1 

with an equivalent circuit as shown in Fig. 6.3.B(iii). 

No Load 

L = bias turns inductance 5 mH, 

C = combined depletion layer capacitance 
of the power transistors 1.42 ~ 

R = total parallel output resistance 
of the power transistors 

cutoff frequency of the power 
transistors 

12.5 n 

100 kc/a 

The three principle elements form an overdamped LCR circuits 
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Full Load 

0.13 mH 

7.2 p.F 

1.46n 

25 kc/s 



Natural frequency fn 1 

Damping factor D = = 

No Lo~ 

1.9 kc/s 

Full Load 

5.3 kc/s 

The variation of fn from no load to full load is not great because as the 
bias turns inductance falls with increasing load current, the capacitance 
associated with the transistors increases. Also the resistive component of the 
output impedance falls, so that D does not vary greatly. The actual situation 
is altered by the presence of 0.1 µF r.f. decoupling capacitors between the bias 
turns and earth. Their effect is to make the bias winding look like a 
transmission line with a large propagation constant. The open loop phase
frequency responses .show phase lags in excess of those associated with the simple 
circuit of Fig. 6.3.B(iii). 

In order to provide the bandwidth necessary for beam control purposes, 
series stabilisation was chosen to compensate for the considerable lags in the 
bias turns. The limitations on such methods arise from noise and other unwanted 
signals in the error signal path. By keeping ripple and other forms of inter
ference low in the bias loop, closed loop bandwidths of order 10 to 15 kc/shave 
been obtained. 

The equipment was fully tested under pulsed and swept frequency r.f. 
conditions. 

6.3.9 General Arrangement of High Power R.F. System 

(a) Layout of equipment in magne t room 

In the normal working position the cavity is located in straight section 8 
and the power amplifier immediately adjacent to it on the inside of the magnet 
ring (Fig. 6.3.9). The cavity ~nd amplifier are both mounted on wheels and run 
on radial rails on the floor of the magnet room. To examine the cavity, it can 
be detached from the amplifier and rolled towards the outside of the ring; for 
r.£. test purposes, both amplifier and cavity can be withdrawn towards the centre 
of the ring. All electrical connections to the cavity and amplifier are made 
by flying leads to junction boxes on the floor and these junction boxes are 
paralleled to extension boxes near the centre of the ring for use when the cavity 
and amplifier are in the test position. The level control and phase detector 
circuits and their power supplies are situated inside the amplifier cubicle. 

The thermionic bias supply sits on the magnet room floor a little way from 
the straight section. The transistor bias supply, because of its sensitivity to 
radiation damage, is located in a cellar below the ring close to the r.f. straight 
section. It is hoped that the transistor bias supply will have the better 
performance and be normally used, but the thermionic bia~ supply is being retained 
for some time as a spare and the connections can easily be interchanged. 
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Also in an adjacent cellar are the water cooling plant for the r.f. drive 
chain and bias supplies, the oil chilling plant for the cavity, and the d.c. power 
supplies to the power amplifier. 

The whole of the r.f. system including water and oil plant can be operated 
from the magnet room floor. 

(b) Main control room 

The high power r.f. equipment is controlled from two 6 ft racks in the 
main control room. One rack holds the remote indication and controls for 
the power amplifier, and remote indication and control of the oil chilling unit. 
In the adjacent rack is an oscilloscope and a patch panel for monitoring of all 
relevant waveforms. Also in this rack are panels for metering indication and 
control of both bias supplies. A further panel provides adjustment of the 
nominal stable phase angle by al te~ing the gain of an amplifier which feeds the 
B signal from the primary frequency generator to the power amplifier for control 
of cavity voltage amplitude. 

Also brought to these racks are an indication of the correct functioning 
of the primary frequency generator and some monitor points from that equipment. 
Indication and control of the cooling water is incorporated in the overall 
water controls panel for the machine. 
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SECTION 7 

EXTRACTION SYSTEMS AND INTERNAL TARGETS 

7.1. Slow Extraction System 

7.1.1. Principles of Operation 

(a) Review 

The aim of the proton extraction system is to produce an external beam which 
contains an appreciable fraction of the accelerated protons and which can be 
focused with quadrupole lenses to a small image at a target. Small images are 
particularly necessary when using electrostatic separators in the secondary 
particle beam. 

The basis of the system is that used on the Cosmotron (1,2). A target of a 
light material is used and the beam is moved towards the target to strike the 
"lip" (3) - a thin piece of the target standing proud of the main body. This 
lip reduces the amplitude of the radial betatron oscillatiobs, reduces the energy 
spread of protons entering the targ~t and also ensures that they traverse the 
whole target. The energy loss produced by ionization in the target causes the 
proton to take a new path, oscillating now about a mean orbit which is at a 
smaller radius than the target. Approximately at the innermost part of their 
oscillating path, the protons pa.as through the aperture of a magnet whose fi~la 
deflects them outwards again. The deflection given is sufficiently large for the 
protons to travel right across the aperture of the machine and emerge as an 
extracted beam. 

In emerging from the main magnet the protons have to pass through the fringe 
field which is defocusing in the radial direction and causes the beam to diverge. 
In the "Cosmotron" this divergence is counteracted by "extraction shims" attached 
to the outside of the magnet which reshape the fringe field in the region of the 
beam. 

Preliminary calculations revealed that on Nimrod such a system would result 
in a beam which was too large to be accommodated by standard quadrupoles (mainly 
because of the larger machine radius) and also that it would be difficult to 
ensure good enough beam optics in the fringe region (even using special lenses) 
to allow the beam to be focused to a reasonable spot in the horizontal direction. 

The first modification investigated consisted of incorporating a field 
gradient which was radially focusing in the deflecting magnet. (This was 
independently suggested by Gan 1 zhin (4)). This improved the beam considerably but 
not as much as was desirable. The beam at the magnet M (see Fi~• 7.1.l(i) is 
spread out due to the variation of energy loss in the target (5) and is diverging 
due to the scattering of the protons in the Coloumb fields of the nuclei in the 
target (6) (the target is imaged at the extractor magnet). Hence while a focusing 
magnet can improve the situation with regard to the first effect it is unable to 
affect the second. A compromise by placing the mngnet at a different position is 
not significantly better than the placing shown in Fig. 7.1.l(i). 

(b) The Nimrod System 

In the system designed for Nimrod ( 6) an a.ddi tional element, a radially 
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focusing quadrupole, is introduced between the target and the magnet and by 
suitably adjusting its strength the system can be made achromatic, i.e. the effect 
of differences in energy of the protons after leaving the target is eliminated by 
the time they reach the magnet (presuming, of course, that the energy losses will 
allow them to pass through the available apertures of the elements). The target 
is not now imaged at the magnet, rather the scattered protons are diverging, and 
the gradient of the magnet is adjusted to produce a focus in the region of the 
fringe field (Fig. 7.1.l(ii)). Calculations indicate that the beam should have 
a small diameter in the fringe field, expanding again to a few centimetres outside 
the machine where it can be refocused by quadrupoles. 

As described so far the distances between the target and the quadrupole and 
between the quadrupole and the magnet would be equal but, because the path from 
the magnet to the fringe field is in the magnet, further momentum resolution 
takes place. This can be allowed for by increasing the target-quadrupole distance 
and by reducing the field in the quadrupole, which leaves the beam not quite 
corrected at the magnet but achromatic again at the exit. 

The vertical motion has so far been ignored. It is not possible to control 
this independently within the scope of the scheme outlined, but it is found that 
the motion is contained within reasonable vertical apertures in the magnets and 
since the fringe field is focusing for vertical motion, the beam is small enough 
to go into the external quadrupoles. The approximate shape of the vertical 
profile is indicated in Fig. 7.1.1(ii). 

7.1.2. Practical Considerations 

In order that the extrac.tion system should work in the manner described it is 
necessary that the properties of the machine magnetic field be reasonably uniform 
in the region where the protons are travelling from target to magnet and this 
implies that the magnets are within the radial range of what is known as the 
"good field region", although they are, of course, located in straight sections. 
At high fields, after acceleration, the circulating beam will have shrunk to a 
narrow radial width within the "good field region" but the whole of the aperture 
is used at injection and consequently the extraction system magnets must be 
"plunged". The-magnets are withdrawn at the start of the acceleration cycle and 
rapidly pushed into position for extraction. The target must also be moved in a 
similar manner but it is small and is raised up from the bottom of the vacuum 
vessel. 

7 .1.3. Apparatus 

The target consists of a 3.25 cm long beryllium block which is erected to beam 
height by one of the Mark 1 target mechanisms described elsewhere in this report. 
(section 7.4.). 

The quadrupole must be placed very near the circulating beam and yet must have 
a usable aperture only a few centimetres away since on the average the energy loss 
in the target causes the protons to change their orbit by only a few centimetres. 
A conventional quadrupole is not satisfactory in this respect ~nd a current sheet 
quadrupole (7, 8) is used. 

The extraction magnet which will be installed initially is of conventional 
C-shaped design and has a.usable radial field of. 9 cm. The ratio of the gradient 
to the magnet strength is fixed by the angle of the pole pieces. It would be 
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desirable to have a slightly larger aperture and also to have an adjustable gradient; 
in order to produce this a magnet of a "window frame" C-style which bas gradient 
correction ooils, was designed. This more complicated magnet is being manufactured 
and should be available for installation in 1964. 

7.1.4 • .Emergent Beam 

The cbaraoteristios of the emergent beam have been computed. It should have 
a phase area of approximately 5 x 10-5 metre radians in the horizontal plane and 
1 x 10-4 metre radians vertically. The spot sizes which can be achieved depend 
on the quadrupole system used externally and should be of the order of 0.5 cm by 
O .5 om. 

It is expected that with the extraction system in its final form, about 50% 
of the circulating beam will be available externally. 
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7.2. Kicker for Fast Beam Extraction 

7.2.1. Principle of Operation 

In addition to the slow extraction system described in section 7.1, fast 
extraction (about 50 ~s) is required. A kicker coil is used to distort the 
closed orbit so that protons hit a target and are moved int o the same channel as 
in the s l ow extraction case. 

The radial motion of the proton beam is given by:-

y cos o.71~ sin o.71~ Yo 
0.71 

= . 
--0. 71 sin O. 71~ cos o.71~ 

. y Yo 

where~ is the angle of rotation of the protons past the kicker coil and the 
factor 0.71 is Q,r for Nimrod with an n of 0.6. 

For a closed orbit: </ = 36o0
, y = y

0 
and y = y

0 
- 6. 

If the change in divergence is 8 cm per radian the equation of the perturbed orbit 
isa- ~ 

Y = _u_ cos 0.71 (</ - 180°) cm 
1.12 

The factor 1.12 comes from 5a' where Ro =·radius of curvature of the magnet 
octants 

Bm = R + L 
0 211" 

L = total length of straight sections. 

At the coil (</ = 0) the perturbation is -0.55 & cm, while at the Piccioni target 
(</ = 122°) it is 0.670 cm(= Y), wherer 

6 = Bdl throu h coil 
Bo in machine 

cm 

For the coil to be effective, the beam must be deflected through at least half 
1 . 6 SBdl its width at the Piccioni target, i.e. Y = 2 width= O. 7 B cm 

0 

.•. J.Bdl = B0 x ½ width 
0.67 

gauss cm 

TABLE 7.2.1(Il 

Beam Energy B Beam½ width 
0 

T ( GeV) (gauss) (cm) 

8 15,800 7.2 
7 14,000 7.6 
6 12,200 8.0 
5 10,400 8.5 
4 8,600 9.3 
3 6,800 10.2 
2 5,000 11.7 
1 3,000 14.7 
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Required s Bdl 

(gauss cm) 

170,000 
158,000 
146,000 
132,000 
119,000 
104,000 

87,300 
65,800 



Theoretical values of JBdl can be calculated from the field produced by four 
parallel wires, with a current I flowi ng through them. The horizontal distance _ 
between the wires is 2W and the vertical distance between them 2H. 

Then at the centre of the four wire array there is a vertical field only, as 
the horizontal components of field cancel out. 

The field per unit length of the coils is B 

=i•I( W .\ 
5 'M2 + H2/ 

For coils S cm longs- J Bdl = t SI( W ) 
W2 + R2 

In practice the coils are two loops of copper-tube, of cross-section 
4½ in x 2;t- in and of overall length 5 ft 2 in and width 1 ft 7 in. The vertical 
distance between the centres of the loops is variable between 12½ in and 16½ in 
(see Fig. 7.2.l(i)). The current I through the coils is produced by discharging 
a condenser bank through the coils. 

Theoretically all the stored energy in the condensers is transferred into 
magnetic field energy in the inductive coils:-

i{Jv2 = i-LI
2

• 

So:- I = v~ 
• JBdl 1 s . 

(112 : w2) v,JI .. = 5 

This is a theoretical maximum field which takes no account of ohmic resistance 
power losses in the coil and leads, and inductive losses in the leads. Also the 
coils are not parallel wires but rectangular cross-section copper loops. 

The coils are placed in straight section 1 of Nimrod and are connected in 
series electrically, with one coil above the beam and one below it. 

Not only can the distance between the coils be varied as described above 
but the radial position of the coils is also adjustable. 

7.2.2. Powering circuits 

The coils are powered by discharging a capacity of 500~F (charged to a 
voltage which is variable up to 12 kV maximum) through ignitrons in series with 
them. The oscillation voltage across the coils is clamped by using more ignitrons 
and damping resistors (see Fig. 7.2.2(i)). 

The capacitor bank consists of 50 capacitors each of which is l0~F; they 
are rated at 12 kV and 5c:Jfo voltage reversal is allowed. The capacitors are 
connected in groups of 5 in parallel and with the low voltage terminals of all the 
50 capacitors connected together, Each group of 5 capacitors is discharged by 
one ignitron (see Fig. 7,2.2(1)) and the cathodes of the ignitrons are all 
connected in parallel to one end of the kicker coils. The other end of the coils 
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is connected to the common low voltage terminal of the capacitor bank. The 
damping resistors and ignitrons are connected to the ends of the coil by suitable 
leads. The 10 damping resistors are each made from a length of resistance wire 
and are connected together at the low voltage end of the coil leads. The other 
ends of the resistors are connected separately to the anodes of the damping 
ignitrons. The cathodes of these ignitrons are also connected in parallel and are 
connected to the cathodes of the firing ignitrons. 

Eoth sets of 10 ignitrons are fired at the same time causing an almost 
sinusoidal rise in magnetic field in the coils but the damping ignitrons only 
start conducting when the voltage across the coils reverses. Hence the magnetic 
field shape is sinusoidal up to the maxin1um and then it decays in an almost 
exponential manner. 

The charging unit is arranged to charge a capacity of 500 l', F to 12 kV ( to an 
accuracy of 1%) in 2 seconds and to smaller voltages in correspondingly shorter 
times. The charging of the condensers is initiated by a standard timing pulse 
at the end of the "flat top" of the Nimrod magnet field. The discharge trigger 
is a similar pulse at, for example, the beginning of "flat top". This trigger 
pulse can be delayed by up to 120 ms and after amplification it is used 
to fire a thyratron which in turn fires two ignitrons. One of these fires the 
ten main firing ignitrons and the other fires the damping ignitrons. The delay 
circuit and amplifier are similar monostable multivibrators. The hydrogen 
thyratron (CV 372) discharges a capacity of 0.5 p.F (charged to 3 kV) through two 
pulse transfomers which trigger the two firing ignitrons. Each of these 
igni trons discharges a capacity of 10 I'- F ( charged to 6 kV) through the igni tars 
of 10 of the main ignitrons. 

7.2.3. Model Measurements 

Some work on a full scale model fast kicker coil has been done using a 250 µ.F 
condenser bank. The model coils are now being used as a dummy load for testing 
the apparatus in the magnet room. On the model the magnetic fie l d was measured 
for different voltages (up to. 12 kV maximum) on the condenser bank. The field 
in the centre of the coils and also across a horizontal plane through the cent~e 
of the coils was .measured. A longer search coil than the kicker coil was used 
so as to measure the integrated field. The field was found to increase 
according to theory but its decay was not as smooth as the theory indicated. 
The maximum field for each voltage was not as high as predicted but the theory 
does not t ake into account the resistance of the circuit or the inductance of 
the leads. 

According to theory, with a 250µ.F capacity charged to 6 kV and a coil 
and lead inductance of 3, 37 )-LH:-

I = vJf = 6 X 10
3 ✓~:~7 

With W = 9.125in, H = 7 .O in and S = 60 in:-

jEdl = 
1:_I 

( w2 ~WH2 ) 5 

= 1 (2,2 X 104 
X 60 X 8,122) 

5 7
2 

+ 8.125
2 

= 17.5 x 104 gauss cm 
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The measured maximum field under these conditions was 10.5 x 104 gauss cm, 
so the efficiency of the system is about~. 

7.2.4. Present status 

The charging unit, the capacitor bank and the ignitron rack have been installed 
and preliminary discharge tests have been made. 
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7.3. Plunging Mechanisms f.or the Extractor Magnets 

7.3.1. Description of System 

The plunging mechanisms provide the motive power for moving the extraction 
and quadrupole focus-ing magnets into operating position each accelerating 
cycle of the machine, together with a small target,these form the Piccioni 
system for extracting the proton beam from Nimrod. 

Two separate operations are performed by the plunging mechanism: one is a 
fixed stroke of 20 in,to a given displacement-time pattern,for plunging the 
magnet into the beam region and the other provides adjustment for the terminal 
position of the 20 in stroke. 

The plunging action is obtained from a hydraulically operated ram driven by 
two variable-delivery pumps whose output is controlled by small electro
hydraulic servo-valves. These and all the electric driving motors, auxiliary 
pumps and hydraulic circuit (including a tank to provide the necessary oil capacity 
for the hydraulic system) are assembled on a steel structure (see Fig. 7.3(i))1 
The assembly is held down on to a fixed steel bed with pre-loaded clamps, the 
fixed bed being bolted down to the main concrete monolith supporting the Nimrod 
magnet. 

The servo-valves are fed by error signals from a digital control system. 
A position pick-off delivers a pulse signal for every 0.01 in movement of the 
magnet ram. ·These pulses are passed to a binary counter which is compared many 
times during a stroke with a series of numbers carried in a store or programme. 
This programme consists of· a plug-in unit containing ~_50 x 56 diode matrix so 
arranged as to represent the desired magnet displacement-t.ime characteristic in 
numerical form. Variations in stroke time of about 4:1 can be obtained by 
adjusting .the running speed of a master oscillator which sets the time scale for 
the counter and programme comparisons. 

The error between counter and programme at each sampling point is converted 
to an analogue signal which is amplified and fed to the servo-valves. Various 
safety devices and interlocks are built into the control system to cater for such 
contingencies as excess error, pick-off failure etc. 

Adjustment to the terminal position of the 20 in stroke is obtained by 
unloading the clamps and slowly moving the steel structure along the fixed bed 
using hydraulically operated rams for both operations. Interlocks ensure that 
adjustments cannot be made whilst the m~gnet is being plunged. 

The magnet and carriage move on three rails sited in the straight section 
box; the two outer rails support the weight and the centre rail guides the magnet 
along its required path. Columns from ground level pass through the base of the 
straight section box to support the rails, bellows being provided between the 
columns and the box to ensure vacuum tightness and to prevent any loads and 
vibration from the moving magnet being transmitted to the box. 

A hollow steel shaft connects the magnet to the operating ram of the mechanism. 
A friction coupling is interposed between the shaft and the ram to permit a small 
free endwise movement of the shaft relative to the ram in the event of the ram 
becoming uncontrollable near the end of the stroke. The shaft passes through a 
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self-aligning seal assembly to complete the vacuum tight straight section box. 
The seals comprise three groups of PT FE chevron rings with two evacuated 
chambers and one oil filled. 

Rigid copper tubes in the bore of the shaft carry the power and water circuits, 
which are routed from the reciprocating shaft to a fixed point on the top of the 
mechanism by flexible leads attached to a spring steel arch. 

TABLE J.3(I) 

Extractor Quadrupole 
Desi~ Data Magnet Magnet 

Moving Mass 1 ton 0.2 ton 

Minimum time for plunging stroke 200 ms ± 20 ms 

Rest time 50 ms to single shot 

Minimum time for withdrawal stroke 200 IDB ± 20 ms 

Minimum cycle time 500 ms 

Stroke length and terminal position tolerance 20 in± 1/32 in 

Datum adjustment per stroke :t 5 in 

Maximum acceleration and deceleration ~5 g 

TABLE 7.3(II) 

Extractor Quadrupole 
M~Ql:umi5m D;;i.:!ia. Magnet Magnet 

Operating pressure 3500 lb/in 2 

Maximum oil throughout 150 gal/min 

Piston Dia. 3½ in 

Maximum piston speed 16 ft/a 
Main electric motor 120 hp 

7.3.2. Present Status 

Two mechanisms, with one main pump each, have been delivered to the site 
and initially these will be capable of plunging the magnets in 0.7 s. One 
mechanism together with a one ton mass, connecting shaft, straight section box 
and vacuum seal box for the shaft has been assembled in a test bay. 

Short term, manually controlled, tests were followed by sinusoidal cycling 
of the ram. Response tests for the complete variable delivery pump, ram and 
servo-control loops are now being carried out. 
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7.4. Target Mechanisms 

The target mechanisms are required to bring a target weighing up to 1½ lb into 
position beside the circulating beam in about 0.2 c or less. 

The Type I mechanisms, which will be in use initially, consist of a frame 
l in high which spans from the inner to outer r adius of the vacuum vessel. This 
carries a shaft which can be rotated through 90° from outside the vacuum vessel 
by hydraulic apparatus. If the target is short, it is carried on a fixed arm 
and is raised from the floor of the vessel to median plane height by the rotating 
shaft. Longer targets are mounted on an arm provided with pulleys and stainless 
steel belts which keep the target in the same orientation so that it undergoes 
only a translation on being raised. Vibrations of the target are of the order 
of 1 thou in significant directions under most operating conditions. 

A mechanism providing remote adjustment of target radius and azimuth is 
nearly designed and should be available for use by the end of 1963. 
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8.1. Introduction · 

SECTION 8 

VACUl.JM SYSTEM 

. ,., 

The design of tg.e Nimrod va~ti~_. sy1;3tem J>resent-~d ,p:r.oblems ,·peculiar to 
accelerators. The vacuum ve,ssel bad to !Jleet .special envir_-pnmenta)c reqµi:rements and 
it had to allow a suffipiently lo.w , pressur.e to :~e a_chi:eved to keep the---.loss of 
particles, due to scatt_ering by ;residual gGl,s molecules., _down .to an a:cce_ptable level. 
The particles ,travel a distance o'f about 106,,00Q miles wH.hin , . .the vacuum vessel while 
being accelera'ted to _the full energy. of the machine . and t ;his distance · if:3,, fa.r in_ -
excess o:f the mean :free path, everi in u'.1 tra high vacuum conditions (meari -free path at 
10-9 torr is about 30 miles), so that collision between the accelerating particles 
and residual gas molecules is inevitable~ The ' scatter·ing· effect · Hi greatest at 
injection and it has been shown(l) that to keep the particle loss below-10%, a 
pressure of not more than 10-6 torris req-uired. This pressure is readily achieved 
in small laboratory apparatus -but presented problems -on equipment of the size and 
complexity of the Nimrod vacuum systein. 

The vacuum vessel_ y.as designed wi_th . the fol~owing requir~ments in mind:-

( i) It must take up as little of the magnet aperture as possible: : The 
horizontal walls of the ves_sel must be as tb.in ·as poss'ib1e·· sirice, with a kni;,wn _ 
vertical aperture required for the beam, the gap bJtween the pol.epieces j.s decided -
by the vessel thickness. 

( ii) The material used in' the construction of the vessel must b,e non~magnetic 
and sufficiently non-conducting to avoid itifluerici.ng the magnetic field by eddy-current 
effects. 

(iii) Since a high level of radiation is inevitable, the vessel must be made 
from materials which would remain structurally sound after exposure to a radiation 
dose of at least 109 rads. (2), (3). 

(iv) It should be possible to remove and replace vessels easily. 

(v) The interior of the vacuum vessel should be ' readily accessible for 
experimental devices and it must be possible to extract beams past the outer edge of 
the vessels. 

(vi) To avoid charge build-up affecting the beam, it must not be possible for 
electrostatic charge to accumulate on the surface of the vessel. 

(vii) The vacuum properties must allow the operating pressure to be achieved 
with a reasonable pumping speed in a reasonable time and these properties must not be 
readily degraded by irradiation. 

(viii) Manufacturing·feasibi1ity, must obviously be taken into account bearing 
in mind the vessel dimensions, (approximately 7 ft by~ ft in cross section in the form 
of a torus with a mean diameter of 155 ft). · ··· :,; 
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8.2. Vacuum Vessel Design 

8.2.1. Choice of Material 

The search for the most suitable matArial for tbe construction of the vacuum 
vessels proceeded in parallel with the study of the mechanical design. S&veral 
materials, such as glass, ceramics and stainless steel, possess excellent vacuum 
properties but their use is prohibited by one or more of the above requirements. The 
material which most nearly fulfilled all the requirements was considered to be one 
of the glass fibre reinforced resins and many varieties of laminate were evaluated for 
vacuum properties and irradiation resistance. The types of resin included phenolios, 
polyesters, melamine formaldehydes, silicones and epoxies. Other properties such as 
shrinkage on curing were weighed against ease of manufacture and epoxy resin was 
finally chosen.(4) 

Although this material was not ideal in every respect it had the advantage that 
the vacuum vessel could be constructed by a matched metal moulding process to the 
required engineering tolerances, while retaining acceptable vacuum properties and 
irradiation resistance. The reinforcing glass cloth was, in general, a 0.006 in plain 
weave cloth with a general purpose silane finish but a heavier faoric was used as a 
coring material on the thicker header vessels. 

The. resin system finally chosen consisted of a bisphenol 'A' diglycidylether 
cured with methyl 'Nadic' anhydride. This formulation is stable at room temperatures 
for periods of 12 to 15 weeks and even when suitably catalysed with a tertiary 
aromatic amine, considerable stability is retained at room temperature while a 
reasonable cure takes place at higher temperatures. The catalyst chosen (5) was a 
proprietary material known as 33/1266 (an aromatic amine salt) and this gave the beet 
oure consistant with the longest stability at• room temperature to allow the vessels 
to be handled for long periods during fabrication. 

A satisfactory laminate may be obtained with this formulation after a cure time 
of 2 hours at 150 C It w~s found that irradiation resistance and mechanical strength 
were only slightly affected by varying tbe catalyst. The considerations which 
dictated the final choice of material have been recorded in greater detail elsewhere (6) 
(7) (8). , . . 

Labo~ato~ tests indicated that an ultimate flexural bending stress of 
100,000 lb/in2 was possible while under production conditions ultimate stresses of 
40,000 to 50,000 lb/in2 would be achieved for large panels and joints. 

8.2.2. Choioe of Design 

Many designs were considered (9) in one or other of the following categories: 

(i) Using tbe magnet as the walls of the vessel. 

With this type of construction the pole pieces are inside the vacuum region and 
the problem arose of finding an adhesive for the laminations in the pole pieces 
compatible with high vacuum. The scheme was rejected because of the possibility of 
long pump down times to reaob the required operating pressure. 

(ii) Using self supporting vessels. 

These could be manufactured froms-

(a) Insulating materiaJ.s - a moulded ceramic section joined by rubber gaskets was 
considered but bec~use of the large magnet aperture the construction was beyond the 
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capabilities of the ceramic ware manufacturers (in 1958) and was eliminated. 

(b) Metal laminations bonded together with insulating materials - tests carried out 
with adhesives which had suitable vacuum properties showed that existing knowledge of 
this type of oonstruction was not adequate. (A satisfactory vessel of this type might 
have been developed in time.) The difference in the thermal and mechanical properties 
of the metal and the bonding materials made the structure susceptible to mechanical 
failures, to short circuiting between adjacent metal laminations and to gaseous leaks. 

(c) Discontinuous metal reinforcement moulded in an insulating material - this was 
rejected because of the amount of space which would be taken up in the magnet 
aperture. 

(d) Metal framework clad with an insulating material - this was also rejected 
because it consumed several inches of magnet aperture. 

(iii) Using externally supported vessels. 

The design of an externally supported vessel which permitted the use of a 
thinner walled vessel seemed very promising and a prototype vessel 6 ft long was 
manufactured. This design (Fig. 8.2.2(i)) was a single wall construction of epoxy 
glass fibre resin laminate, externally supported by ties to the magnet sectors. The 
main difficulty in structural design was the high stress concentration at the point 
where the supporting tie secured to the inserts in the laminate. !nother uncertainty 
was the effect of the stainless steel inserts in the laminate (to which the ties were 
secured) on the magnetic field. The 6 ft prototype vessel was manufactured from a 
laminate chosen for its vacuum and mechanical properties and its radiation 
resistance. The pole face windings were secured to the outer skin of the vessel and 
it was intended to coat the inner surface of the vessel with a metallic film which 
would serve to conduct away static charge and to screen 9% of the epoxy resin 
surface from the vacuum. The vessel extended beyond the poles of the magnet forming 
a duct which enabled the vessel to be pumped from below. This left the periphery of 
the machine free for beam extraction. The loss of magnet aperture due to the pole 
face windings and the vessel was less than 2 in. 

This design was eventually rejected as it was considered that the expected life 
under irradiation would be inadequate (10),(11). 

(iv) Using a double walled vessel. 

A double walled vacuum vessel manufactured from thin stainless steel sheet was 
rejected because of the excessive heat which would be generated by eddy currents. 
A complete design study considered using epoxy glass fibre laminate, moulded into a 
double walled type of construction using thin sections of laminate. The inner vessel, 
which is subjected to a high level of radiation, which will in time degrade the 
mechanical properties of the material, was surrounded by an outer vessel. '!'bis outer 
vessel could be evacuated so that the inner vessel was stressed to a minimum, 
allowing the inner vessel to be much thinner and to have a longer life. The gain in 
aperture and the elimination of external ties were the main advantage of this scheme. 
Its disadvantages were its complexity and the close dimensional tolerances which were 
required. 

This design was selected and manufactured in epoxy resin glass fibre. It was 
not an ideal solution but the one which best met most of the requirements. 
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8.2.3. Design Details 

The vacuum chamber consists of eight curved sections approximately 54 ft long 
which correspond to the magnet octants. Each section comprises an outer, inner and 
header vessel joined together at a common radius (Fig. 8.2.3(i)). The header vessel 
provides a means for attaching the vacuum pumps, while leaving the outer periphery of 
the machine clear for beam extraction. 

8.2.4. Outer Vessel 

The internal working pressure is required to be below 1 torr. 

The outer vessel is nominally¼ i n thi ck on the horizontal surfaces. The back 
is 3/ 16 in t hi ck and the f langes, at the edge of the pole pieces, are¼ in thick. 
The vessel i s supported between the pole pi eces and the magnet sector on the 
horizontal surfaces and by the pole piece jack shims on the back face. It is 
stiffened sufficiently in this way to withs tand atmospheric pressure. The external 
front flange is supported from the front of the pole piece by a shim formed by a 
resin filled bag, which is cured in si tu, and by shims from the header vessel flange . 
24 in at the end of each vessel extends beyond the magnet octant and is thickened up 
to 1 in and supported on sliding face s by bolster pads and a rigid beam. Since the 
end sectors and pole pieces move at each magnet pulse, the whole of the vessel in 
this area is supported on rubbing surfaces; the horizontal faces are supported by the 
underside of the pole pieces and by the bolster plates. To prevent trapping the outer 
vessel between the end pole piece and the magnet face when the magnet i s pul sing, 
the end pole piece (see Fig. 8.2.4(1)) is stood off the magnet sector by four 
pi llars which pass through holes in the outer vessel. These boles are sealed by a 
special triplicate seal whioh al.lows movement of the pole piece and the sector 
relative to the vacuum vessel. 

The general stress level throughout the vessel due to atmospheric pressure is 
less than 2000 lb/in2 but additional stresses are introduced in the re-entrant 
corner (See Fig. 8.2.5(i)) during installation, since the vessel tolerances are 
adjusted to allow clearance for insertion of the vessel in the throat of the magnet. 
The theoretical maximum clearance is 0.036 in top and bottom. When the pole pieces 
are drawn up hard this clearance is eliminated by distortion of the vessel and stresses 
of approximately 5000 lb/i n2 were i ndicated. When t he outer vessel is clamped in 
position by the pole pieces an additional stress between 2,000 and 6,500 lb/in2 may be 
introduced because of the different height s between adj acent magnet sectors. Pole piece 
retaining studs pass through the front vertical f aces and the front horizontal surfaces. 
The horizontal studs are sealed with 10 1 ring seal s (Fig. 8.2.4(ii)) and the vertical 
pole piece bolts are sealed by a special external seal. The pole face windings are 
individually brought through the outer vessel and sealed at the end of each octant 
(Fig. 8.2.4(iii)). 
8.2.5. Inner Vessel 

-6 The internal working pressure is required to be below 10 torr. 

The crowned inner high vacuum vessel has a thickness of¼ in except at the 
flanges and inner corners. The vessel is an interference fit between the pole face 
windines. This is achieved by crowning the vessel so that contact is maintained with 
the pole face windings under the vessel's own weight and 1 torr of external pressure, 
The tolerances are such that with the smallest vessel placed in the largest aperture 
there is a minimum interference of approximately¼ in while the maximum interference is 
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of the order of i in. 
top (Fig. 8,2.5(i)), 

The crowning shape consists of flat sides with a 10 in wide flat 

One of the main features of the design of the double walled chamber is that if 
the outer vessel is pumped to approximately the same pressure as the inner vessel, 
there are negligible stresses on the inner vessel. The resin for the inner vessel 
could therefore be selected chiefly for its vacuum and radiation resistance 
properties and also, the degradation of mechanical properties by irradiation are not 
as serious as they would be if the chamber were highly stressed. Stresses introduced 
during installation were approximately 2000 lb/in2. 

A large pressure difference between the inner and outer vessels would cause 
catastrophic failure of the inner vessel and the pumping systems for each vessel need 
to be interlocked. In the event of failure of the interlocking devices, a bursting 
disc collapses and equalises the pressure in the two vessels (section 8.10.4). 

At the ends of the vessels the crowning is tapered off to meet the rigid end 
flanges. Tapped inserts are secured to the back wall of the inner vessel for the 
future fixing of targets, etc. To conduct away the electrostatic charg~, which would 
accumulate on the surface, and to minimise the resin area exposed to the vacuum (hence 
reducing the effect of the outgassing of the resin), the inside surfaces are lined 
with stainless steel foil 0.002 in thick and 4 in wide. The foil is bonded to the 
epoxy laminate, with small gaps between adjacent strips, and covers 99% of the 
laminate surface. 

After the flange is manufactured, it is drilled and serrated metal inserts are 
bonded in position with an epoxy adhesive. The minimum pull out load for these 
inserts is required to be 3 tons. 

8.2.6. Header Vessel 

-6 The internal working pressure is required to be below 10 torr. 

The header vessel completes the vacuum enclosure at the outer circumferential 
edge of the inner vessel and varies in thickness from½ in to 2 in epoxy laminate. 
The vessel is supported from swinging brackets which give freedom in a tangential 
direction to allow the vessel to expand (Fig. 8.2.3(i)). The supports for the vessel 
are loaded by full atmospheric pressure acting on the whole surface of the vessel. 
The vacuum loads on the horizontal faces are taken by posts around the outer 
periphery of the vessel and by the swing bracket supports. Vacuum loads on the outer 
vertical face are transmitted through the horizontal faces of the vessel and taken at 
the swing brackets. At the outer periphery, the top and bottom horizontal surfaces 
are prevented from closing together by posts approximately 22 in apart. The 
compression load on each post is approximately 4000 lb. Five pumping ports are 
provided on the underside of each header vessel; each port is bridged in two places 
by integral struts to prevent radial collapse of the vessel. The struts are 
reinforced by a short, stainless steel, upper pump header with deep webs, which 
correspond to the integral struts in the header vessel to which they are clamped. 

The maximum stress in the vessel is approximately 5000 lb/in
2

• 

The outlet windows on the header vessel are aluminium-kin thick and are stressed 
at 3500 lb/in2. They are secured back to anchor bars which are in turn secured to 
the top and bottom faces of the vessel. 
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The header vessel (for the same reasons as the inner vessel) is lined with 
stainless steel foil. Inside the vessel, inserts have been bonded in suitable 
positions for fixing experimental equipment. 6 in diameter holes fitted with cover 
plates are positioned at intervals in the top and bot t om faces to give access for 
instrumentation and experimental equipment. 

A flexible sealing diaphragm (section 8.9), manufactured from PVC nitrile, is 
secured to the inner vessel and seals the inner and header vessels. At the same 
time it marries to and seals the outer vessel. The flexibility of this seal 
acoomodates small inaccuracies in manufacture of the curved vessel flanges. 

8.2.7. Polythene Closing Plate 

At a later date in the construction of the machine, polythene closing plates 
were designed to replace the header vessels for half of the octants where provision 
for beam extraction was not necessary. This achieved a considerable saving in cost 
and speeded the construction programme . The use of polythene as a structural material 
required special consideration of the working stress levels because of the creep 
characteristics of polythene. It was specially selected for good vacuUII! properties 
and adequate radiation resistance. Low density polythene was used since, at the time 
of manufacture, no manufacturer was prepared to attempt to make the plates in high 
density polythene. The polythene plate is 54 ft l ong l¼ in thick and is made from 
pieces, each approximately 5 ft long, welded together. 

The atmospheric l oad carried by the polythene plate is taken by a system of tie 
rods as shown in Fig. 8.2.7(i). Each tie rod is secured to the polythene via a 
bracket and f our inserts. The l oad applied to each insert is 245 lb while the actual 
pull out strength is 2100 l b. In the region of the pumping ports, seal clamp rings 
are used around the pump header tubes to seal the hole and support the polythene. 
The maximum stress in the polythene due to bending is approximately 220 1b/in2. 

Special attention was needed during installat ion to achieve uniform load 
distribut ion . Creep of the plate which causes the i nserts t o be displaced is 
minimised by the low stress levels used in the design; nevertheless , creep at the 
centre of the plate (without allowing for stiffeni ng which will t ake place in time 
due to irradiation) is about 0.07 in/year. 
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8.3. Vessel Manufacture 

8.3.1. Summary of Method Used 

The following paragraphs summarise the method used and the difficulties 
encountered in the manufacture of the vacuum vessels. The problems are more fully 
described in reference 12. 

For reasons of convenience and economics each vessel was fabricated from a 
number of pieces, which were basically units of one t hird of the length of a vessel 
side (Fig. 8.3.l(i)). Each thir d of a side was produced by l aying up glass cl oth and 
resin on a curved die bed approximately 20 ft long and 5 ft wide. The individual 
dies were about 14 in wide .and were fitted with control of heating and/or cooling. 
A limited length of the die bed could be covered by punches with simil ar heating and/or 
cooling facilities. These punches were moved in steps along the bed as manufacture 
of the laminate proceeded (Fig. 8.3.l(ii)). 

The glass cloth was pre-impregnated with resin and allowed to soak for 24 hours. 
Lengths were then cut and laid along the die bed, alternate layers being placed 
diagonally to give more uniform strength to the finished laminate (Fig. 8.3.l(iii)). 
Ad.di tional resin was added during the process and, every few layers, the laminate 
was rolled to force out air bubbles trapped between the cloths and to consolidate 
the lay up. Pre-fabricated, semi-cured (or 1B1 stage) packs, specially shaped to 
form the main vacuum fl ange and dorsal shoulder were positioned on the outer and 
inner circumferences of the die bed and retained by the boundary layers of glass 
cloth (Fig. 8.3.l(iv)). For an outer vessel further cloths were added to the laminate 
at one end of the die bed to increase the thickness to 1 in, the remainder of the 
area consisting of 20 layers of 0.006 in cloth. Punches were then positioned and 
a portion of the lay up cured by heating. To f acilitate subsequent processes, 
whenever the edge of a laminate was to be joined to another component by splicing, 
that edge of the punch and die was oooled so that the resin was not cured and 
could in fact be washed out of the protruding cloths by solvents. This allowed 
the fabricated sections to be stored indefinitely. 

The nerl third of a side was manufactured s imilarly but with the thickened 
portion at the opposite end of the die bed. A complete vessel side (Fig. 8.3.l(v)) 
was then formed by laying these two opposite handed sections on extensions to the 
die bed. The protruding cloths from the ends were re-impregnated with resin and 
interleaved with new cloths laid on the die bed to form the centre section of the 
aide and this portion cured by the same step by step movement of punches and by 
temperature cycling as before. 

After two .such sides had been produced they were spliced together on a special 
rig where the dorsal wall and t he t wo end flanges were formed. Eaoh side was clamped 
vertical-ly against the rig with the l arger circumference nearest the floor. The pro
truding cloth ends at the smaller oiroumference were then re-impregnated with resin 
and spliced aor0ss the width of the rig, (F'ig. 8.3.l(vi)) beginning at the centre, with 
additional cloths to form a laminate 30 layers or 3/16 in thick. Special tools were 
then positioned to press the laminate to shape and raise the temperature to cure it. 
At the ends, other tools, in the form of a "picture frame", were positioned so that 
the re-impregnated cloth ends from the two sid0s could be formed with additional 
0.017 in thick cloths into a flange 2 in thick. The vessel was then moved to a loft 
plate for inspection and the many machined and drilled boles were provided in the walls 
and fl anges using accurately positioned jigs. 
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Finally, all surfaces whi ch were required to form a va cuum sealing surface, such 
as the vessel flanges, rough pumping ports, pole face winding and pole piece fixing 
bolt holes, were prepared. All of these areas had to be smooth and free from 
scratches or other blemishes. The surfaces were dressed by hand or by portable 
sanding machine, as appropriate, to smooth the surface to the correct profile, and 
then coated with an epoxy varnish and rubbed down by hand ~ith 'wet and dry' Garnet 
paper. 

Inner vessels were produced in a similar manner on a different die bed. These 
vessels were smaller in cross section and the walls were¼ in thick. The covering 
of stainless steel foil on the high vacuum surface of the vessel was laid on top of 
the resin and glass cloth before the punches were lowered to press and cure the 
laminate. 

Header vessels required a slightly different approach since they were mainly 
2 in thick. To maintain the strength of the laminate while shortening the lay up 
time, only the outer layers on e.ach side were wholly of 0.006 in cloth, the bulk of 
the laminate consisting of 0.017 in cloths, interspersed with 0.006 in cloths every 
seven layers to reduce resin drainage to the bottom of the laminate. 

The inner flange rail on the moulding bed was fixed but the outer flange rail 
was sectioned and components made interchangeable to allow the contour to be varied 
for each third of a side. The differing thickneeses of laminate necessitated an 
assembly of metal shoes and plates to form the correct contour. The shoes were fixed 
to loading arms stretched between inner and outer flange rails. 

After lay up, the whole moulding bed was moved on a wheeled trolley into a gas
fired oven for the curing schedule. The technique of splicing components to form 
sides and then vessels, was similar in principle for the header vessels to that for 
the other vessels. Selected sides were machined to provide the apertures for the 
pumping ports on the completed vessels. 

8.3.2. Production Problems 

(a) Outer vessels 

(i) Release 

The release of the epoxy resin laminates from the moulding tools presented 
the manufacturer with a difficult problem. Many types of release agent were used to 
coat the forming tools but without obtaining a completely successful release. 
Ultimately a glass cloth based on PI1FE release agent 1Tygaflor 1 was used to cover each 
tool and proved highly successful. 

(ii) Appear ance of voids 

The thermostatically controlled heating for both punches and dies caused 
bowing of the tools by setting up severe temperature gradients through them. This 
produced vacuum voids on or near the surface of the laminate. The fault was 
eliminated by reducing the rating of the electrical heating, so that less power was 
applied more often to the tools to maintain the required temperature. 

(iii) Regions of undercure 

It was noticed on s ome l aminates, particularly along the edges of each die 
se ctor, that mouldings were receiving an inadequate degree of cure. Eyre-ar ranging 
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the heater network in the punches and dies, more heat was supplied to these areas 
with a satisfactory result. 

(iv) Whitening in the dorsal region of tool intersection 

This was caused by a relative movement of adjacent tools during the latter 
part of the curing cycle. This caused glass cloth and resin to be crushed and the 
effect was visible as a whitened strip on the laminate. To reduce the fault, shims 
were used on the top and bottom of all laminate inter-sector lines and, on completing 
the oure, the punches were lifted¼ in and their temperature maintained for a further 
two hours. In this way the shearing action on the laminate, caused when the punches 
and dies were allowed to cool in the loaded position, was substantially reduced and 
crushing of the laminate minimised. 

(v) Voids and resin richnes s on the vacuum flanges 

This was caused by the difficulty of positioning a pack of 65 layers of 
cloth. The layers were cut from bulk supplies of cloth which gave a frayed edge and 
caused resin rich areas during lay-up. The fault was rectified by using l¼ in cloth 
tape with selvedges which, as well as reducing resin richness at the edge of the 
pack, allowed the layers of overlapping cloth from the main laminate to be cut and 
formed more accurately. 

(vi) Dorsal pack location 

Considerable difficulty was found in maintaining the position of this pack 
during lay up, which led to resin drainage from the bottom of the wall. It was 
overcome by securing tapes to the pack and tying the loose ends of the tape to the 
moulding bed and ensuring that positioning of overlapping cloths was carried out as 
quickly as possible. 

(vii) End flanges 

Because of the l~ngth of time taken to shape the profile of the end flange 
before the cure could be attempted, resin drainage gave areas of resin richness and 
cavitation. It was overcome in two ways - first by increasing the bulk factor of 
the flange and compressing it to its final size, (this consolidated the cloths and 
expelled air) and second, by adjusting the accelerator content of the resin mix to 
ensure a shorter gel-time~ Care was taken to control the rate of heating such that, 
during the subsequent cure, the resin mix did not turn liquid before solidifying. 
With practice, the time scales for the formation of the end flange was reduced and, 
with the introduction of thixotropic resin, the accelerator content could be reduced 
to regain the longer pot-life of the resin mix. 

(b) Inner vessels 

Many problems overcome during the production of the outer vessels also applied 
to the inner vessels. 

(i) Application of stainless steel foil 

Some work was done on this problem by I.C.I. Ltd. (13) 

Two faults, which had not previously been resolved, soon became apparent. 
First, the inadequacy of the bond between the stainless steel foil and the laminate 
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and second, the ripple on individual strips of foil after lay-up. It was possible 
to increase the bond strength by ensuring that an acid primer was used on the 
appropriate surf ace of the stainless steel, before it became the inner surface layer 
of the third side and was subsequently cured with the side. The ripple fault was 
rectified by sl ightly tensioning the strips of stainless steel once·they were located 
on the l aminate. Lowering of the punches prior to the cure was also expected to 
increase the tension in the foil. Care was taken during this process to ensure that 
the ends of the foil strip retained their positions. 

(ii) Laminate quality 

The dorsal splice had many faults which, because of the pressure of the 
production programme, remained unsolved. However, it was found that removing three 
layers of cloth from the dorsal wall and replacing them by three fresh cloths, 
provided a leak free laminate. 

(c) Header vessels 

(i) Poor definition between cured and wet end material 

When ·~ third of a side was produced, the protruding cloths from the ends 
and outer circumference ~f tQe side\ were found to be either cured and . quite rigid, 
or uncured, with a region ·of undercure or uncure extending into the laminate. This 
fault was eliminated by ensuring that the wet ends were adequately cooled during the 
cure cycle of the iaminate. ·· 

(ii) Steps on the top surface of the laminate 

This fault was caused by the floating action of the plates laid on the top 
of the laminate. During cure, the change in relative position between adjacent plates 
caused steps to form on the laminate. A modified system of loading was devised and 
the plates were no longer allowed to float but were clamped in position. The surface 
finish of the laminate was not as good but a nearly step-free laminate was produced. 

(iii) Dorsal spl icing and end flanges 

Great difficulty was experienced in wetting the 2 in bulk of cloths before 
splicing occurred. The only way this problem could be resolved was to repair these 
areas after the laminate had been cured. Some extensive repairs were necessary and 
a dielectric heater was used to obtain uniform heating throughout the repair. 
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8.4. Inspection at the Manufacturers' Works. 

8.4.1. Introduction 

Inspection of the vacuum vessels was carried out by two teams - the 
manufacturer ' s own staff (who carried out the bulk of the dimens ional checks and the 
process control during manufacture) and a r esident U.K.A.E.A. team suppl ied by the 
Inspection and Progress Group, Risley. 

The overall inspection task was a formidable one because of the vast number of 
checks which had to be carried out and t he extreme stringency on dimensional accuracy 
and quality of material required. In addition, all the checks had to be recorded 
and the records kept in such a manner that anal ysis of t he checks would show any 
wrong trends. 

The supervisory staffs were involved in all aspects of manufacture and their 
assistance was used on manufacturing processes such as the resetting of the arcs of 
tools to counter-act cooling and arc shrinkage on the finished laminate. 

8.4.2. Flexibility in Inspection 

A part of a vessel was not automat i cally rejected because of any one error. 
Tolerances were specified so that , if all were held, the vessel would be acceptable 
dimensionally even if the errors wexe cumulative. Because of the large sizes involved, 
the t i ghtness of the tolerances and the unique method of manufacture with relatively 
un conventional -materials, it was necessary to train the supervisors to recognise 
which dimensi ons were interdependant. Onl y three factors were essential: 

(a) The vessels should fit the machine and their mating parts, 

(b) They should be made of the correct materials, 

( C) They should have the required vacuum and strength properties. 

8.4.3. Process Control 

In the ma jority of engineering jobs , process control is·left in the hands of 
the supervisory staff . After the initial product ion of sevexal sections of laminate, 
whi ch wer e faulty for a variety of dif'ferent reasons , it became obvious that two 
steps should be taken. First, sporadic errors due to the measurements being taken 
by different people had to be eliminated by the introduction of a process control 
team , and second , an examination of the a ctual processes had to be implemented. 

The method of process control was to:-

(i) Set up a group of process controllers as members of the inspection team, 

(ii) Establish a chart enumerating each individual step in the process, 

(iii) St op any step being taken before the process controller had stamped the 
chart , that he was satisfied with the previous step. Initiall y, each step was also 
checked and stamped off by the U.K.A.E.A. inspector as well as the manufacturers 
process controller. This improved the quality of the lamina tes but slowed the 
production r ate . Eventually , after about one quarter of t he final production of each 
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type of vessel was complete, a satisfactory balance was found between rigidity of 
control and rate of production. 

8.4.4. Quality Control 

Quality control is described more fully in reference 14. 

Basically it comprised the following stagesi-

(i) Inspection staff obtained samples of all batches of raw material before it 
was supplied by the manufacturers. The samples were sent to the Rutherford Laboratory 
for chemical and physical tests after being made up into laminate and cured. 

(ii) All raw materials, on delivery at the factory, were held in a special store 
and the date of delivery was noted. Only materials drawn from this store were used 
in making vessels. 

(iii) Each mix was checked by inspection staff and before it was released a 
gel-time test was performed. A sample of the mix was sent to the Rutherford 
Laboratory for an independent cross check. 

(iv) As lay-up and cure proceeded, a sample laminate was laid up and cured from 
the main laminate mix. The resulting sample was sent to the Rutherford Laboratory 
for physical tests. 

8.4.5. Production Tool Inspection 

This inspection involved three separate stages:-

(i) Initial inspection for faults, flaws, and dimensional accuracy. (Sufficient 
inaccuracy was found to justify this inspection). 

(ii) Erection inspection for correctness of assembly and dimensional accuracy 
of setting up. 

(iii) Subse4uent checks during production. 

The inner and outer vessel side moulding beds were stout steel structures built 
about 3 ft high and approximately 20 ft by 5 ft in plan view. The top surface of the 
structure was a flat ground plate suitably drilled for clamping bolts and locating 
dowelsJ it was levelled to within about 0.020 in by screw jacks. The laying up bed 
comprised 21 separate dies each approximately 3 in thick, 50 in long and 14 in wide. 
These dies were set up under the supervision of the inspection survey team. The 
method used was to set up the main datum points accurately (Fig . 8.4.5(i)). These 
points were the octant centre (an optical target securely fixed into the shop floor) 
and the main datum dowels. The datum radii and datum chord length were fixed by 
using accurate invar tapes. The chord length was checked by a theodolite set up on 
the octant centre. Intermediate dies were :3et up radially, relative to an accurate 
curved template located from the datum dies. 

The horizontal plane of the dies was adjusted by the use of shims, fixed for 
level by spirit levels and fixed for height by the theodolite. Intermediate dies 
were set for height and level by checking the vertical step at the edges of adjacent 
tools. This step produced a step on the laminate and the maximum permitted step was 
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0.007 in. As the laminate step was found to be within 0.002 in of the die step, the 
maximum limit for the die step was set at 0.005 in. 

Setting of the die bed then became the responsibility of the inspection 
department. The manufacturer's inspection staff were responsible for checking and 
for compiling suitable records. The U.K.A.E.A. team checked the records and did spot 
checks on the tools. The flatness of the die bed was checked after each heat cycle 
and the main datum points were checked periodically. All principal moulding beds 
were treated in the same manner. 

8.4.6. Checking of Lay-Up 

The majority of checks during lay-up were the responsibility of the process 
control team. They ensured, for example, that the correct numbers of pre-impregnated 
cloths were laid up, that the cloths did not overlap and were laid with the weft and 
the warp in the correct direction, and that the heating was switched on and off in 
the right sequence and at the right time. 

One particularly important aspect at this stage is 'bulk factor' - the surplus 
resin which is forced out on closing the matched tools. This surplus resin ensures 
that the dies are completely filled and when it is pressed out it sweeps out the 
remaining air in the laminate. Too little excess bulk leaves air in the laminate; 
too much causes the cloths to move. A bulk factor of 1(1,t was finally selected, which 
means 0.012 in excess thickness on the 0.125 in outer vessel panels. Thin plate 
aluminium templates were out to simulate the top tool but with excessive gap, to aliow 
the space between the laminate surface and the template edge to be measured. The 
melinex skin, which is laid on the wet laminate to facilitate rolling out, was left 
in place during this dimensional check and enabled the gap to be determined to within 
about 0.002 in. Pressure was not applied to the top tool (punch) until the tools were 
closed to within 0.010 in. 

8.4.7. Laminate Inspection 

The method of manufacture was to produce a piece of laminate cured over the bulk 
of its surface, with selected edges left uncured ('wet'). The wet ends of adjacent 
pieces were spliced together and cured until a complete vessel bad been constructed. 
Each piece, therefore, needed to be checked, visually (for quality) and dimensionally 
after curing, before being married into the whole. Final vacuum testing was carried 
out at the Rutherford Laboratory. 

The final arbiters on whether a piece of laminate should be ·rejected were a 
member of the Laboratory scientific staff for the vacuum properties and a member of 
the Laboratory Engineering Design staff for the mechanical and dimensional aspects. 
In general, however, the visual inspection was carried out by the senior member of 
the U.K.A.E.A. resident inspection team, who, by consultation and discussion with the 
Laboratory staff and by visiting the vacuum testing laboratory, had learned with a 
high degree of surety what was required. 

All dimensional checking, whether of piece parts or of the whole, was carried 
out on the 'loft plate', (See Fig. 8.4.7(i)). The 'loft plate' was the centrepiece 
of the inspection equipment, and was highly successful in use. It served two 
principle functions:-

(i) As an accurate surface table for mounting inspection equipment to check 
dimensions. 
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(ii) As a drilled frame to bold drill jigs for the accurate dril l ing of all 
flange bolt boles. 

The l of t plate was cons truct ed by s ett i ng up a s t eel structure mainly consisting 
of 15 in by 6 in steel j oists each 20 ft long on whi ch were mounted 4 ft by 2 ft 
pl a t es (each 0, 5 in thi ck ) which were ground fl at on one side to form a table top 
about 16 i n above floor level . This t able top measured 60 ft by 20 ft and the 
indivi dual plate s were levelled to lie in a flat plane to within 0,010 in, The 
level was checked from time to time and was so stable that by the completion 
date it was still within 0.020 in. The loft plate was in such demand that it 
became necessary to erect a second full size one and a third one measuring 20 ft 
by 20 ft~ 

The surface was drilled to accommodate dowelled drilling jigs and dial gauge 
checking jigs, the boles being located within 0.008 in. The octant centre was sited 
on the shop floor at approximately its final position and from this the location of 
the datum dowel holes were fixed and drilled from the jig-bored drilling template. 
The octant centre was then located accurately from these two boles and the fiduciary 
bolt locked firmly. The pitch of the dowel boles was a constant over the bulk of 
the length of the vessel which meant successive use of the drilling template around 
the arc. The extreme holes in the template were fitted with optical targets and 
checked relative to the octant centre with theodolite and invar tape before drilling 
commenced. The datum dowel holes in the template were fitted with eccentrics for 
any correction of the template position. Only three different templates were re
quired for the drilling of about 250 holes in the loft plate. 

Hollow cast iron cubes (9 ± 0.001 in) were used to support the bottom panel of 
the vessel. Aluminium plates¼ in thick were cut accurately to the internal profile 
of the vessel and used to support the top panel and flange face at the correct 
aperture for dimension checking. The flange bolt hole drilling jig was fitted with 
accurately positioned locating faces and clamps to hold the flange square and firm 
during drilling. 

8.4.8. Dimensional Accuracy 

Some values are given here to illustrate the accuracies achieved:

(i) Outer vessel top and bottom panels 

The thickness tolerance specified was 0.125 ± 0.010 in. On ten vessels 
approximately 12000 readings were taken and in 98% of cases the specification was 
met. The other 'zfo were between+ 0.010 in and+ 0.016 in and occurred consistently 
on the same part of the panel. No action was taken to correct this because of its 
position. 

Steps on the laminate caused by using press tools of approximately 14 in width 
along the 54 ft length of the vessel were specified as not to exceed 0.007 in. A 
total of about 5,000 readings were t aken of which only 12 were outside tolerance and 
t he maximum value was 0.009 in. A pair of thickness checks, one each side of a step, 
were made wherever a step check was performed. This permitted a direct check on the 
accuracy of the readings because one thickness plus step should equal second 
thickness plus second step. Four readings were involved and, if a discrepancy of 
more than 0.002 in occurred, the four readings were re-taken and checked. 

(ii) Outer vessel front clamp bolt holes 

To carry the atmospheric load on the outer vessel the magnet pole pieces are 
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clamped back to the magnet by jacks, at the back of the throat, and by bolts, which 
run from the polepieces through the vacuum vessel out to the magnet coil bracket, at 
the front. There are two bolts at the top and at the bottom for each magnet sector. 
168 bolt holes per vessel were drilled on the loft plate. The distance between 
extreme holes was 50 ft, the tolerance on each hole was 0.030 in and only two holes 
out of 1344 needed to be opened out on assembly, and these by only 0.010 in. 

(iii) Chordal height on all vessels 

The chordal height of the 54 ft arc length of the main vacuum flanges was 
approximately 5 ft 6 in. These chordal heights were used for checking the effective 
radius. The tolerances specified were+ 0.125 in, - 0.0625 in for t he outer vessel1 
+ 0.187 in, - 0.060 in for the inner vessel and± 0.030 in for the header vessel. 

The outer vessel was subject to thermal stresses on final cooling of the back 
wall. The effect of this was difficult to predict with accuracy and the re-setting 
of tools to correct it would have been very expensive and time consuming. The 
tolerances were relaxed when it was found that the outer vessel could be strained by 
0.25 in without danger and four of the ·ten vessels required this concession. 

All inner vessels as measured on the loft plate were within tolerance. 

It was found to be impractical to produce header vessel flanges by moulding 
methods to the extremely tight tolerances specified. Templates were bolted to the 
header vessel on the loft plate and located by reference to the dowel holes. The 
flange faces were then cut back to the template face, using a hand router. In this 
way the specification was met. Inner and header vessels proved to be individually 
interchangeable in every case examined. 

8.4.9. Dimension Analysis 

A further duty performed by the inspection staff, was the analysis of dimension 
trends in order to correct tools before tolerances were exceeded. 

An example of this occurred during the manufacture of the prototype outer vessel. 
The steps on the flat panels caused by adjacent tools were found to be steadily 
increasing. A graph was drawn of all the steps on the tools, after each successive 
heat cycle, for three different positions across the tools. It showed that certain 
tools were climbing above their neighbours at an average rate of 0.002 in/cycle and 
that the middle of the tool was climbing more rapidly than the ends. The tools were 
rP.-layed with certain modifications to the assembly with the result stated in 8,4.B(i) 

8.4.10. Repai rs and Records 

Scientific and engineering staff from the Rutherford Laboratory, together with 
the manufacturer's technical staff, developed a series of repair techniques which 
varied according to the repair position on the vessel and the thickness of the 
laminate. Before any repair was carried out a diagram of the proposed repair was 
presented to the U.K.A.E.A. inspection team for agreement. 

The inspection team prepared a log book for each vessel delivered. They contain 
a full set of all the dimensional records taken during the manufacture of the vessel, 
a review of faults in the laminate and a full statement of the nature and location of 
all repairs. 
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8.5. Handl ing , Test Equipment and Installation 

8.5.1. Transporting the Vessels 

A special low level transporter was constructed to carry the vessels from the 
manuf'acturer's to the Rutherford Laboratory, a journey of 100 miles. To avoid wide 
load conditions the vessel was arranged to travel turned through 90° with the centre 
of the curved shape low in the centre of the transporter and the ends of vessel 
pr ojecting vertically front and back of the transporter (Fig. 8.5.l(i)). The 
d imensions of the vehicle when loaded were 83 ft long, including traction unit, and 
12 f t high. This meant special routing and police escort in 1built-up' areas. Even 
t hough some journeys were made in severe winter conditions all the vessels were 
delivered without mishap. 

The vessel was supported during handling operations by a frame made as a welded 
structure from rolled mild steel sections, formed to follow the curvature of the 
vessel with cr oss braci ng to produce a platform for the vessel to rest on. Felt pads 
were fitted to all frame members which would otherwise contact vessel surface. 
Collapsible wooden st iffening frames , t ailored t o t he cross section of the vessel and 
upholst ered to prevent damage, wa r e inserted at approximately 2 ft i nterval s along the 
l ength of t he vessel , with wooden spacers to hol d t he whol e structure r i g i d . Cover 
plates were fitted to the open front face and end flanges. 

Brackets were fitted to the front and back surfaces of the metal support frame. 
The front brackets aligned with bolts projecting from the centre of the front 
stiffening frame member so that when the vessel and support frame were turned through 
90° the weight was suspended from the back wall of the vessel and supported by the 
frame. The brackets also acted as anchor points for a canvas strap which passed over 
the vessel, clamping it tight to the metal frame. The support frame had detachable 
structures which fitted to the outside curvature to act as feet when the whole 
assembly was turned through 90° so that the vessel and the frame could be arranged 
as a free standing assembly. All vacuum surfaces were protected by packing and the 
vessel was further protected by a clack valve to allow for barometric changes during 
the journey and a silica gel container to restrict water absorbtion by the vessel 
material. The whole assembly was then wrapped with PVC sheeting. 

8.5.2. Teat Equipment 

On arrival at the Rutherford Laboratory the vessels were unloaded in the test 
bay. Four rigs were constructed, two for outer vessels (Fig. 8.5.2(i)) and two 
which could take either inner vessels separately or inner vessels combined with 
header vessels. The test area was a 'clean' area and special clothing was worn by 
all personnel. Cotton gloves, hats and overshoes were used when entering the 
vessels at any time. 

The first vessels to arrive were outer vessels. All surfaces were inspe0ted to 
identify areas in need of actual or possible repair. An oblique light was used to 
show up flaws and scores on vacuum joint surfaces. The transport frame formed part 
of the test rig and the vessel and frame were lifted on to the rig support members. 
When on its rig the vessel was 6 ft above floor level to enable the underside to be 
carefully probed with leak bunting gas and repairs to be carried out easily. 

All transport equipment was removed with the exception of the internal stiffening 
frames which were later removed systematically, beginning from centre of vessel, and 
replaced by sets of aluminium frames to support the vessel walls against atmospheric 
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pressure under 'pumped down' conditions. 

The thickness of the vessel material,½ in, required a maximum unsupported span 
of 2t- in if the design stress figures were not to be exceeded. During testing, 
support such as the machine components would have afforded would have been costly and 
undesirable, since most of the vessel surfaces would have been inaccessible making 
leak hunting impossible. 

The aluminium frames (Fig. 8.5.2(ii)) were in sets, each set covering about 2 ft 
length of vessel and consisting of four members, supporting top, bottom and back 
walls of vessel with the fourth member bridging the gap between top and bottom 
flanges of the front open face of the vessel to support the closing plate. A jacking 
frame was used to jack the frames out to the profile of the vessel cross section. 
Each individual frame was constructed in a grille pattern with each grille member 
3/16 in wide by Ji in deep. The 3/16 in face was in contact with the vessel surface 
and masked only a small section of the surface area without creating high bearing 
pressures which might damage the material. The span between adjacent frame members 
was kept to 2¼ in maximum. Care was taken when jacking out individual frame sets to 
use setting gauges across flange fixing holes to prevent irregular jacking which 
could cause steps along the vessel surfaces and create high stress points at the 
edges of frame sets, when atmospheric pressure was applied. 

All frame sets were common except for the last two sets at each end of the 
vessel. The intermediate end frame was different to allow for projections on the 
inside of the vessel surfaces (end pole tip triple vacuum seal blocks) and the end 
frames were shorter as the vessel wall thickness was built up to 1 in on the inside 
surface. This section of the vessel projected beyond the magnet yoke and bad to be 
capable of withstanding atmospheric pressure almost without support. It was, however, 
necessary to keep the outside top and bottom -surfaces of the vessel flush, as the 
whole length of vessel, excluding about 3 in at each end, passed through the magnet 
throat in the method of assembly used. 

Before any test equipment was inserted into the vessel, all inside surfaces 
were inspected and cleaned using dry lint - free cloths. All vacuum seal surfaces 
around the 330 bolt holes through the vessel wall, were checked and cleaned before 
plugs carrying seal rings were fitted. Each item of test equipment had previously 
been cleaned, degreased and packed in polythene bags until it was used. 

• The front open face of the vessel was closed by¼ in thick aluminium plates, 
one per frame set, butting together along the vessel length and finally sealed over 
with¼ in polythene closing plate continuous over the 54 ft length of the vessel. 
The closing plate sealed on to an uncemented, butt-jointed cord ring, held in a 
'dovetail' groove formed by metal strips bolted to the vessel flanges (Fig. 8.5.2(iii)). 
The vessels were pumped by roughing pump unit and two 24 in diffusion pumps, one 
connected to each end flange, 

At some stages of the construction programme it was necessary to store vessels 
before installation. In order to release the vessel support frame a special type of 
vessel lift was evolved to remove a vessel from its associated frame. Wooden 
internal stiffeners, spacers and outside cover plates were ~itted and flat metal bars 
were inserted between the vessel and the frame in the space provided by the felt pads 
on the frame members. Bars were arranged to project over the back and front of the 
vessel. A second vessel support frame was lowered over the vessel and suspended 
just clear of the top surface. Bolts with spacer tubes were fitted between special 
brackets on back and front surfaces of top frame and metal bars under vessel 
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(Figs. 8.5.2(iv) and (v)). By hoisting the top frame, the vessel was removed from 
the bottom frame and held suspended and could be set down at any suitable position. 
This was called 'suspended lift'. 

For manoeuvering vessels under the shield bridge or other areas not provided 
with crane coverage, four trollies mounted on castors were arranged in coupled pairs 
towards the front and back of the vessel. The span between the trollies could be 
varied to allow the vessel to sit on its frame on the trollies, as in the case of an 
outer vessel, or to allow the vessel to be suspended under a frame, as in case of 
inner and header vessels. 

The equipment for testing inner vessels closely followed that used for the outer 
vessels. The height of the vessel, however, was much less than the outer and only 
two frame members were used per set, jacked apart to the top and bottom surfaces. 
The frames were of a different design and profiled t o the •crowned' shape of the 
vessel. After jacking out to the vessel shape, a further pad was jacked off a frame 
member on to the back wall of the vessel, the reaction being taken through the frame 
which was held by its fit into the crowned shape. These support frame members were 
made of mild steel coated in nylon for cleanliness and to protect the stainless steel 
foil lining of the vessel. During early v~cuum test runs, the nylon caused 
considerable contamination due to out-gassing and it was removed and the frames 
electro-polished. To prevent damage to the vessel, the edges of the frames were 
covered with split polythene tube . 

The header vessel, which was constructed to withstand atmospheric pressure 
between external attachment points, did not require the continuous frame support. 
Instead an internal jack was fitted to coincide with the position of external ties. 
No arrangement was made to test a header vessel separately and they were matched to 
a previously tested inner vessel. 

During the test programme, some trouble was experienced on all vessels with leak 
paths around tapped metal insert positions and around metal ferrules lining holes in 
the flange. It was necessary in a number of cases to remove these to bond in new 
ones and it was desirable to do this while the vessel was pumped so that the resin 
would be drawn into the voids in the material. The test equipment proved very 
versatile during such operations, although some of these requirements were not 
consciously I designed in'. Inserts on the front face of the header vessels were 
fixed parallel to the lay of the cloths and leaking inserts became so troublesome on 
the first and second header vessels that it was decided to remove all inserts on the 
front face and remake the surface as a ·vacuum seal surface only. Cover plate 
attachments were then arranged to fix to the top and bottom outside surfaces where 
inserts could be housed in the vessel material normal to the lay of the cloth. 

8.5.-3. Vessel Installation 

Before the outer vessels were installed all magnet sector throat dimensions were 
taken and where steps between adjacent sectors exceeded 0.012 in cloth and resin shims 
were fixed to the throat surfaces. This ensured that sudden steps in the vessel 
walls were not created when the vessel was clamped between the magnet yoke and the 
pole tips. In the later stages of outer vessel manufacture, steps in adjacent vessel 
wall panels were found to exceed 0.012 in due to tooling faults and some shimming of 
the outside surface of the vessel was necessary. 

To install an outer vessel, the frame with the vessel on it was placed on 
fabricated trestles which spanned the mechanical services trench iri front of the 
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Fig, 8, 5, 2(v) View inside an outer vessel. (The wooden jigs are 
for packing purposes only). 
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appropriate octant. The vessel was lifted clear of the felt pads on the frame by the 
insertion of 'drifts'. Initially the drifts had a PrFE top surface to allow the 
vessel to travel over them smoothly, but this was later removed in favour of a 
polished surface due to the PTFE tape 'picking up'. The vessel was adjusted to the 
correct height for feeding into the throat by means of jacking screws on the trestles 
and was pushed in, supported on the drifts, until it had entered 2/3rds of the way 
into the throat. The clearance between the height of the back wall of the vessel and 
the height of the magnet throat was increased by clamping the front flanges of the 
vessel closer together than their designed position. This 'bowed' the back wall 
slightly. It was not possible to do this near the ends of the vessel because of the 
stiffening effect of the end flanges and the end pole tip blocks, and careful 
dimensional checks and visual inspection for 'resin flash' were carried out before 
insertion. 

The first outer vessels were pushed into the throat by man power; two men, at 
each of seven points equally spaced around the vessel, applied a load to a push rod 
which moved the vessel in, a stage each time, to a preset locking pin. The push rod 
was in contact with the back wall of the vessel and the load was spread on the 
material by means of a large pad. Although this method was successful it was later 
abandoned in favour of two pneumatically operated push rods which became available 
after the inner vessel assembly rig was designed. This gave much finer control of 
the process. After the vessel had been inserted to the correct depth into throat it 
was aligned circumferentially by equipment designed to pull the vessel sideways by 
attachments to the end flanges. The final position of the vessel was set as the best 
nominal alignment of the vertical pole piece bolt holes, gauged from the datum faces 
on the principle sectors (see section 4.5.2). When errors in curvature of the vessel 
were discovered, pairs of pole tips were assembled into the throat to clamp the 
vessel at the centre or the ends (depending on the direction of the error) and slight 
pressure was applied to the back wall of the vessel to move it on to the correct line 
of curvature. Further clamping pole tips were then assembled. 

To install the inner vessels the same trestles were used with additional 
intermediate ones. No frame was involved except that used to bring the inner vessel 
into the magnet room in the 'suspended lift' condition. The vessel was then set 
down on slide rails assembled across the tops of the trestles (Fig. 8.5.3(i)). The 
crowned top and bottom surfaces of the vessel were designed to give a vessel height 
in excess of the gap between the pole tips in the throat. This was of such an order that 
the interference fit of these two items would give the vessel walls a thrust on to 
the pole tip faces, sufficient to resist the deflection of the vessel under its own 
weight and under the pressure due to the vacuum in the outer vessel. The crowning 
had, therefore, to be reduced in order to install the vessel in the throat. 

When the vessel was placed on the trestles, the cover plates were removed and 
metal straps with a dimension slightly less than the designed span were bolted across 
the front flanges around the centre section. This reduced the height of the vessel 
over about 70% of its length. The ends, however, which are stiffened by the end 
flanges, remained almost at their 'free state' dimension. Three pneumatically 
operated, double acting jacks were inserted into the vessel at each end on the section 
of peak crowning. The jacks were spaced about 2 ft apart beginning 2 ft from the end 
flange; the end jack was larger than the other two. Rubber sucker caps, connected 
to a small roughing vacuum pump, were fitted at the top and bottom of each jack. The 
jacks were expanded pneumatically to a mechanical stop which gave sufficient pressure 
on to the inside surface of the vessel to effect a vacuum seal and the volume within the 
suckers was evacuated. The jacks were then retracted pneumatically to a mechanical 
stop, so pulling in the top aTid bottom surfaces of the vessel. 
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Two push rods, pneumatically operated, one positioned about 15 ft each side of the 
centre line of the vessel were arranged to push on the plate bolted across the front 
flanges of the vessel. The cylinders of both push rods were connected to a com~on control 
valve and the push rods travelled in stages to mechanical stops. This arrangement 
kept the push rods in phase by allowing for any lag occurring between the cylinder 
movements. The control valve was interlocked with the sucker caps to ensure that 
there was no movement into the magnet throat if the vacuum was lost on any sucker. 

After insertion, the inner vessel was aligned to give the best nominal position 
of the front flange relative to the outer vessel front flange and an equal gap between 
the inner and outer flanges at the top, bottom and ends. When this had been achieved, 
the vacuum was released from all suckers and the vessel was allowed to expand to the 
pole tip faces. 

The header vessel was transported to the appropriate octant by the 'suspended 
lift' method and was lowered on to small trollies mounted on support frames spanning 
the mechanical services trench. These were of a different construction to the frames 
used on outer and inner vessels because of the greater weight involved. There were 
seven trollies, two of which, placed at approximately 15 ft from the centre of the 
vessel, were attached to long lead screws. The vessel was gradually fed into the 
machine on the trollies, by means of the lead screws, until the inner and header 
flanges met. Flange bolts were then fitted and tightened by a torque wrench, 
commencing from the centre of the vessel and progressing out to the ends to gradually 
blend the flanges in together. Top and bottom support brackets and tie rods were 
fitted after careful shimming, to ensure the vessel was held in this position so 
that the weight of the vessel was kept off the matched flanges when the supports 
were removed. 
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8.6. Vacuum Tes ting 

8.6.1. Introduction 

10% of the total pumping speed of the high vacuum pumps was allowed t o cover 
leakage into the system (Section 8.10.1). Based on the des i gn spec i fications f or t he 
pumps, 5 pumps per octant would permit a leak.age of 1.25 x 10-3 torr litres / a f or each 
octant. 

Most components in the vacuum system, other than the vacuum vessels, were likely 
to be of metal and individual leak rates for these items could be small. In fact for 
all such components, except straight section boxes, a tolerance of 10-7 torr litres/s 
was specified. The leak rate was to be established using palladium barrier gauge or 
mass spectrometer leak detectors in dynamic systems. In this way more than a 
thousand such components could be connected to each octant before any significant 
change in the total octant leak rate would occur. It was therefore reasonable to 
allow all of the permissible leak rate for the combination of inner and header vessel 
alone. In practice each inner vessel was individually tested and allowed 6 x 10-4 
torr litres/s leakage and header vessels were tested with a previously proved inner 
vessel. Outer vessels had to meet a less stringent test but, since they were the 
first to be delivered, the opportunity was taken to try t~

3
achieve the lowest possible 

leak rates. Experience proved that leak r a t es of 5 x 10 torr litres/a could readily 
be attained. 

Vessel leak rates were measured by pressure rise methods but were not continued 
long enough to eliminate the component due to outgassing. It was not practical to 
hood an entire vessel so that leak rates could be measured on the mass spectrometer 
by comparison with a reference leak. 

Cleanliness was considered to be of prime importance in view of the tight leak 
rate tolerances. Since palladium barrier methods could be used for many of the tests, 
the use of solvents containing halogens was banned. If the use of such a solvent 
became necessary because of heavy contamination with oil or grease, a final rinse was 
always given using an approved solvent such as acetone or iso-propyl alcohol. In 
the case of the resin/glass laminates methylated spirits was the only approved 
cleaning solvent. 

From the beginning of the testing programme, a final proof test took place at 
the Rutherford Laboratory before the component was installed, no matter what component 
testing had been carried out previously at the manufacturer's works. This protected 
against damage in transit and deterioration in storage. Strict control was 
maintained over tested items so that the test was not invalidated by subsequent 
modifications, etc. 

Leak test facilities were required to be adaptable for large and small 
components. On large components particularly, the method of connecting the leak 
detector to the item for test could greatly affect the final sensitivity. For a 
system of volume v1 , leak rate L, pressure p1 and pumping speed s1 using a 
particular test gas, 

Whence 
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In the backing space of volume v2 of this system, with the test gas partial pressure 
p2 and pumping speed s

2
, 

Whence 

Fig. 8.6.l(i) shows two curves plotted for a typical system and indicates the 
marked advantage of placing the leak detector in the backing space of the pumping 
system. All the pumping units were therefore provided with facilities for connecting 
a leak detector in the backing space and also with a throttle valve on the backing 
pump so that maximum advantage could be gained from the method. 

For smaller components, static leak detection equipment consisted of a 9 in oil 
diffusion pump backed by a 2 in oil diffusion pump and rotary pump with a Palladium 
Barrier detector fitted in the interspace between the two diffusion pumps. Other 
versions of this equipment, but without the 9 in diffusion pump·, were available for 
use wi.th the 24 in pumping units on the synchrotron for vessel and octant testing. 
Mass spectrometer leak detectors could be used with any of the units. 

8.6.2. Vacuum Vessels 

(i) Outer vessel proof tests 

A prototype vessel was the first to be tested. The vessel was known to be unfit 
for use in the machine because it was outside tolerance on several dimensions. It 
was also known to have many areas of laminate of inferior quality but it was 
considered very worthwhile to carry out the full test procedure in order to establish 
techniques and to attempt to specify the quality of laminate necessary to achieve the 
required leak rate. 

This prototype vessel was estimated to have a leak rate in excess of 30 torr 
litres/s when it was first tested. Several large leaks existed and were fairly 
easily detected . There f ollowed a long and tedious process of finding a large number 
of l eaks, each of which was small in comparison with total throughput and often had 
a l ong time constant . Al s o, onl y the roughing pump was in use at this stage and the 
l eaks were only j ust detectable, even wit h a mass spectrometer leak detector, due to 
the limitation of the sampling . 

It was f ound, during vessel tes ting, that leaks in excess of 10-l torr litres/a 
were readily detected on a Pirani gauge using hydrogen as the pr obe gas. Ar eas of 
the vessel were covered wi t h anti-sta t i c r ubber s hee t (Fig . 8.6.2(i)), taped i n 
position and the space between vessel and sheet filled with hydrogen. The sheet 
size was then reduced until the leaking area was localised. Further checks were then 
carried out using a hyperdermic needle attached to the probe with substantially 
r.educed hydrogen pressure in order to determine the leak boundary of the porous area. 
The leaking area was them temporarily sealed using "twin pa.ck" Araldite. The vessel 
pressure was noted before and after this operation. The process was repeated in 
successive passes over the vessel surfaces, successively smaller leaks being detected 
as the larger leaks were sealed. 

This procedure was tedious and time conswning on the prototype vessels 
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(several months were spent on the outer vessel alone, including the repair time). 
Experience and a growing lmowledge of the appearance of leaking areas, substantially 
reduced the time need~d for testing until finally, vessels could be completed in two 
weeks. 

When the pressure in the vessel was reduced to less than 10-4 torr, leak 
detection continued using a helium mass spectrometer connected to the backing line of 
one of the 24 in vacuum units. Sensitivity checks were made periodically by probing 
a calibrated reference leak attached to the vessel. Probing continued by shrouding 
areas as before and, as the vessel pressure was reduced by sealing ~eaks, it became 
more difficult to locate the remaining leaks. For leaks of 5 x 10- torr litres/s or 
less, the time constants were liable to increase as small porous areas with long 
leak paths were located. The test results are summarised in Table 8.6.2(I). 

A major source of leakage was the large number of drilled holes in the vessel 
flanges. These had been coated with a thin film of resin in an attempt to seal the 
ends of any hollow glass fibres cut by the drill. Despite this treatment, many leaks 
were found and, even if the process of sealing was repeated, there was no guarantee 
of success. Subsequently it was discovered that damage could occur when the bolts 
were fitted. The resin coating was therefore replaced by thin walled brass ferrules 
bonded in position. This has eliminated this type of fault almost entirely. 

Leakage was also troublesome in the region of whitened areas or white lines, 
usually where sections of the vessel had been spliced or where the laminate was 
starved of resin. A repair technique was evolved to overcome this problem (see 
section 8.7.). 

A routine examination technique soon became established for the production 
vessels. The vessel was flexed to simulate .the probable operating conditions in the 
machine by cycling the absolute pressures several times between 760 and 1 torr. The 
roughing pump then pumped the vessel down to 10-2 torr, at which pressure the 
roughing pump was isolated and the 24 in vacuum units were used to reduce the pressure 
further. Leaks in the range of pressures covered by the roughing pump were located 
by the Pirani/hydrogen technique and the mass spectrometer was used with the 24 in 
pumps as described above. The drill of locating and sealing leaks continued unt il 
the isolation pressure rise indicated a leak rate of less than 2 x 10- torr litres/s. 
The vessel was then isolated from the pumping system and the permanent repairs were 
carried out on the leaking areas with the vessel under vacuum. This allowed the resin 
mix used for the repair, to flow along the leak path and adequately seal the leak at 
depth. When the repairs were complete, the test sequence was repeated until all known 
leaks were permanently repaired. The vessel was considered acceptable if the 
indicated leak rate was less than 5 x 10-3 torr litres/s. · 

During the last phase of assembly on the test rig, the roughing pump and the 
two 24 in pumping units were checked for operational sequence and ultimate pressure. 
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TABLE 8.6.2(1) 

Outer Vessel Proof Tests 

Vessel Number Final Leak Rate Installed in 

Number of Leaks (10-3 torr litre/a) Octant Number 

1 3 4.1 5 
2 5 1.8 4 
3 10 2.6 1 
4 10 1.6 8 
5 7 2.2 2 
6 6 2.8 3 
7 3 1.9 6 
8 14 2.0 7 
9 5 3.8 Spare 

10 2 1.1 Spare 

(ii) Outer vessel installation test 

During the installation of the outer vessels in the machine, the standards of 
cleanliness were maintained and all the vacuum faces and joint rings were inspected 
before assembly. On a number of occasions, damage occurred which necessitated a 
'through' repair on the vessel as described in 8.7. These repairs were vacuum 
tested locally using a 'top hat' (Fig. 8.6.2(ii))on the inside face of the vessel. 
The leak rate through the repair was asce1ained by the isolation pressure rise method, 
with a tolerance of 10-5 torr litres /a/ft surface area, 

When the installation of the pole tips, pole face windings, roughing pumps and 
associated pipework was complete, the main polythene blank was again fitted and the 
system was pumped down using the permanent roughing pumps. Leak detection was 
carried out using the Pirani/hydrogen method until the leak rate of the system was 
less than 2. 10-l torr litre/a. Before this leakage rate could be considered 
acceptable the pole face winding tubes were pressurised to 80 lb/in2 before and during 
the measurement of the final pressure rise. If no additional leakage occurred the 
outer vessel was acceptable. Some 500 seals are introduced by the installation of 
the pole tips and pole face windings in each octant and these, together with the 
greatly increased surface area, account for the higher leak rates compared with the 
vessel proof tests. 

(iii) Inner vessel proof tests 

The inner vessels were treated in the same way as tpe outer vessels when they 
were received. It was found that the threaded inserts in the main and end vacuum 
flanges were susceptible to leakage at some stage of installation and after the first 
vessel was tested, it seemed advisable to pre-test these inserts before the overall 
proof test of the inner vessel began. Small 'top hats' (Fig. 8.6.2(iii)) were used 
with a threaded central projection which screwed into the insert. The circular ring 
in the base of the top hat was compressed against the vacuum face of the vessel 
flange and the top hat was evacuated using a small rotary pump. A leak rate of 
1 x 10-5 torr litres/s. was acceptable. The biggest part of this indicated leakage was 
found, in practice, to be outgassing and i t in no way influenced the ultimate leak 

8-~ 



Fig. 8. 6, 2(ii) "Top hat" for local testing of a repaired area, 

Fig, 8, 6. 2(iii) "Top hat" for vacuum testing inserts. 





rate of the vessel. If an insert with an indicated leak rate in excess of 1 x 10-5 
torr litres/a was found, an attempt was made to determine the leak path but if it 
could not be located it was assumed that excessive outgassing was occurring. This 
generally implied that the insert was badly located and steps were t aken to remove 
and replace the insert. 

On the first inner vessel tests it was found that the½ in thick polythene blank 
used to seal off the main flange was permeable to both air and helium causing an 
additional leakage into the system of 1.5 x 10-3torr litres/a. This permeability 
caused difficulty for some time before it was finally traced. Probing around the 
vessel flanges gave reactions after some 20 min, reaching a peak after one hour, and 
considerable effoTt went into ensuring that the joint seals and the bolt holes were 
leak tight before eventually the polythene was suspected. 

An aluminium blank of similar dimensions was substituted and enabled the vessels 
to be proof tested to a leak rate of less than 5 x 10-4 torr litres/a. 

TABLE 8.6.2(II) 

Inner Vessel Proof Tests 

Vessel Number Final Leak Rate Installed in 

Number of Leaks (10-4 torr litre/a) Octant Number 

1 4 2.6 1 
2 3 1.7 8 
3 3 1.8 2 
4 5 2.1 4 
5 2 3.8 5 
6 7 0.9 6 
7 4 5.0 3 
8 5 3.0 7 
9 3 3.3 Spare 

10 2 1.2 Spare 

Headar Vessel Tests 

Only 4 header vessels have been provided and they are fitted to octants 3, 4, 5 
and 6 to facilitate beam extraction. Great difficulty was experienced with the first 
vessels. Not only were there numerous leaks but they had long path lengths which 
made detection a tedious process. The leaks were eventually traced to tapped inserts 
bonded into the edge of the vessel on its larger radius. These inserts were provided 
for fixing the 'window' plates to the vessel and were positioned with their axes in 
the plane of the layers of glass cloth forming the laminate. By removing the inserts 
completely and making good the edge of the vessel by a wrap roW1d repair after 
plugging the holes, more than 90% of the leaks were elimina ted. This modification 
was incorporat ed in the third and fom·th vess els by the manufacturers before delivery 
and on the first vessel (which was returned f or rectification) but the second vessel 
was made acceptable by repair at the Rutherford Laboratory. Alternative means of 
fixing the window plates was provided by fixing aluminium clamp bars to the top and 
bottom of the vessels using inserts with their axes perpendicular to the plane of 
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the cloths. This method has now been satisfactorily proved. 

Vessel 
Number 

1 

2 
3 
4 
1 

TABLE 8.6.2(III) 

Header Ves sel Proof Tests 

Number Final Leak Rate* Installed in 
of Leaks (10-3 torr litre/a) Octant Number 

96 30 (approx) Returned for 
Rectification. 

97 3.5 ** 3 
2 1.1 6 
4 1.1 4 
5 o.66 5 

* Leak rate includes associated inner vessel leakage. 
** Further repairs were carried out after installation in 

octant 3. 

8.6.3. Straight Section Box Proof Tests 

All straight section boxes were retested when they were received although they 
had been tested at the manufacturers. Of the seven boxes tested, all had leaks 
varying from 6 to 160 times tolerance. Vacuum testing was carried out using a 12 in 
pumping unit fitted to one vertical face of the box, with a separate roughing pump 
and connecting pipe. The prefabrication of the box conformed to normal vacuum practice 
with external welds intermittent, and internal welds oontinuous, but for magnetic 
reasons, each wall consisted of two mild steel plates separated by fibre glass 
insulation. With the box evacuated, leak detection was carried out by probing the 
gaps between the intermittent external welds. Having determined the leaking area 
approximately, the box was returned to atmospheric pressure. The inner weld leak was 
pinpointed by pumping the gap between the intermittent external weld and probing the 
inner continuous weld. All leak rates were indicated by isolation pressure rise and 
the acceptable leak rate was 1 x 10-4 torr litres/a. 

Box 
Number 

1 
2 
3 
4 
5 
6 
7 
8 

TABLE 8.6.3(I) 

Straight Section Box Proof Tests 

Number Final Leak Rate 
of Leaks (10-5 torr 

2 15 
2 42 
2 6.2 
4 5.1 
8 13 
1 8 
1 6.7 
- 18 

* included some internal structures 
** included epoxy resin insulators 
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b.f.,.4. Octant Testing 

After proof testing, inner vessel was then moved adjacent to its final position 
in the machine. The inner and outer surfaces were cleaned and the vessel was 
immediately installed. After installation all vacuum faces were inspected and faults 
rectified before fitting the main vacuum seals. The closure plate or header vessel 
was then fitted in position, the main vacuum units and pump manifolds were permanently 
attached and, when ancillary i tema and roughing pipework was installed, the octant 
was banded over for vacuum test. 

The octant was pumped down using the permanent pumping system and leak detection 
was carried out using a mass spectrometer connected to the backing line of one of 
the main units. 

Inner vessels have been fitted to all octants, with four header vessels 
(Fig. 8.6.4(1)) and four polythene closing plates (Fig. 8.6.4(ii)). To date, one 
octant fitted with a closing plate bas bad a full vacuum test and a leak rate of about 
10-3 torr litre/s was measured. The required machine operating pressure of 10-6 torr 
was achieved in 15 hours and after 60 hours the pressure was 4 x 10-7 torr 
(Fig. 8.6.4(iii)). Three other octants, which are not yet fully tested and have 
repairs still to be carried out, have indicated leak rates of less than 5 x 10-3 torr 
li tres/s. A group o.f four octants recent l y coupled together by their associated 
straight section boxes was estimated to have a total leak rate of about 10-2 torr 
litre7s. The tests were carried out before diagnostic equipment was fitted to any of 
the octants. 

The policy of pre-testing each component before installation paid handsome 
dividends. The vacuum system was so complicated, had so many seals and in some cases 
was so inaccessible after installation that tests would have been long drawn out, 
if in fact they were possible. This was particularly true of the outer and inner 
vessels the main surfaces of which are almost completely enclosed and the work 
entailed in removing an outer vessel for a major repair could have added three months 
to the Nimrod programme. 

8.6.5, Leak Detectors 

The programme of testing 
spectrometer leak detectors. 
available. Of these, one was 
where smaller components were 

was frequently held up because of failure of the mass 
Three types were in use, two of each type being 
never successfully used except in a permanent position 
brought for testing. 

The second type could be moved around to a certain extent but this involved a 
loss of sensitivity by a factor of at least 10. These instruments were also subject 
to excessive background noise on their most sensitive ranges when connected to the 
larger systems, so that small leaks could not be detected, 

The third type of mass spectrometer gave excellent service in comparison. It 
retained its sensitivity after being moved and was, therefore, the only instrument 
to be used for the final stages of vessel and octant testing, 
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8.7. Vessel Repai rs 

Techniques had to be deve loped to al l ow repa i rs to be car r i ed out on t he va cuum 
vessels either after initial f abr ication to r epair obvi ous mechanica l defect s, or 
during vacuum test, to cure leaks, The mat erials used f or repai r had t o have t he 
same properties as the vessel material (s ee section 8.1. ) except in respect of 
manufacturing feasibility. Resin systems which complied with the requirement s f or 
gas evolution rate and mechanical properties bad al s o t o: 

(i) cure satisfactorily at a temperature below the heat distortion temperature 
of the parent material, 

(ii) have a minimum contraction on curing, to avoid introducing areas of high 
stress around the repair, and 

(iii) be compatible with the resin system of the parent material. 

Other factors influencing the choice were the ease of 'wetting out' the fabric, 
the pot life at room temperature and the drainage which occurred when repairs 
were done on vertical surfaces. 

Studies on available materials showed that a modified bisphenol A type resin 
system cured with a liquid aromatic hardener was the most satisfactory. This system 
required curing for 24 hours at room temperat ure (200c) fo llowed b? 16 hours at 6o 0 c 
(10°c below the heat distortion temperature of t he parent material ) . 

Suitabl e surfacing mediums for va cuum sealing faces were also investigated. 
At one t ime it was t hought that the des i red quality of finish could be obtained 
d i r ect f rom the mouldi ng t ools. This proved impracticable for a number of reasons; 
for example , bad r el ease,. creases in release films, such as Pl'FE tape and damage 
caus ed in handl ing and transport ing the vessels. The surfacing material must have 
similar propert i es t o the paren t l aminate ; in particular, it must cold cure and 
have a thermal coefficient of expans i on cl os e to that of the parent material, to 
pr event cr azing of the sealing surface during operation. 

Bot h solvent containing and solvent free f ormulations were considered. The 
most sat isfactory was a sol vent free pr oprietar y material X83/44. It was whitened 
so t ha t seal surfaces were r eadily identif ied. Later a formulation known as TSW 120 
was developed at the Rut herfor d Labor a tory, which contained silica flour and also 
bentone (which makes t he mat er i al thixotropic). This formulation was very 
successful and its f low characteristics eased the problem of application 
considerably. In all cases vacuum sealing surfaces were dressed and polished to the 
required finish using 'wet and dry' Garnet paper. 

Faults on the vacuum vessels may be classified into the following types:

(i) Ctushed or insufficiently wetted fabric. 

These areas were easily defined by a whitened appearance (Fig. 8. 7( i )) and 
Fig. 8,7(ii)) and the complete removal of the f aulty area was ne cessary. The faul t y 
fabrics were removed singly using a sharp knife, or a wood chis e l and a spatul a. 
A half inch step was introduced every two layers of fabric (Fig . 8.7(iii) and 
Fig. 8.7(iv)) to achieve the required mechanical strength in t he f i n ished r epair. 

When the desired profile had be en achieved, f abric was pre-wetted with the 
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Fig. 8, 7(i) An area of a vessel showing resin starvation. 

Fig. 8, 7(ii) Crushing and voids on a vacuum vessel. 
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Fig. 8. 7(iii) A cut out repair area showing the half inch steps 
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Fig. 8, 7(v) Final stage of repair. 

Fig. 8, 7,(vi) A completed repair, 
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Fig, 8. 7(vii) Accidental damage to an outer vessel. 

Fig. a. 7(viii) An enlarged view of the damage, 



repair resin, fitted into the cut back area and tailored to size. Each layer was 
rolled to consolidate the repair and remove excess resin. This procedure was 
repeated until the area was built up to the level of the surrounding laminate. An 
additional skin larger than the repair was then added (Fig.8.7(v)) and was removed 
after curing (Fig.8.7(vi)). This gave an even finish and prevented drainage during 
the curing procedure. Temperature controlled electric blankets were used in curing 
the repairs. 

(ii) Voids in laminate. 

When no other fault was evident, voids were filled with the approved resin 
using a hypodermic needle or a grease gun. 

(iii) Leakage round drilled holes due to hollow fibres. 

Apart from flange bolt holes, where leaks were el iminated by fitting brass 
sleeves (see section 8.6.2), there were many larger diamet er drilled or machined 
holes in the laminate where sleeves could not be used. Many of these holes were 
associated with vacuum seal surfaces and by using the surface coat'ing material, 
thinned with 10% solvent, the leaks were dealt with satisfactorily. 

To date about 130 repairs involving type (i) procedure have been carried out. 
Details are being published (15), A typical example of accidental damage is 
illustrated in Fig.8.7(vii) and Fig.8.7(viii). A pole f ace winding securing bolt 
was incorrectly placed between two pole tips (removed from the photograph f or 
clarity). The rectangular head, with its long s ide at right angles, instead of 
parallel, to the pole tips was driven through the outer vessel laminate in the 
narrow gap between adjacent magnet sectors. It proved possible to slide a thin 
backing plate between the vessel and the sectors and a satisfactory repair was made 
without removing the vessel. This was extremely useful since the installation of 
pole tips in this octant was almost completed and to remove and replace the vessel 
with its 350 seals and 84 pole tips, positioned to an accuracy of a few thousandths 
of an inch would have lost a great deal of time. 
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8.8. Radiation Damage 

A programme of high level radiation dosimetry has been instituted, to determine 
the rate of degradation of the vacuum vessels under radiation. Commercially 
available glass dosimeters do not register sufficiently high doses for our 
requirements and methods involving the change in the modulus of rubber and the 
change in optical behaviour of polystyrene, are being studied. 

Samples of vacuum vessel material, suitable for mechanical testing, have been 
placed in the cavity between the inner and outer vessels during assembly and 
further samples, with stainless steel foil and aluminium foil on opposite surfaces, 
are being placed on the floor of the inner vessel. 

Groups of r~bber samples and strips of polystyrene are being placed at intervals 
on the floor of the inner vessel. They will be used to measure radiation doses up 
to at least 100 Mrad and will indicate when the properties of the vessel material 
dosimeters should be examined. 

The mechanical properties of the vessel material samples will be determined at 
approximately 250 Mrad intervals, except for those placed within the pole piece 
cavity which will be examined as the opportunity arises. The outer vessel is 
substantially shielded by the pole pieces so that monitoring will be needed less 
frequently. To ensure maximum life from each vessel, targets and/or vessels may be 
rearranged if the dosimeter investigations show this to be necessary. 
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8.9. Main Vacuum Seals 

8.9.1. Choice of Materials 

The principal considerations in choosing the materials for the main vacuum seals 
were outgassing rate and irradiation stability. Outgassing rate was of greater 
importance than is usual for vacuum seals since the vacuum vessels are allowed wider 
engineering tolerances than metal fabrications and larger areas of the seals may be 
exposed to the vacuum. 

Due to the complex nature of rubber formulations, an indication of their 
relative outgasing rates could only be obtained by examining the raw polymer forms. 
Outgassing measurements were therefore carried out on sheets of uncured polymer 3 nn:n 
thick. The following polymers were studied - isocyanate, butyl, neoprene, butadiene 
acranitrile, butadiena styrene, ailioone, ethylene propylene and natural rubber. 
The results are shown in Fig.8.9.l(i). The silicone pol ymers were eliminated 
because of their high gaseous permeability and isocyanate polymer appeared to be 
the most satisfactory. The stability of this material under irradiation was 
determined and the results are shown in Fig.8.9.l(ii). The material still has 
adequate properties at integrated doses of 108 rad. However, it subsequently proved 
to be impracticable to manufacture the seals from this material, since the only 
method of fabrication was a casting technique. Difficulties were also experienced 
in producing satisfactory joints between the cast sections. Polyurethane materials, 
which can be moulded by standard rubber processing techniques, were therefore 
examined but did not have the required properties. 

The material finally chosen was a polymer mixture known as PVC nitrile, which 
had the desired vacuum properties combined with satisfactory stability under 
irradiation (Fig.8.9.l(iii)) and could be processed by normal rubber moulding 
techniques. 

8.9.2. Manufacturing Processes 

The first manufacturing procedure considered was to extrude the profile and 
subsequently mould the ends, making four joints on each seal. Experiments with 
extrusion techniques indicated however, that the polymer would not have a 
satisfactory surface finish when produced by this method. It was necessary therefore, 
to mould the vacuum seal in 4 ft lengths and join these to produce the 50 ft 
sections. Preliminary mouldings suffered from severe mould corrosion due to the 
liberation of hydrochloric acid in the moulding process which gave a poor surface 
finish. All the tools used in the operation were chromium plated to reduce this 
effect. Changes were made in the plasticiser content and type and a better surface 
quality was produced. These changes did not materially affect the outgassing 
characteristics or the stability of the polymer under irradiaticm. 

Experiments were carried out to determine the most satisfactory method of 
j ointing. Var i ous te chni ques were tried and a but t joint proved to have pr operties 
mos t near those of an un joined seal. A joint str ength 60% that of the parent 
material was r egarded as acceptable (tensile strengt h of the parent material was 
1900 lb/in2). Experiments with scarf joints experienced difficulty in the moulding 
process. The moulded sections were forced out of the mould, resulting in a low 
pressure area with entrained air at the joint, which was also outside dimensional 
tolerances. 
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The following technique was finally evolved and produced satisfactory joints 
in nearly all cases. The ends of the moulded sections were carefully cut at 90° 
and coated with a solution of uncured polymer in 50-50 acetone/tetrahydrafuran. 
They were left for 15 min to permit the solvent to evaporate before being placed in 
the mould at 150°0 and pressed at 1,000 l b/in2 for 8 min. The joint was then 
dressed down using 400 grade 'wet and dry' emery paper and water to give a 
satisfactory vacuum seal ing surface. Experiments showed that the double cure in the 
area of the joint did not materially affect the properties of the finished product. 

8.9.3. Properties of the Final Material 

The material had a tensile strength of 1900 lb/in2, an elongation at break of 
450%, a hardness of 60° Shore and a compression set of 17%. Table 8.9.3(1) 
illustrates how the properties change with irradiation dose. 

TABLE 8.9.3(1) 

Dose Hardness Tensile strength Elongation 
(rad) ( 0 Shore) (lb/in2) (%) 

0 60 1900 456 
5. 107 85 1900 107 

108 100 3240 30 
5. 108 100 7856 75 

Table 8.9.3(11) shows the effect on compression set of various cure times since, 
as indicated in 8.9.2, the seal will have a cure time of 16 min at 150°0 in some 
cases. 

TABLE 8.9.3(II) 

Cure Time at Recovery after 25% compression 
150°0 (min) for 24 hours at 80°C (%) 

8 90 
16 89.2 
24 87.0 

The recovery is significantly affected by irradiation as can be seen from 
Table 8.9.3(Ill) 

TABLE 8.9.3(Ill) 

Dose Recovery after 25% compression 
(rad) (%) 

0 90 
5. 107 81 

108 74 
5. 108 70 
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Experiments have also been carried out on the compatibility of the vacuum seal 
material with the laminate of the vessels and the various surface coating materials 
used. The tests were done under 25% compression at 35°c and showed that no 
interaction takes place between the vacuum seal material and the various coating 
materials employed. Similar experiments with the material after irradiation showed 
that no migration of the plasticiser or other interactions takes place, even under 
these conditions. 

8.9.4. Conclusions 

The vacuum seals have now been manufactured and installed and bave proved 
satisfactory in operation. One feature which bas proved troublesome is the tendency 
of the material to creep during storage,sufficiently for the seals to be outside 
the dimensional tolerances after a relatively short period. It bas been necessary 
to ensure that no stresses are introduced during storage. 
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8.10. Pumping System 

8.10.1. Introduction 

The theoretical considerations leading to the final choice of the main pumping 
units for the vacuum vessels have been discussed in reference 4. 

Each of the 40 pumping units (Fig .8.10.l(i)) was specified to have a speed of 
at least 5000 litres/a for most of its pressure range, giving a total speed of 
200,000 litres/ s . However, at the machine operating pressure, 10-6- torr, the 
rninirnum overall speed of the system i s only 100,000 litres/s which is equivalent to 
a throughput of 0.1 torr litre/s. The vacuum torus has a volume of about 100,000 
litres and a general rule calling for l litre/a pumping speed for each litre of 
volume is therefore satisfied at the operating pressure. 

Only 1% of the internal surface area of the inner and header vessels is epox;y 
resin laminate, not coated by stainless steel. Early work indicated that after 24 
hours pumping most epoxy laminates had outgassing rates of the order of 10-6 torr 
litres/a cm2 compared with 10-9 torr litres/a cm2 for stainless steel. Calculations 
assuming that eight header vessels would be used gave the following results, 

TABLE 8.10.l(I) 

Material Total Surface Area 24 Hour Outgassing Rate Total Outgas$ing 
(cm2) (torr litres/s cm2) (torr litre/s) 

!Stainless Steel 6 10-9 6.4 X 10-~ 6.4 X 10 
Epoxy resin 6.4 X lo4 10-6 6d x 10-

Total 
-2 7.0 X 10 

This total outgassing figure represents 70% of the available throughput at 10-6 

torr. An allowance of 10% was arbitrarily made for leaks, leaving a 20% excess for 
future degradation . The f inal choice of epo:l!j' re~in showed a much better initial 
outgassing rate {almget 4 x 10-7 torr litres/ a cm after 24 hours ) but a slightly 
higher rate (2 x 10-6 torr litres/ a cm2) after an uradiation dose of 109 rad.After 
this dose the mechanical properties of the laminate also became suspect so that the 
increase in pump down time would be a secondary consideration. 

8.10.2. High Vacuum Pumps 

Each pumping unit (16) consists of a 24 in bore sliding gate valve , a 
refri gerated chevron baffle, and a 24 in bore fractionating oil diffusion pump 
backed by a vapour booster pump and a rotary pump of 150 litres/min capacity. The 
gate valve is r igidly fixed to the header vessel by a two part header Fig .8.10.2( i ), 
the part nearest the magnet being made of stainless steel and the l ower part made of 
mild steel. Because of this rigid fixing , the pumping unit must be supported so 
that it is free t o move with the header vessel under temperature variations. This 
is achieved by suspending the gate valve on four short wire ropes from cant ilevers 
fixed to the magnet sectors and by supporting the frame of the pumping unit on f our 
steel balls. The ioad on the steel balls can be adjusted to be a minimum by means 
of jacks which react with the outer part of a frame which is carried by four wheels . 
This carriage moves on rails fitted to the edges of t he servic.es trench encircling 
the magnet. 
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The backing system, employing a small rotary pump, was specially chosen to 
minimise the total weight of the pumping unit and to reduce substantially the 
vibration which would have been caused by a large rotary pump with no vapour booster 
pump. 

The sliding gate valves can withstand a pressure differential of one atmosphere 
across the seat in either direction and are self sustaining in the closed position. 
This allows the valve to serve a dual role. The pumping unit may be isolated from 
the vacuum chamber and remain operating while the chamber is let up to atmospheric 
pressure and, alternatively, a faulty unit may be isolated from the system and 
subsequently removed and replaced. Services to the unit, such as water and 
compressed air, are provided with self sealing couplings and the jacks and wheeled 
carriages are used to free the unit from the gate valve and to move it to one side, 
where it can be hoisted from the services trench by crane. 

The rates of opening and closing of the gate valve can be separately adjusted 
at the hydraulic damping cylinder so that fast closing (less than 10 s) and slow 
opening can be achieved. In order to limi t the gas load on the pumping units_

2 during initial pumping of the vacuum chamber from the roughing pressure of 10 torr, 
the rate of opening of the valve was set such that the conductance of the aperture 
did not exceed 500 litres/sin the first minute, the valve taking about 30 min to 
open fully. In this way it was estimated that the maximum throughput of each unit 
(about 5 torr litres/s) would never be exceeded. . 

The four stage oil diffusion pump has an integral guard ring which gives a low 
backstreaming rate of about 5 µ,g/min cm2. This is further reduced by the chevron 
baffle which is cooled to -25°c. No measurement of the overall backstreaming rate 
has been attempted so far. 

Each pumping unit is provided with a separate control console which houses the 
local operating controls and the power units for all the subsidiary items of 
pressure measurement and switching. The unit must be able to be controlled either 
locally or from the control room. The control system is therefore automatic and 
is arranged to follow a predetermined sequence of operations to avoid mal-operation. 
It is designed to 'fail-safe' wherever possible. A fuller description of the 
control system is given in section 9.2 and reference 16. 

8.10.3. Roughing Pumps 

Early thoughts on the rough pumping system centred on a scheme for a single 
walled vacuum vessel and employed only a single set of pumps. The pressure was 
required to be about 10-2 torr so that a small rotary pump could be used to meet 
the mechanical requirements of small vibration and weight in the high vacuum units 
when suspended from the header vessels. To achieve this pressure the use of 
mechanical booster pumps was necessary. These pumps were to be sited in the 
concrete monolith cavities and would therefore have pumping lines longer than 25 ft. 

Based on the information available at that time, it was estimated that one 
100 litres/s pump, situated a t each straight section, would be sufficient to enable 
the required pressure to be maintained. The final choice fell on a Rootes type 
pump, backed by a 15 litre/s rotary piston pump (Fig.8.10.3(i)). 

In order to limit oil contamination from the roughing pumps, a special 
refrigerated trap was designed (Fig.8.10.3(ii)). This operates at -50°C and serves 
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as a backstreaming baffle and stops the film of oil creeping along the surface of the 
roughing line. 

When the design of the vessels and pole tips was finalised, a re-assessment of 
the rough pumping requirements was made. The pole tip laminations had many 
perforations exposing a larger area of the epoxy resin used for bonding the 
laminations. The pumping aperture circumferentially round an outer vessel was 
limited and pumping could only be allowed from the ends of each octant. Bearing in 
mind the early difficulties in testing the prototype outer vessel, it was thought 
that a reasonable pump down time could not be expected if the outer and inner vessels 
were pumped together to a pressure of 10-2 torr. 

It was therefore decided to provide additional pumping units which would 
continually evacuate the outer vessels. No advantage could be seen in achieving a 
pressure lower than 1 torr since this was adequate for the mechanical protection of 
the inner vessel and inter-vessel leaks would not be substantially reduced by a 
lower outer vessel pressure. A rotating vane type pump (60 litres/a) was provided at 
each end of each outer vessel, These pumps were fitted with refrigerated traps similar 
to those on the inner vessel roughing pumps. 

Fig.8.10.3(iii) shows the rough pumping pipe line layout indicating the valves 
and pressure switches provided. All roughing and equalising valves are solenoid 
controlled, pneumatically operated, 4 in nominal bore, quarter swing valves and the 
a ir admittance valve is 1 in, magnetic. Provision has been made for connecting the 
air admittance valves to a dry air supply (-40°0 dew point) fed from a ring main. 

Each pump has associated with it a capsule pressure switch, set at a relatively 
high pressure (15 torr) which simply ensures that the pump is working before the 
roughing valve can be opened. This pres sure switch is then bypassed electrically. 
Each pump can be started locally from its own control panel but valves are only 
operated from a central marshalling kiosk in the magnet room. 

8.10.4. Interlocks and Safe ty Dev i ces 

When the vessels are being pumped down, it is imperative that the separate 
pumping arrangements for outer and inner vessels are interconnected so that no 
pressure difference sufficient to cause d ama.ge to the inner vessel arises between 
the vessels. A specially developed thermistor type pressure switch (17) 
(Fig. 8.10.4(i)) has been fitted and interlocked so that the equalising valves 
remain open so long aa any switoh indicates a pressure greater than 1 torr. When 
this pressure is aohievad the equalising valve closes automatically and the inner 
vessel can be pumped to 10-2 torr by its mechanical booster pumps. 

Further pressure switches of the thermistor type then operate to complete an 
interlock circuit which allows the high vacuum valves on the main pumping units to 
be opened, provided that the inner roughing valves have closed. This sequence is 
assured by the use of a rotary switch to select 'Off', 'Rough Vacuum' or 'High 
Vacuumi, all ootants being controlled simultaneously from a marshalling kiosk in 
the Magnet room. 

The thermistor switches were duplicated by providing switches performing the 
same function at each end of an octant and these, and other interlocks were 
connected in series chains so tha t every octant required to be in the same pressure 
state before the next stage of pump down could begin. It was thought advisable to 
arrange for all octants to operate together to safeguard the vacuum vessel, 
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especially since the inner vessel, with the straight sections, form a continuous 
vacuum torus. 

In the 'Off' position, air admittance valves are not automatically opened, 
final energising of the solenoids being controlled by a key operated switch. In the 
'High Vacuum' position, each high vacuum valve is opened from the pumping unit, 
local control console. 

If failure of the electricity supply occurs, all equipment 'fails safe' - high 
vacuum valves, roughing valves and air admittance valves close (or stay closed) and 
equalising valves open. Each roughing pump has a vent valve which opens after an 
electrical delay, to allow time for the roughing valves to close. 

As a furt~eS safeguard for the inner vacuum vessel, a mechanical safety device 
was developed.( 1 ) This consists essentially of a copper diaphragm which can be 
ruptured by a spring loaded knife (Fig.8.10.4(ii)). The knife is released by a 
trigger which is actuated by movement of a bellows when subjected to high pressure 
difference between the inner and outer vessels. The device is calibrated to 
operate when the pressure in the outer vessel exceeds that in the inner by 6 torr 
and, in the reverse sense, when the pressure in the inner vessel exceeds that in 
the outer by 30 torr. 

Two such devices are provided on each octant. They can be isolated from the 
octant only by unlocking manually operated valves. This will only occur on one 
device in an ootant at any one time and then only for the purpose of replacing the 
copper diaphragm or so that a replacement device can be fitted while maintainance 
or recalibration is carried out. 

During commissioning of the vacuum system it became necessary to evacuate 
individual octants to carry out the vacuum tests on the installed vessels and also 
to have octants 8, 1 and the inflector system evacuated for machine experiments. 
Originally it was thought that incomplete octants could be shorted out of the control 
system but this did not allow sufficient flexibility. 

A temporary control panel was therefore set up which allowed Octants 8 and 1 
to be controlled separately. The appropriate interlocks were detached from the main 
chain and operation of the vacuum valves was controlled by push button. The inner 
vessel roughing pumps were not used so that the control system could be kept simple. 
The interconnecting valves were kept open by isolating an appropriate pressure 
switch·at a pressure above 1 torr and the inner vessel was pumped down by the outer 
vessel roughing pumps. Pressures of about 0.06 torr can be achieved in this way. 
When the high vacuum pumps are connected, the throughput soon becomes too high for 
individual pumps and the protective pressure switches close the gate valves, though 
some improvement in the vessel pressure occurs before t hey close. This process is 
then repeated until the valves remain open and the octants are pumped down. 

This type of control has now been extended to allow any octant to be operated 
singly. A permanent system of control is under consideration which will allow work 
to be done on a single octant a s well as providing the full ring control using all 
pumps. 

8.10.5. Straight Section Box Pumping Arrangements 

To allow for dimensional variations and thermal expansion , the inner and outer 
vessels are connected with the straight section boxes by spec i ally designed stainless 
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steel bellows assemblies. These are essentially of two types (See Fig.8. 10,5(i)). 
One t ype has a U section convolution joining the inner and outer vessels and the 
other with a double omega section convolution connecting the inner vessel to the 
stra ight section box. In the longer straight sections , shut off valves are 
interposed between the two bellows assemblies. In the shorter straight sections 
the two bellows types are integrated in one assembly. 

The shut off valves consist of a body and a valve housing. The bodies are 
permanently fitted in the ring, two in each long straight making eight in all. The 
housing, which contains a valve plate and winding mechanism , can be attached to the 
body so that when the valve is closed it will withstand atmospheric pressure across 
its seat from one direction which can be chosen. The valve may be introduced into 
a body when it is under vacuum by using a :vacuum lock principle, a flap on the body 
being controllable by a: lever on the housing (Fig.8.10,5(ii)). 

A reassessment of pumping requirements was made when the amount of experimental 
and diagnostic equipment to be fitted in the straight section boxes was known more 
accurately. 

Electrodes with a lerge surface area, supported on insulators , are to be 
installed in several straights. On average, the total surface area (mainly of mild 
steel and aluminium) involved in one straight is about 5 x 105 8m2 and a typical 
outgass ing rate for these materials , even after 48 hours, is 10- torr litres/a 
cm2 • A s t~aight section box could therefore contribute 5 x 10-3 torr litre/a to the 
gas load on the adjacent octant pumps. This represents 40% of the total pumping 
capacity of one octant at 10-6 torr and is a greater fraction of the capacity than 
coul d reasonably be allocated for this purpose, especially since the calculation is 
based on 48 hours pumping, which is at least twice as long as is desil·able. 

It was decided to obtain additional pumps t o be mounted on the straight section 
boxes.. The largest pumps which could be fitted without conflict with plunging 
mechanisms, beam outlet windows, etc ., are of 12 in nominal bore. Two pumping units 
of this size have been obtained for each of six straights . Straight 8, which has 
the r,f. accelerating cavity, cannot be fitted with extra pumping but it has a 
relatively small vacuum chamber. Straight 1 had already been supplied with one 16 
in pumping unit (2,250 litres/a at 10-6) to replace a 24 in pumping unit which was 
displaced from octant 1 by a diagnostic probe as_sembly . All those units have similar 
control systems . 

During proof tests of the 24 in units fitted on the octant.a, the pumping speeds 
were generally found to be higher by 20% t han the specified minimum at 10-6 torr. 
This gives a useful margin and together with the additional pumps in the straight 
sections should allow the operating pressure to be achieved within 24 hours of the 
start of pumping. 

Some pumping units have already been in almost continuous operation for 4 years 
and have performed remarkably well. A number of faults have occurred, mainly in 
the control equipment. The most important have been the unreliability of the cold 
cathode ion gauges and the hot wire switches used f or 1>ressure control . The ion 
gauges have been improved by modification and the switches require frequent 
re-calibration. Both devices may be replaced. 

8.10.6. Arrangements for Diagnostic Equipment and Targets 

Diagnostic probes and targets are introduced into the vacuum system through a 
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fully interlocked vacuum lock. A sliding gate valve separates a manifold from the 
torus and can only be opened when the manifold has been evacuated to a pressure of 
10-l torr by a portable pump. A probe can then be moved into the magnet aperture 
on the end of a tube which passes through a sliding seal on the manifold. 

8.10.7. Beam Lines 

Each beam line is terminated by a thin melinex window and if this is punctured 
or fails in any way, a sudden pressure rise would occur. To protect the vacuum 
vessels a fast shut off valve has been fitted on each beam line close to the machine 
and close to a normal isolation gate valve. The vacuum layout of a typical 8 in 
diameter beam line is shown in Fig.8.10.7(i). 

The fast shut off valves (Fig.8.10.7(ii)) are designed to close before the 
"plug" of air f:rom a burst melinex window reaches the valve. They take about 12 ms 
to close so that the total time from a window burst to the final closure of a valve 
is about 15 ms. 

To give closure times of this order, the total weight of all moving parts is 
only 4 lb and the plate is driven by a piston which is propelled by nitrogen gas 
at a pressure of 1,000 lb/in2. It is stopped at the end of its travel by an oil 
damper built into and around the piston rod. The valve is kept open by a system 
of rollers and levers which holds the plate by a 20 lb pull exerted by a solenoid. 
When the solenoid current is switched off the valve closes. The fast shut off 
valve, gate valve and pressure triggers operate on an integrated control system 
which is designed to fail safe under all circumstances; for example, trickle 
charged batteries are used to guard against mains failure. The pressure triggers 
consist of a Penning gauge head, a vacuum discharge switch head and a capsule 
switch. 

when 
The system is interlocked so that the machine gate valve can only be opened 

(i) The beam pipe is pumped down to the required pressure. 

(ii) All electrical connections are made. 

(iii) The piston pressures of the fast shut off valve and the gate valve are 
at the operating value. 

(iv) The power is switched on. 

(v) The fast shut off valve is open. 

The fast shut off valve is kept locked open until the beam pipe is pumped to 
the required preGsure when it switches to the ready position. The gate valve closes 
if there is a slow pressure rise; the fast shut off valve closes if there ~s a 
fast pressure rise. The valve is triggered by a Penning gauge at about 10- torr, 
a vacuum discharge switch at about 0.2 torr, a capsule switch at about 5 - 10 torr. 
The vacuum discharge switch guards against any failure of the Penning gauge and the 
capsule switch covers both. With the capsule switch, the closure time goes up to 
around 40 ms. 

The fast shut off valve has recently been modified so that it can be used on 
very short pipes; extra guide rails were needed to prevent the plate slicing its 
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way through the valve seat, since the plug of air would hit the fast moving plate 
before it is completely seated. 

8.10.8. Pressure Measurement 

The pressure in the torus is measured by double filament Bayard - Alpert type 
ionisation gauges using local control units with facility for remote switching and 
choice of filament. On the local units, several linear ranges and a logarithmic range 
cover pressures from 10-3 to 10-8 torr. The logarithmic indication is repeated in the 
control room on strip chart recorders. 

Initially, ion gauge calibration proceeded along conventional lines using a 
manifold connected via liquid nitrogen traps to a commercial McLeod gauge and a 
pumping system. The gauges were calibrated with pure nitrogen. The calibrations 
obtained on the s ame gauge were inconsistent, showing a variation from day to day 
of, typically, 12% •. This was investigated by taking a series of pressure readings 
on the same volume of trapped gas in the McLeod gauge, first by eye and then by 
reading the scale with a cathetometer. Readings were also taken with the mer~ury 
columns tapped mechanically and by hand. From these experiments the experimental 
error in the gauge calibration was estimated at± 6% when the reading were taken 
by eye and± 2% when the scale was read with the cathetometer. The 1';$ day to day 
variations in the calibration of a particular gauge could not therefore be due to 
experimental errors when using the cathetometer. The error must lie in the McLeod 
gauge or the ion gauges themselves and the latter were temporarily suspected. 

A report(19) was published pointing out a serious error, due to the "vapour 
stream" effect, in the McLeod gauge when used in conjunction with a liquid nitrogen 
trap. The report tabulates the magnitude of the error to be expected for a 
particular system and several experiments w~re carried out to confirm this. The 
results agreed substantially with the predictions of the report. A more consistent 
way of calibrating ion gauges was therefore required and the methods of several 
American workers who used standard orifice techniques were followed. The pumping 
speed of a circular aperture in a diaphragm across a circular tube can be worked 
out theoretically. By knowing how much gas bas been introduced into a system, and 
the speed at which it is be i ng removed , the (absolute) pressure can be calculated. 
The results on the orifice system look promising. Two gauges calibrated at an 
interval of three weeks gave results which varied by only 3%, which is the order of 
the experimental accuracy. Batches of six gauges will be calibrated when a 
"bell jar" has been suitably modified. 
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8.11. Injector Vacuum System 

8.11.1. Introduction 

A comparison of the vacuum parameters of 6ther linear accelerators established 
the optimum operating conditions for the injector (20) Pressures of less than 3 x 10-6 
torr are generally considered necessary for reliable ope.ration and it therefore 
seemed reasonable to aim at a pressure of 1 or 2 x 10-6 torr. The pumping speed was 
required to be proportional to surface area rather than to volume, since, at the 
lower pressures for a given speed, time for pump down would depend on total outgassing 
rate. On this basis a pumping speed of 8,000 litres/s was specified for the linac 
tank at a working pressure of 10-6 torr. The buncher and debuncher were rated 
proportionately for pumping speed. Operating conditions for the d.c. gun are quite 
different and the pumping capacity was determined according to the standard 
procedures for d.c. accelerators. 

8.11.2. Linac Vacuum System 

The most successful linacs have used mercury diffusion pumps. Oil contamination 
was known to increase X-ray production and the likelihood of multipactor phenomena 
occuring. Although it was thought possible that modern oil pumps could be provided 
with considerable improvement over previous oil systems, there seemed no reason to 
pass over a mercury system provided refrigeration equipment for the necessary traps 
was available in a reasonable time and at a reasonable cost. 

As part of the development of the r.f. power system, a high-power test cavity 
was used equipped with a 24 in oil diffusion pump. The tests on the cavity were 
extremely successful. An ultimate pressure of 2 x 10-7 torr could be obtained in 
about 100 hours and the extent of back~streaming of the oil was very small. The 
opportunity was also taken in the construction of the cavity to test the proposed 
method of finishing the mild steel tank for the linac. The interior was scoured, 
using No. 120 grit emery discs, until the surface appeared uniformly marked and free 
from oxide inclusions. This type of surface proved very suitable and no 
deterioration bas been noted over five years of life. The only necessary precaution 
was the use of cotton gloves to prevent oxidation by finger grease. 

While tests on this unit were being carried out, examination of the refrigeration 
problem for mercury pumps suggested that there were no insuperable problems and 
mercury was chosen as the working fluid. 

The main difficulty in the construction of the linac tank was the machining of 
the vacuum joint. The large flange of the D shaped cover and the face of the 
mating surface of the base plate had to accommodate a trapezoidal groove for a½ in 
diameter rubber cord seal. A tolerance of± 0 .005 in was required and presented a 
difficult task considering the length and width of the base plate. The only machine 
available to do this job was a long bed horizontal borer. The vertical head travel 
was insufficient to allow any of the machining to be completed at one setting and 
could not meet the tolerance at the upper limit of the travel. The machine was 
modified to fit a milling attachment and the components were set up on edge 
(Fig.8.11.2(i)). When the lower half of each component had been machined it was 
inverted and the milling head reset. 

A form cutter was used to machine the groove, At each corner of the base 
plate special attention was required. The groove was formed at 45° across the 
corner and the metal outside this groove was then removed down to the bottom of the 
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groove already cut. A special corner piece was then manufactured and fitted to 
form a correct outer wall to the groove all round the corner (Fig .8.11.2(ii)) 
After this machining, tbe finish was not acceptable for vacuum seal surfaces and a 
certain amount of dressing (by hand and by machine) had to be performed. Tolerance 
was achieved over most of the length of the groove (110 ft) but was exceeded over 
about 20 ft near one corner. This was further aggravated by variations in diameter 
of the rubber cord. These difficulties were eventually overcome by using 0.01 in 
shims in the g1·oove and by selecting lengths of rubber cord which met the required 
tolerance and accepting a greater number of butt joints, which were not cemented, 
in the cord seal. After installation, it was necessary to modify the base plate 
supports to eliminate sag and some straightening (by heating) was required before 
a satisfactory seal could be obtained. 

The linac r.f. cavity presented a considerable vacuum problem. Large surface 
areas involved a high outgassing rate and practically every component in the 
cavity had to be water cooled, in many cases by electrically isolated cooling 
circuits with demountable joints. Tapped holes for screw fixings were provided with 
the usual pump out holes to eliminate virtual leaks. Outgassing was reduced as far 
as possible by maintaining strict cleanliness at all stages of manufacture, 
especially by eliminating all materials such as cutting oils and fluxes from 
surfaces before and after assembly . Slots with a total cross sectional area of 
1250 in2 (about one and a half times the area of the pumping ports to the linac 
tank) were provided in the cavity to ensure adequate pumping speed within the 1 iner. 

The equipment fitted inside the drift tubes is 'dirty' from a vacuum point of 
view and it was decided to connect these to a separate roughing system. This 
involved connecting each drift tube to a manifold which runs the full l ength of the 
copper liner and passes through the base plate to roughing pumps . To safeguard tbe 

· drift tubas from mechanical damage in the event of failm·e of pumps and interlocks, 
a spring l oaded ball valve was incorporated in the manifold . This valve opens when 
the pressure difference , in either direction , between the inside of the drift tubes 
and t he main vacuum vessel exceeds a few torr. Each water circuit on the drift 
tubes had to be connected through a seal on the base plate to the appropriate water 
supply. 

The water cooling pipes on the liner itself had all their brazed joints vacuum 
tested before the pipe was soldered to the copper cylinder. The test allowed for a 
pressure difference across each joint of the same order and direction as will 
prevail in operation. r.rhi s involved the design of "outer space test sleeves" which 
could be clamped over a joint as shown in Fig.8.11.2(iii). The space between the 
sleeve and the joint under test was evacuated and connected to a leak detector. 
The pipe was pressurised with the probe gas. All water pipe joints throughout the 
system , whether permanent or demountable , were tested in this way. 

Manufacture o.f the drift tubes (Fig .8.11.2(iv)) was arranged so that welds and 
brazed joints were tested before they became inaccessible in the next stage of 
~roduction. In this way each drift tube was subjected to six intermediate tests 
before the final test was carried out. It was found after delivery that the side arm 
soldered j_oints were particularly susceptible to mechanical damage and additional 
tests were necessa':ry . These were carried out after the electrical tests on each 
drift tube, after transportation to the in jector room, and finally after 
installation in the liner. 

266 such tests were carried out on the 50 drift tubes 8nd 12 drift tubes with 
leaks in excess of tolerance were eventually accepted. Those with the larger leaks 
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were not connected to the roughing manifold since the outgassing of the interiors 
was less of a load on the high vacuum system than a continuous leak from the 
roughing system would be. A method of replacing the soft-soldered joint of the side 
arm by a braze could not be implemented because of the possibility of causing 
damage to the tnner assembly of the drift tube. 

Drift tube shell cooling pipes were connected, through the vertical support 
arm, to inlet and outlet manifolds running the length of the liner. Each branch of 
the manifold had only one demountable joint at the end of the drift tube support; 
any other necessary joints were brazed. 

The quadrupole conductor windings on the other hand had to be insulated and, 
generally, four pairs of conductors were connected through a metal flange with an 
insulated polythene sleeve and were taken out through the base plate. The 
conductor pipes extended some 12 to 18 in below the base plate before being 
connected to flow switches. The same flanges had glass to metal seals carrying 
thermistor outputs for temperature monitoring of the liner. ,These seals have been 
very unsatisfactory and have virtually been 1 potted 1 in epoxy resin to cure leaks. 
A more robust seal will be fitted when the opportunity arises. To test the whole 
installation it was necessary to provide a "top hat" (Fig.8.ll.2(v)) on the under 
side of the base plate which could be evacuated to prove the base plate seal and 
the joint in the conductor pipes adjacent to the drift tube side support arm, 

These cooling circuits introduced some three hundred demountable joints and 
approximately the same number of brazed joints, all of which are potential sources 
of water leaks into the vacuum system. 

8.11.3. Preinjector and Drift Spaces 

The other major parts of the injector vacuum system presented no great 
difficulty. The d.c. gun was the first section of the injector to be assembled and 
gave most trouble because personnel employed in the assembly work had not become 
accustomed to high vacuum techniques. Also the design incorporated types of '0' 
ring groove which were subsequently discontinued in favour of fully trapped 
trapezoidal or, in certain instances, dovetail sections. 

The flight tube between the d.c. gun and the linac (LEDS) and the linac and 
the inflector (REDS) consists of lengths of aluminium pipe connected by probe boxes 
which take assemblies such as targets and probes. Gate valves were inserted at 
strategic positions so that the larger components could be isolated while 
alterations to the layout of the drift spaces proceeded or, alternatively, a 
particular component could receive attention without interfering with the remainder 
of the system (see Fig.3.1(1)) 

It was difficult to install more than two of the 6 in pumping units in the 
HEDS and it was intended to replace these with 75 litres/s ion pumps and to fit a 
150 litres/a ion pump on the beam chopper. The ion pump on the chopper was 
installed first and has not proved very successful. 

8.11.4. Pumping System 

Four 24 in mercury pumps (Fig.8.11.4(i)), were provided to evacuate the linac 
tank and 9 in pumps for the other large cavities such as the buncher, debuncher and 
d.o. gun (Fig. 8.ll.4(ii)).A number of 6 in pumps were provided for the flight tube. 
Each pumping unit consisted of a gate valve, a combined liquid air cooled spoon 

8 - 43 



trap and refrigerated chevrcn baffle and the mercury pump backed by a mechanical 
rotary pump. The chevron baffle serves to reduce the rate at which mercury collects 
on the spoon trap. On a 24 in unit without the chevron baffle the whole mercury 
charge of the pump could be transferred to the trap in one day but interposing the 
baffle at a temperature of - 250c, increases this time to more than 150 days. 

The control system for the pumping units is essentially similar to that for the 
synchrotron oil pumps, the main differences being the absence of the vapour booster 
pump and the addition of the liquid air trap and its associated interlocks. The 
start up sequence required the mercury pump to be operating and the baffle chilled 
before liquid air was admitted to the trap otherwise it would collect unnecessary 
amounts of mercury vapour. 

The liquid air system consists essentially of a number of direct condensation 
liquefying machines (Fig.8.11.4(iii)) supplying liquid air at atmospheric pressure 
to a depot collector which despatches batches of liquid into a reservoir which is 
pressurised to about 5 lb/in2 gauge. Liquid from the reservoir is distributed to 
the traps via a vacuum insulated transfer line with a solenoid valve outlet to 
each trap. The solenoid is actuated by the pumping unit control system and by 
level sensing heads in the trap. A description of this system as originally 
conceived has been published(l5). Much development work has been necessary and the 
system is not yet fully operational. 

The rough pumping system for the injector comprises three 100 litres/s Rootes 
puni.p combinations identical to those used on the inner vessel of the main torus. 
The pumps are connected, via individual isolating valves, to a 10 in diameter 
roughing manifold from which a 9 in diameter branch is taken through a gate valve to 
the linac tank. The manifold is continued with reduced diameter to serve the other 
large cavities as well as individual sections of flight tube. In each case, 
electrically operated valves allow the items to be interlocked. 

Individual pumping units of the injector vacuum system are started and run up 
to the ready condition locally and are then operated from the mimic panel in the 
injector hall. All the valves are operated by push buttons adjacent to the 
schematic position of the valve and there is indication of whether the valve is 
open or closed. When the appropriate pressures in the system, as determined by 
pressure switches, are achieved, they are indicated on the mimic panel and interlock 
the valves. For example: flight tube valves will not open unless the pressure on 
each side of the valve is less than 10-2 torr; roughing valves will not open unless 
air admittance valves in the same region are closed; high vacuum valves to pumping 
units will not open unless the volume to be connected to the pump is at a lower 
pressure than 10-2 torr and the appropriate roughing valve is closed; air 
admittance valves will not open unless a master key switch is operated and the 
appropriate high vacuum valves on pumping units together with flight tube valves 
for the particular sections are closed. 

The leak rate tolerances were generally similar to those applying to the rest 
of the synchrotron. Exceptions included the linac tank, for which a leak rate of 
2 x 10-3 torr litres/s was originally specified. There was considerable doubt that 
this standard could be achieved on a mild steel vessel of some 72,000 litres volume. 
Indeed the normal U.K.A.E.A. specification for vessels over one litre called for a 
pressure rise of less than 0.036 torr/hour (or a leak rate of 0.72 torr litres/s). 
However, calculation showed (Section 8.6.1), that using one 24 in oil pump for the 
tests, a leak rate of 10-4 torr litres/s would cause a partial pressure rise of 
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about 5 x 10-6 torr in the backing space after 5 s. This was at least four orders 
of magnitude greater than the minimum partial pressure detectable by a mass 
spectrometer leak detector in ideal conditions. Against a background due to other 
leaks and outgassing of the vessel walls this advantage might be reduced to one 
order of magnitude but it was still considered adequate for the specified leak rate 
to be attained. The doubt was soon dispelled for even on the first pump down before 
any leak detection was carried out the leak rate was 0.2 torr litres/a. No leaks 
were found in welded joints and after rectification of the main flange seal (as 
already described) and the replacement of many faulty '0' ring seals on blank 
flanges and sight glasses, an overnight pressure rise equivalent to a leak rate of 
2.5 x 10-4 torr litres/a was obtained. 

The sensitivity of leak detection on the tank, using a mass spectrometer leak 
detector connected to the bao1ng space of the prototype 24 in mercury pumping unit, 
was of the order of 2.5 x 10- torr litres/s for full scale deflection on the moat 
sensitive range. The basic sensitivity of the mass spectrometer was 10;,,,a torr 
litres/s for the same deflection. 

After assembly of the linac r.f. structure inside the tank, the initial leak 
rate was less than 2 x 10-3

6
torr litres/a. Using all the roughing and diffusion 

pumps a pressure of 2 x 10- torr was achieved in under 17 hours. After some 
pumping, the measured leak rate was 2.6 x 10-4 torr litres/a and under normal 
operating conditions, using only two of the four 24 in mercury pumps, a pressure of 
2 x10-6 torr was achieved in about 12 hours. 

Since commissioning of the injector began, it has generally not been possible 
to use all four mercury pumps because of faulty spoon trap seals or because of the 
shortcomings of the liquid air system. Topping-up liquid air traps by hand or even 
using a semi-automatic system from a pressurised dewar, is tedious and time consum
ing and, while experimental work is in progress, is additionally troublesome 
because it is necessary to stop the injector operating every few hours while 
personnel are admitted to carry out the topping-up. It has involved carrying 6 to 
10 dewars of 25 litres capacity into the injector· hall at least three times in 
every 24 hours. 

Plans are now being made to fit oil pumps on the linac tank in ·parallel with 
an experiment to determine the effect of oil pumps on the radio frequency cavities 
so that, in the event of continued difficulty with the liquid air system, 
information will be available to enable the choice between mercury and oil pumps 
to be re-assessed. There is some evidence to suggest that small amounts of oil 
vapour could assist in conditioning the surfaces of the drift tubes in the r.f. 
structure though it will probably re:3ult in a higher X-ray background. 
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SECTION 9 
CONTROL SYSTEM 

The control system for the Nimrod machine is now almost completed with the 
installation entering its final stages. Almost all items of equipment have already 
operated under local control conditions and some large sections of the plant, such 
as the injector, have been remotely controlled from the main control room. 

The control system embraces all the main items of plant such as the magnet and 
its power supply, the injector, the vacuum system, the radio-frequency accelerating 
cavity and its power supply, and the cooling plant, and integrates them into a 
common functioning machine, adding such interlocking and sequencing as may be 
required for personnel and equipment protection. 

This report will take as examples for more complete description, the control 
aspects of the inj&ctor, vacuum system, coolant temperature and flow monitoring, 
personnel and safety interlocking and the main control room, these items being 
representative of the complete control system. 

9 .1. Injector. 

9.1.1. Introduction. 

Since the injector may be regarded as a linear accelerator which is 
complete in itself and is required to operate as such, especially in the early 
commissioning stages of Nimrod, it was necessary to design the control system so 
that it could either operate independently or be integrated at will into the main 
Nimrod control system. With this end in view, a local control room was provided and 
all control functions on the injector may be carried out from this position. When 
required the essential control functions can be extended to the main control room by 
the operation of changeover switches. The injector local control room can remain 
manned during the operation of the injector alone but when high energy beams are 
achieved in the synchroton, the injector will need to be remotely controlled from 
the main control room. 

Figs. 9.1.1(i) and 9.1.1(ii) show the layout and current appearance of the 
injector control room, which is situated in the inject or hall adjacent to the 
H.T. platform and d.c. gun. Fig. 9.1.1(iii) shows a simplified block schematic 
of the injector control system. 

The injector first operated successfully under local control in August 1961. 

9.1.2. E.H.T. Supply , E.H.T. Platform and D.C. Gun. 

A 600 kV d.c. supply is produced by an electrostatic generator. 
This supply feeds the d.c. gun which accelerates protons from the pulsed ion source 
into the linear accelerator. Since all the equipment associated with the ion source 
is at +600 kV with respect to earth, all control signals must be suitably isolated 
and accordingly compressed air is used to convey control signals through polythene 
tubes to the platform. Ion source trigger signals pass via light guides and 
photocells, and other control adjustments are carried out by reversible geared 
motor units with long insulated drive shafts. Electrical power to the eauipment on 
the H.T. platform is provided by 115 V, 2000 c/sJ 110 V, 50 c/s and 24.V d.c. 
generators mounted with their control equipment on the H.T. platform. The 
oompressed air links provide control signals for sequence interlocking and 
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protection, other controls comprise E.H.T. voltage level, d.c. gun operating 
parameters and monitoring. 

9.1.3. R.F. Drive. 

More than 1 MW of r.f. power, at a frequency o~ 115 Mo/a and a 
pulse length of 2.5 ms is available to provide the r.f. drive for the linear 
accelerator. This power is obtained from a large triode valve,either driven from a 
crystal oscillator or run as a self oscillator by feedback, ooupled directly from 
the linear accelerator resonant cavity. A pulse modulator provides 30 kV pulses of 
2.5 ms duration to the power triode via a pulse transformer and ignitron from a 
delay line accurately charged by a grid-controlled rectifier system. All aspects of 
r.f. valve and modulator operation are sequence controlled and interlocked to ensure 
correct operation, and full remote operating and monitoring facilities a.re available. 

R.F. drive for the b_unoher and debunoher is obtained via pick-up loops from the 
linao. Monitoring and remote motorised control are provided for drive and phase 
adjustments. 

9 .1.4. Tuners and Til tar s. 

The bunoher, linac and debuncher each form resonant cavities 
tuned to a frequency of 115 Mo/a. Sections of the r.f. liners of these vessels are 
arranged to incorporate flexibly mounted pads (tuners and tilters), movement of 
which modify the effective physical dimensions of the vessels and so the resonant 
frequency and the field configuration. In the case of the buncher this-adjustment 
is made remotely by push button from the control room but for the linao and 
debuncher, motorised servo-controlled tuners are provided. Remote indication of 
pad movement, for both manual and servo tuners, is given by position indicators in 
the control room. 

9.1.5. Quadrupoles and Steering Magnets. 

The linac incorporates over 70 quadrupole focussing and beam 
steering magnets, the majority of which are water-cooled and contained within the 
vacuum space. The power requirements of these magnets varies according to their 
position and purpose, but in all cases the supply must be stabilised within close 
limits and the ripple voltage must be kept low. Voltage or current stabilisation 
via electronic regulators is employed for the control of the transductor-rectifier 
power units which vary in capacity from 2 kW to 150 kW. Fast response is attained 
in some oases by the use of flux-reset half-cycle transductor circuits, and 
stabilities vary from about ± o. 5% in the case of the quadrupole magnets down to 
±.0.03% in the case of the inflect or magnets. The voltage stabilised units employ 
precision potential dividers in the sensing circuits, while both shunts and d.c. 
current transformers have been used for the current stabilised power units. Most of 
the units incorporate some form of automatic current limiting or high speed short
circuit protection, and both selenium and silicon diodes are employed. 

Where a number of magnets are grouped in series on to a connnon power unit, 
variable shunt resistor or transistorised networks are employed in conjunction with 
supply stabilisation in order to adjust the current in individual magnets. 

Full remote control and monitoring of voltages and currents for the rectifier 
sets is available in the injector control room and main control room. 
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9.1.6. Other Control Facilities. 

Other facilities on the injector, such as vacuum, temperature 
control and monitoring and safety interlocking are dealt with below under these 
general headings. 
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9.2. Vacuum System . 

9.2.1. Introduction. 

The Nimrod vacuum system is a large and important part of the 
machine. The vacuum pressure required for operation is approximately 10-6 torr and 
this has to be achieved over the length of the injector and throughout the 
synchrotron inner vacuum vessel (150 ft dia.). 

9.2.2. Injector.• Vacuum Controls. 

The system is init ially r oughed by t hree two-stage mechanical 
pumping units, each comprising a Kinney pump , a Roots pump and refrigerated oil 
traps. These pumps are automatically contr olled and pump the 45 f t l ong linac 
vacuum vessel and the auxiliary vessels down to a pressure of 10-2 torr. Twelve 
mercury diffusion pumps, mostly of 9 in and 24 in type, provide the high vacuum 
pumping capacity. Each pump has its own local control cubicle, with sequence 
interlocking, protective features and vacuum monitoring, which is capable of 
completely automatic remote operationo Fig. 9.2.2(i) is a schematic of the type 
of control circuit used for all the Nimrod diffusion pumps, there being only slight 
variations between mercury and oil pump circuits. In all cases, the equipment is 
so arranged that mder a pump fault condition the respective gate valve is closed 
automatically, the pump is shut down and the appropriate fault indication is 
exhibited. The pumps are fitted with refrigerated baffles and traps cooled by 
liquid air. The liquid air is produced by four air liquefiers adapted for semi
aut omatic operation. The liquid air is dispensed to the traps on the diffus i on 
pumps, via a reservoir and vacuum insulated distribution main, on a time-controlled 
basis and further controlled by liquid air level-switches on the pumps. 

A combined "mimic diagram" and master control station in the injector room 
integrates the fifteen vacuum-pumping units, four air liquefiers, fifty solenoid
operated vacuum valves and numerous pressure switches into a single operational 
unit. This master control station indicates the status of the complete injector 
vacuum system at any time and gives control from a central position. Additionally, 
since both flexible and correct operation must be ensured, the entire system is 
selectively interlocked in such a way that only eventualities potentially 
detrimental to the prevailing operating conditions are prevented and a rigid 
operational sequence is not imposed. This gives the required flexibility. 

Finally the injector vacuum system is integrated into the main synchrotron 
vacuum system, and control is extended to the main control room. Isolation of the 
two vacuum systems under fault conditions is achieved by incorporating a high speed 
shut-off valve in the linac high energy drift space. 

9.2.3. Main Vacuum Vessel Controls. 

The Nimrod main vacuum vessel is of double-walled construction. 
The vacuum required in the vessels for normal operation is about 10-6 torr for the 
inner vessel and <:.1 torr for the outer vessel. The maximum differential pressure 
permissible at any time between inner and outer vessel is 2 torr. 

Five 24 in oil diffusion pumps per octant and two 12 in oil diffusion pumps 
per straight section (i.e. a total of 56 pumps) comprise the high vacuum pumping 
capacity for the inner vessel which is initially roughed by eight two-stage 
roughing pumps of similar type to those employed on the injector. The outer vessel 
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is continually roughed by a maximum of two roughing pumps per octant. 

All the pumping units are equipped with their own local control systems which 
are capable of monitoring and controlling operation in a manner similar to 
that already described for the injector pumps. These local controls are then 
grouped together in the magnet room to provide a single control and indicating 
point for the whole vacuum system. Finally, a minimum number of controls, for the 
diffusion pumps only, is taken back to the main control room where, in conjunction 
with a "mimic diagram" and associated selector switches, facilities are provided 
for stopping and starting any diffusion pump, opening or closing its gate valve, 
and displaying the working status of any selected pump in detail. 

Fig. 9.2.J(i) is a photograph of the main control room "mimic diagram" and 
selector switches for the remote control of the entire Nimrod vacuum system. 

Since it is essential to keep the differential pressure between inner and 
outer vessels to a minimum at all times considerable care is needed during pump 
down because of the different pumping speeds and impedances encountered. 
Fig. 9.2.J(ii) is a block diagram of the system employed at each straight section. 
It will be seen that inner and outer vessel pressures are continually monitored 
at many points and any excess differential pressure causes the opening of pressure 
equalising valves. During initial roughing the operation of the various valves is 
sequence controlled so tha t at this stage all the equalis ing valves are open and 
the inner and outer vessels are pumped together. When the pressure has reduced to 
1 torr the equalising valves close and separate pumping continues under the 
monitoring of the pressure switches. The system is designed to fail-safe and in 
the event of any fault the equalising valves open. As a further safeguard bursting 
diaphragms are fitted across the equalising valves; these are designed to rupture 
with excessive differential pressure and so equalise the inner and outer vessel 
pressures. 

Normally the inner vessel is a continuous vacuum space, while the outer 
vessel is effectively eight separate vessels since there is no double wall at the 
straight sections. This has involved considerable interlocking to ensure safe 
operation and the maintenance of minimum differential pressures at al l times: it also 
dictated the early decision to operate the system as an integrated whole, rather 
than in sections which could be out-of-step in a vacuum sense. However, for the 
early commissioning of the vacuum system, single-octant working has been found 
necessary and temporary modifications havE, been carried out to achieve this. 
A more permanent system to permit sections to be pumped separately under certain 
closely controlled conditions has been worked out. 

9.2.4. Vacuum Gauges and Switches. 

In order to ensure effective control of a vacuum system as large 
as that for Nimrod, reliable methods are required for measuring a range of pressures, 
Each of the many diffusion pumps is equipped with pressure gauges and switches of 
the Penning, Pirani and hot wire type, operating over the range 10-6 torr to 
10 torr. These instruments provide local indication of pressure and also 
interlock signals for the control circuits of the pumps. 

Approximately 100 vacuum switches operating in the range 10-2 torr to 1 torr 
are used for the monitoring of the pressure in various positions in the injector 
and main vessel. These switches, which are of thermistor-transistor type, have 
been specially developed for this work and are fully described in Section 8. 
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The units give local indication of pressure and incorporate a reley coming into 
operation at a fixed pressuxe. Since the head amplifiers and switching units are 
transistorised, they are installed in the cellars under the magnet room to minimise 
radiation effects. 

Indication of high vacuum in the range 10-3 torr to 10-8 torr is provided by 
specially developed ion gauges. These provide local indications of vacuum over a 
wide series of ranges chosen by selector switches. A further position on these 
switches provides a logarithmic output covering the range 10-4 torr to 10-7 torr. 
The outputs from the ion gauges are applied to three multi-channel recorders 
remotely situated in the main control room, so providing a continuous record of 
the vacuum conditions in the various parts of the machine. A further B"ingle-point 
recorder capable of being switched to any of the ion gauges and fitted with a 
repeater slide-wire is used to provide vacuum measuring facilities in the main 
control room, both at the control rack and on the main desk. 

Provision is made, at the racks in the main control room, for remote switching 
to a standby ion gauge head. 
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9.3. Cooling Plant, Temperature Monitoring and Flow Monitoring. 

9.3.1. Introduction. 

Nimrod has many components, such as magnets and power supplies, 
which dissipate large quantities of heat. In most cases this heat is removed, via 
a closed-circuit cooling water system, to the main cooling towers. Advantage has 
been taken of this water cooling to reduce physical dimensions to a minimum and to 
increase current densities in conductors to a practical maximum. These factors 
indicate that if a complete or even partial water flow failure occurs, dangerous 
increases in temperature would probably result, causing damage to insulation or 
resulting in unacceptable changes in the length of magnet conductors. 

Some impression of the scale of the problem is conveyed by the fact that on 
the main synchrotron magnet and associated pole face windings alone there are 
respectively 672 and 512 separate parallel water circuits and the peak pulse 
power dissipated in the main windings is about 12 MW, with a mean dissipation of 
a quarter of this. 

Continuous temperature monitoring together with water flow monitoring is 
employed to ensure the detection of faulty conditions. 

9.3.2. Temperature Monitoring. 

There are two types of temperature monitoring currently in 
operation on the Nimrod cooling systems. The first of these is of the simple 
thermostat type which is employed on individual water circuits, especially where 
these are scattered. A high degree of accuracy is not required and the alarm 
condition is for a change in temperature in one direction only. Many hundreds of 
thermostats are used in this way, e.g. each of the 68 diffusion pumps is fitted 
with at least 4 thermostats for monitoring the operating temperature of various 
parts of the pump. The thermostats are fitted with contacts which perform 
interlocking and/or alarm and indication duties. No actual measurement of 
temperature is possible with this system. 

The second type is considerably more sophisticated and permits sequential 
monitoring of large numbers of points for both high and low deviations of 
temperature, alarm and/or trip indications and local and remote measurement of 
temperature as required. It is installed in two separate designsz the earlier 
was installed about 4 years ago for the injector, and the later was recently 
installed for the synchrotron magnet and pole face windings •. Both designs employ 
thermistors as the temperature sensing element. 

Thermistors are available in a wide range of physical shapes (discs, rods, 
pellets, beads, etc.) and a range of resistances varying from less than 10 Q t o 
1000 Mn. The permissible temperature range is about -6o0 c to +400°C (reduced for 
some types). They were chosen in preference to thermocouples or resistance ther
mometers because of overall advantages when cost, size, robustness and performance 
for the particular duty (e.g.long leads with the risk of pick- up , etc.) were considered. 

The chief disadvantage of thermistors is the non-linear relationship between 
the re s istance~ and the absolute temperature T, this being of the form 
!\r, = a exp (b/T) where a and bare constants. However circuits can be designed 
whlch minimise the ef fects of this non-linearity and this baa been done. 
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In the case of the injector temperature monitoring system the thermistors, 
many of which are inside the vacuum space and specially encapsulated, are 
sequentially scanned by uniselectors, which place each thermistor in turn across a 
Wheatstone Bridge circuit where they are compared with a standard resistor. 
The bridge is initially balanced for nominal temperature and any deviations, 
either high or low, cause resistance changes in a thermistor, creating unbalance 
conditions in the bridge. The unbalance of the bridge is detected in this design 
by a sensitive moving coil relay. This system has worked well over a period of 
several years, and its performance is limited only by the operating speed of the 
moving coil relay and the acceptable cycling rate for the uniselectors. The 
present cycling rate is 1 point/2s which is about the maximum rate for the moving 
coil relay. This is thought to be a little too slow and work is in hand to 
redesign the error detector circuit. The thermistors are individually trimmed 
for variations in res is tance due to manufacturing tolerance and differing lead 
lengths, and the system is capable of an accuracy of± 0.5°c over the working range. 
Alarm and trip points operate at the nominal temperature± 2°c or± 5°c depending 
on the-application. Fig. 9.3.2(i) is a photograph of this equipment. 

The basic design used for the injector was reconsidered when the much larger 
systems required for the synchrotron magnet were being produced. The same basic 
thermistor sensing element was retained but the sequencing uniselectors were 
replaced by specially developed 100 way transistorised switching units. These 
switching units are completely static in nature and are driven by 10 way gas-tube 
counters of commercial design, and also provide indication (in the main 
control room) of the actual points being measured. This system is capable of an 
extremely high speed of operation (e.g. each 100 way unit could cycle, if 
required, at 2000 points/s) and is economical both in equipment cost and cabling. 
As with the previous scheme, facilities are provided for remote manual selection 
of thermistors and individual temperature measurement. During normal monitoring, 
any error signals detected by the bridges are fed to low-drift transistor 
amplifiers before operating alarm or trip relays. A cycling speed of 10 points/a 
has been adopted with sixteen 100 way units running in parallel, so that 1600 
points can be completely surveyed every 10 a. 

Owing to the large number of ways involved,it was decided to dispense with 
individual trimming for the thermistors, and accordingly types with a 
manufacturing tolerance of± 2$ on resistance were chosen, together with circuit 
values sufficiently high to swamp variations due to diffe.rent lead lengths. 
This bas resulted in a minimum of components and bas considerably reduced the 
setting-up time required, without increasing the maximum error over the operating 
range to greater than* 1°c. This error could be reduced to about± 0.5°c if 
individual trimming of each point were added to the current design. 

Figs. 9.3.2(ii), 9.3.2(iii) and 9.3.2(iv) show variou.s elements of this 
transistorised version of the temperature monitoring system as applied to the 
synchrotron magnet and pole-face windings. It has been installed and is 
currently being commissioned. A report (NIRL/R/48) describes the system in 
greater detail, 

9.3.3. Coolant Flow Monitoring. 

In addition to temperature monitoring, continuous water flow 
monitoring is also carried out on all important circuits. 
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Fig. 9, 3. 2 (i) Temperature Monitoring Equipment for the Injector 
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Fig. 9. 3. 2 (iv) Temperature Monitoring Control Panel (in Main Control Room) 
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Two main types of water flow relay have been used. The first of these, 
employed for the monitoring of single circuits, is of standard commercial design 
and is available in a wide range of flow rates. In this type a diaphragm 
communicates with the opposite sides of an orifice through which the cooling water 
flows. A reduction in flow causes the pressure differential across the orifice to 
fall and the diaphragm deflects, so operating a micro-switch .• 

A seven way flow switch, working on the stainless-steel float/tapered glass 
tube principle, has been especially developed for the magnet circuits, where 
large numbers of parallel water circuits are grouped together. The tapered part 
of the tube has flow graduations and the lower parallel portion of the tube 
corresponds to the trip setting. It is thus possible to match flows to accurate 
limits in adjacent conductors. Two different flow-rate settings are obtained by 
using floats of different weights. 

Fig. 9.3.3(1) is a photograph of one of these units capable of monitoring 
seven flow circuits simultaneously. A flow rate above the set minimum raises the 
seven floats in the unit clear of a beam of light passing through all seven 
tapered glass tubes which are carrying the cooling water. The spacing of thase 
tubes allows the light to refocus on adjacent tubes (i.e. each tube acts as a lens) 
thereby achieving maximum output from the cadmium sulphide photo-cell at the end 
of the unit. A number of such seven way unite are grouped together in an alarn1 circuit. 
Water failure in one or more circuits causes a float to drop, so interrupting the 
beam of light in a unit and causing the alarm circuit to operate. Release of an 
alarm relay stops the magnet power supply pulsing and also raises an alarm and 
indication signal. Thie system has worked very reliably for about two years. 
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9.4. Main Control Room. 

Fig. 9.4(1) shows a layout of the main control room and Figs. 9-4(ii) and 
9.4(iii) are photographs taken during construction. 

The control equipment is housed in about 70 racks which are of standard type 
except for minor modifications to the design of the top covers which provide a 
5 in wide interspace between the raoks when they are butted together. All 
incoming multi-core control cables are terminated in these interspaces, and then 
looped into the actual control panels mounted in the racks. All tenninations in the 
interspaces are of the crimped ferrule type and the control room floor is of 
hollow construction to permit the control cables to be fed from the cable trenches 
into the bottom of each rack. The control racks accept panels of standard 19 in 
G.P.O. type. 

One of the main. features of the Nimrod control system is the use of local 
control stations for almost every item of plant, with facilities for extension of 
control to the main control room. Thus nearly all plant can be run locally before 
being switched through to the main control room. 

The main control room represents the focal point for operation of the machine 
and it is the only place where the operational status of all important parts of the 
machine are assembled and can be assimilated. 

The quantity of information displayed is formidable since it is necessary to 
provide the operating staff with all the controls required to run the machine and 
adjust its important parameters, which in most cases must be done remotely since 
most of the machine is inaccessible during pulsing. 

In order to assist staff to interpret the information displayed on the control 
panels, a number of "mimic diagrams" have been provided. These "mimic diagrams" 
are mounted on the top of the racks and display, by means of lamps, symbols and 
block diagrams, the state of various parts of the machine. In most cases these 
"mimic diagrams" operate in conjunction with an alarm annunciator equipment and 
take the place of the facia display units usually provided on these systems. 
In most cases the "mimics" are for display only but in the case of the vacuum 
system and personnel safety system the mimics form integral parts of the control 
equipment. ''Mimics" have been completed for the vacuum system, the magnet and 
its power supply and the cooling water system. Others are to follow for the r.f. 
system, the personnel safety system, the extraction system and the beam handling 
system. 

It is intended in the early commissioning stages of the machine to operate 
the necessary controls at the control racks and not to provide extensive 
facilities on the control desk. The framework of this desk has been installed, 
but only a minimum of ·oontrols, such as those for the public address system, are 
fitted. Further controls will be extended to the desk from the racks as dictated 
by operating experience. 
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Fig. 9. 4 (ii) General View of Main Control Room During Installation 
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9.5. Personnel Contr ol and Safet y Interlocking. 

When Nimrod is operating most of the machine and surrounding areas must be 
cleared of personnel because of radiation hazards; rigorous control procedures are 
required to ensure the necessary safety of staff and visitors. It is extremely 
difficult to devise a personnel control system which cannot fail under any 
combination of circumstances and yet still be sufficiently flexible to permit the 
effective commissioning and operation of the machine. All systems must rely to 
some extent on staff discipline and this is usually where the chief difficulties 
arise. 

During the machine commissioning stages various temporary interlocking 
schemes have been employed. In the main these have been necessary to protect 
personnel in local areas, such as the injector room, where radiation and E.H.T. 
hazards have existed for several years prior to the completion of the magnet ring. 
These temporary systems have provided useful operating experience for the design 
of the permanent overall scheme, in addition to fulfilling their primary function. 

The system chosen for the permanent personnel control installation will 
shortly be installed and it combines the simultaneous use of visual and audible 
warnings of impending machine operation with doors or barriers which are 
mechanically interlocked by a key system and electrically interlocked with door 
switches. Entrance is restricted by these systems but the doors are arranged so 
as to permit an easy exit at all times by any person trapped within an area. 
A closed-circuit television system covers certain of the access doors and large 
areas such as the magnet room so that temporary entrance to the machine by 
individuals and under closely controlled conditions can be permitted by the release 
of electric door locks remotely operated from the main control room. 

The visual warnings are provided by a series of flashing indicators sited 
around the machine and associated with emergency beam-off push buttons, operation 
of any one of which stops machine pulsing. The level of lighting in the machine 
areas is also reduced (see below). 

The audible warnings are p~ovided by a public address system. The amplifier 
equipment for this is situated in the main control room and is operated from the 
main control desk. In addition to the normal public address facilities the system 
includes two tape machines for the transmission of repetitive pre-recorded 
warning announcements, four of which are normally available for selection. 
An oscillator produces three distinctive audible notes, any one of which may be 
selected for distribution over the loudspeaker network. 

A possible way of using the facilities which are being provided is now des
cribed; the exact arrangement will be determined after experience in operating the 
machine. Machine start-up and running conditions are catered for in the interlocking 
and control procedure by four defined conditions or states of preparedness, namely, 
(a) Machi ne off (White), (b) Beam off (Green), (o) Beam temporarily off (Yellow), 
and (d) Beam on (Red). 

In the "White" condition the machine is regarded as off for an extended 
period, certainly greater than 12 hours. During this period persons may enter at 
will, using a tally-board to indicate their presence. 

In the "Green" condition the beam is off for a period exceeding half-an-hour 
but not exceeding 12 hours. Entrance to the area during this condition is 
normally restricted to authorised and semi-authorised persons only. Each person 
entering must take a key from a key-exchange box and return of all the keys is 
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necessary before the machine can operate again. When the "Green" period is within 
half-an-hour of the beam-on time, audible warning announcements will be made using 
the pre-recorded tapes and people will be told to leave. After a further 
5 minutes those persons still outstanding (i.e. according to tally or key) will 
be warned over the loudspeaker system by name. As soon as all the keys and tallies 
have been recalled the machine condition will change to "Yellow". 

The "Yellow" condition denotes that the beam is off but expected to come on 
within half~an-hour. During this period a thorough search will be made of all 
relevant areas and loudspeaker announcements and audible warning notes will be 
transmitted at frequent intervals. Entrance to the machine will be limited to 
a few doors and any semi-authorised person entering must be accompanied by an 
authorised person. This reduced number of doors will be controlled remotely from 
the main control room. After all the checks .of the areas are complete, final 
warnings to leave the areas are given, all keys are returned to the key exchange 
boxes and all interlocks are closed. A "one-minute" warning is given over the 
publ ic address system, followed by an interrupted 1000 c/s note. Half the main 
l ights are turned off and t he machine condition · changes to "Red". 

The "Red" condition does not necessarily signify that a beam is actually being 
produced but that all conditions and interlocks are correct for the production of 
a beam. The red flashing lights around the machine occur for 1 minute before the 
machine can be switched on and any person left in the area under these conditions 
must immediately operate an "Emergency Off" push button. 

The safety interl ocki ng and radiation protect ion system for Nimrod is more 
fully described in a Nimrod Design Note (NDN/ 600/1). 
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SECTION 10 

ANCILLARY PLANT 

10.1 Introduction 

The Nimrod ancillary plant provides the services of water and air for Nimrod. 
Many of the main components of Nimrod generate heat and require cool ing , for 
example, the heat generated in the magnet is dissipated by cooling the conductor 
coils with water and by passing air between the magnet sectors to give forced 
convection. The cooling water must, of necessity, be of low electrical conductivity 
and, before use, the raw water from the mains is treated in a special plant to 
demineralise it and give it a low oxygen content. For most items of Nimrod equipment, 
the cooling water also needs to be temperature controlledJ in some instances this 
involves the use of refrigeration plant. Where low electrical conductivity is not 
important, the water used for cooling purposes is only softened to reduce scaling. 

The magnet room temperature is controlled to ensure that the magnet does not 
tilt beyond the acceptable limit due to differential temperature gradients across 
the foundation monolith. The relative humidity is also controlled to reduce 
electrical breakdown and to minimise condensation. This is effected by means of a 
large air conditioning plant employing refrigeration units and steam heaters. 

Commissioning and development of much of this ancillary plant has of necessity 
proceeded in parallel with the commissioning of the main machine, rather than 
preceding it. One reason was because of the impracticability of simulating the 
heat loads put out by Nimrod and associated experimental equipment. The ancillary 
equipment is now functioning reasonably well, but a full lmowledge of component 
plant capacities and reliabilities is not yet lmown. 
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10.2 Cooling Towers 

The four towers dissipate the whole of the heat output from Nimrod. There are 
three induced draught,evaporative units each of 320,000 Btu/min and 120,000 gal/h 
capacity, and one smaller unit of 160,000 Btu/min and 60,ooo gal/h capacity. The 
cooled temperature of the water will depend on the heat input and climatic 
conditions but ia not expected to exceed 79°F under the worst conditions. A schematic 
diagram of the water cooling system is shown in Fig. 10.2(i). 

The geographical position of the towers is such that strong cross winds caused 
large amounts of water to be swept out of the towers against the air draught induced 
by the fans located above the cooling matrix. Under gusty conditions the waves 
formed on the ponds, lapped over the retaining walls. These troubles were overcome 
by detail modifications to the wooden air inlet louvres which improved air inlet 
flow conditions and by the addition of a vertical baffle across each pond normal to 
the direction of air inlet. 

Considerable airborne debris is present in the locality of the Rutherford 
Laboratory; some is due to adjacent construction work but most is caused by the 
light soil conditions and at times the high insect population. The original pot 
type filters in the feed lines to the pumps were inadequate in area and necessitated 
a shut down and drainage of each pond in order to change a filter. Larger filters 
of 40 mesh (60µ) have been fitted and no shut down is required to service them. A 
specific flow rate of 45 gal/min/ft2 is satisfactory. A special washdown area has 
been constructed alongside the cooling towers to clean these filters. 

The original design of the water system pipework did not allow the small 
cooling tower to be taken out of commission without shutting down all equipment 
served by it. As the small cooling tower distribution pump gives a slightly higher 
head than the other tower pumps, a pipework system was evolved which allowed the 
water to the small tower to be diverted to and from the other towers, thereby 
achieving the required maintenance facility. Various other similar modifications 
have been made to improve the operational flexibility. 

Considerable work has been done to guard against frost damage to the cooling 
tower compl ex. This has included the application of heater tapes, controlled 
bleeds, repositioning of stop valves to eliminate dead legs and additional lagging. 
The main water stop valves to each tower are of the direct act ing , hand operated 
type and require the effort of two men for operation. This is an extremely 
difficult job in very cold weather and geared drive units have been purchased but 
are not yet fitted. 

Evaporation results in a steady increase in the total solid content of the 
water. An overflow and drain connection added to each tower will allow sufficient 
bleed off (about l/40th of the system makeup water) to reduce the content to an 
acceptable level. At the present time, the need to clean the ponds of airborne and 
constructional debris (concrete dust, rust etc.) at least once a month renders this 
system inoperative. 

Sodium pentachlorophenoxide (Algicide) was added to the towers at a 
concentration of 80 parts/million when algea was observed. To prevent a strain of 
algea developing resistance to Algicide, a shock dose of 100 parts/milli on is now 
added once a month. As Algicide is only effective in high concentrations , is t oxic 
and does not protect against slimes, a more suitable material is being sought. 

When magnet loading and ambient weather conditions have allowed, heat balance 

1n _ 0 



/E UP SUPPLY 

r - - - - -- -, OVERFLOW TO GULLEY 

...---f>4-4'o----l1n.-- - ___ ) 
~!'.A~E!!._l~!.J 

h P.S.crr 
MAIN FILLING --...f"'\ ;r._. MAKE UP 
PUMP ~ ~ PUMP 

7 

t 1 ;t ~ ! ' --- DENOTES - STOP VALVE 

() Q DENOTES - FLOW INOICATOR 

,,.:r< ,, .-u_ DENOTES - PUMP 

'sr<RAGE, 
I' ', 1CLEAN ' 

,, .._ --.:. ,,. -, 
/ CLEtH I I CLEAH \ /CLEAN\ 

-.i- DENOTES - NON RETURN VALVE 

,_;> TANK I 
l WAT R I I WATER l l WATER 1 I WATER I 

/ CLEAN \ -® DENOTES - BLAKEBOROUGH VALVE WITH SUNVIC CONTROL 

-- 'I~/ 
, TANK I \ TANK I \JAN~., VACUUM PUMPS \.T~HYEXCITRONS 

..,ATER I 
--0- DENOTES - SELF SEALING INSTANTANEOUS TYPE COUPLI 

,
1

.,. MAr.NETNo2 ' I.,, MAGNET No I \.TAN)\/ AUXILIARY 
NG 

I INJECTOR & R.F. 
DENOTES - PRESSURE GAUGE 

" 
'1. MAGNETS 

~ DENOTES - HEAT EXCHANGER 

P.sQ[ P.sQ[ P.sql esQ[ P.sQ[ O.M. DENOTES - DEMINERALISING PLANT 
O.G. DENOTES - OXYGEN REMOVAL PLANT - DENOTES - DIRECTION OF FLOW 

P.S.0 DENOTES - PRESSURE SWITCHES 
O.P. DENOTES- ORIFICE PLATES } FLOW MONrTORIN G 
R DENOTES - ROTAMETER INDICATOR ALARM SYSTEM 

sv.c. DENOTES- SUHVIC CONTROL STATION 
S.t DENOTES - SUNVIC TRANSMITTER 

DI ,-----cot _ _ _r-<>,,_--o-1:=:i:=======:j:::======:::::t:========t-----------------------+------;--------~-------------------------r- -cP- ---➔:i--C'=---o-- ~o----0--1-l~>--l--------1------------t--------+----------------~===~==========~ 
' - :\ ,,,. ... I '--1>~e~i- - 7---<r--<>•---o-111--t---------1------------'t----- ----+-----------------------.J 

t'i)dl ---- ----- ,1---
L_ -- - -oo--=-::8:"~ ' 

r-- --:it .,r.:;::i:~--o-i 
, -{,fl.2J_ - - -'-3-C-=-~-0------- -0-, 
I ,.. .., -, I 
L_,~_t','---',l).~ -, - --0- - <><>----0-

1..c)q, - - - - --- - ftl-

L-~~--~,_-_-_-0-<>-j~:==~~==:::::::::::1:::::::::::::::~t::t:::::::~~--~ ,---- -----t-~ l L---c,... ~ 
--( ~3.., ....,, = l r --- =r---o-- - --c_.__. .. , .. •-

'--'4>-~_,g\.._ - -+r --0---••<J----O- -◄f--
1~:i:--- - -----1t- -

t _____ ~o----0--•~--
HOSE BOARD O 9 

I I 
I ! 

~q~J 
TRANSFER PUMP 

BUBBLE CHAMBER 
PLANT~ es. 
BRANCHES . r-0',' ...,.t'.S, 

PLUGGED ·n H ! Cfi .. 1-, 
POINTS 

\w WATER FLOW 
ANO RETURN HEADERS 
IN BUBBLE CHAMBER 
ANNEXE TRENCH 

BRANCHES BLANKED 
I:: FOR EXTENSION TO 

EXPERIMENTAL AREA 

I~ 

I 

' 

I 

P.S. 

fl. ;AifE~y9if'.j, __ _ 
OP. L ..CQOU!tJi_J · 

-,._,PRESSURE RETAINING 
VALVE 

'1=;=::;1:5!::t::.!.~1.!!_G UNl~M>-·ag:::==:~ 

P.S. 
MOTORISED VALVE ACTUATED BY Pllt5SUllE 
SWITCH FROM TR~ SFORMER 

CONDITIONING ..i,- ..__ 
PLANT ANO - __ ...r-, 

/ 

RETURN FROM 
T~!-_~~RHER ~!,Pr,t,~ _ _F!LTER 
COullnG .--+-,l~T•...,•Nun•MEll 

EXPERIMENTAL 
AREA AND -
BRIDGE ~ il1r 

1::=:::::::tt::"1: _ - - _.J!t:::= !1 -----~c:::::::::::;:J ~ 
··" 

-

PAAA.SlllC R'OoM 

3 -~;- QP. P.S . .. .,,,, ~-.......... -
<P » 

_$, _..,..___....., 

TO ANO FROM AIR ~ 

O)MPRESSER r~~~'.J=:~:;:~:j..._ __ __jl.___ _ _ _ 
t,c~~~CO~IO:,:LIN~G:,..,..7 -►4--t-P.S.-. ___.I 

I ' V l :r--+~f-1-
1 .... ,,. J. I ..... ; ~ : , 1 - ~•~. : : .... '"' jl 
I ,.,...- ,,-. I ,___ I - -.~~'+-.., 
r--- I t--->.'.-.J HANO ~---'C.-1 - ,, 
1 coouNG- - 1 1 COOLING 7 coNTROLLED I COOLING I i coo[1NG-

!,..!_~_,'i.._t_® .. i--•g'~'P..;.. . .,.,_
1
LJ2i!!__QlJ5WAY VALVE 1_!_0~f-~ L!!?_Wi~g? 

I 
P.S. Qlt..,_P.S. QP. ~ P.S. od.;:i,es. 

0 lJFUTURE 

Fig. 10. 2(i) Diagrammatic Arrangement of Water Cooling System. 

RELIEF VALVE ACROSS 
FLOW AND RETURN 

•-

UP. JiP.s. 





trials have been performed on the towers. To date it has only been possible to 
check and confirm the performance at full heat load and fairly low ambient 
relative humidities. 



10.3 Pump House 

10.3.1 Pumps 

The pump house contains the Kennicott softened water (raw water) plant, two 
2500 gal/min pumps serving the three large cooling towers and two 500 gal/min pumps 
serving the small auxiliary cooling tower. An additional twin pump set has been 
installed to provide a raw water supply to laboratories. These are each of 800 gal/ 
min capacity and the circuit is required to dissipate about 1200 kW. The two small 
pumps together provide the total flow from the auxiliary cooling tower to the air 
conditioning plant, injector and magnet room. One duplicate pump of 1000 gal/min 
capacity is being fitted to provide a maintenance facility and to guard against 
breakdown and loss of water supply. 

The noise from the existing pumps was extremely high, over 100 dB at the worst 
azimuthal position. Sound absorber hoods were constructed and the level was 
reduced to 92 dB at the same position. The air cooling of the motors is now more 
directional and a lower running temperature is recorded. 

The relative heights of the raw water pumps to the tower ponds is such that on 
pump start up there is insufficient head to give positive suction to start the pumps 
without cavitation. A priming system has been installed so that the raw water pump 
No. 1 of the Kennicott softening plant may be used to prime all raw water pumps. 
Rotameter flow indicators installed in the suction lines are inoperative due to air 
locks attributable to the low local suction pressures. No satisfactory alternative 
has yet been fitted. 

10.3.2 Kennicott Plant 

The Kennicott plant (shown schematically in Fig. 10.3.2(i)) is the treatment 
plant for the cooling tower water system. It consists first of an alkaliminator 
section where the temporary hardness of the water is converted to carbonic acid. 
After passing through a scrubber tower, where the carbonic acid dissociates to form 
carbon dioxide, the water only contains permanent hardness. This is removed in the 
base exchange section where the calcium, magnesium, etc., is converted to sodium 
salts which (in solution) are non-scale forming. The difficulties associated with 
this plant were of a mechanical nature; chemically it fulfils its function. 

The acid measure system gave considerable trouble. Initial leakage from the 
acid measure sight glass and the acid flow rotameter resulted in spillage of 
concentrated sulphuric acid. Sticking of the rotameter bobbin on the lower lead 
stop resulted in a low flow of the sulphuric acid to the primary dilution vessel, 
causing the water supply tank to be corroded through by dilute acid. The lower 
stop material was changed to P.T.F.E. (polytetrafluoroethylene), a spring buffer was 
fitted, and the lead lined steel tank was relined with Penton. Various rubber 
lined pipes were attacked by dilute acid; these were relined. A barometric loop, 
a non-return valve, a larger water trap and a larger air admittance solenoid valve 
were fitted to prevent water being sucked back into the primary acid measure tank. 
The vent for the acid secondary measure tank was altered so that if the tank is 
overfilled, acid flows into the acid storage tank bund and not outside the building. 
The lead bung for the drain from this bund is kept in position to allow acid spillage 
to be adequately diluted before release into the trade waste drain. 

Failure of the constant level float valve on the caustic injection system 
flooded the plant room with a 5% caustic soda solution. The operation of the caustic 
dosing (before the base exchangers) became erratic due to coarse flow control and 
sticking of the solenoid valves. This resulted in resin being lost from the base 
exchanger due to high back wash flow. A high rate of corrosion of the base exchange 
tank was attributable to the erratic caustic dosing. The caustic injection system 
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was re-designed and all other affected parts renewed. Solenoid valves now operate 
Saunders pneumatic diaphram valves which have positive limit stops to prevent 
jamming at the end of the travel. One interesting failure occurred to the external 
diaphram of a pneumatic valve by, presumably, the action of paint which had in error 
been applied to the diaphra.m. 

Compatibility of materials is always a problem on chemical plant. The bitumen 
paint on the degassed water sump and on the brine tank peeled of½ exposing the 
concrete. The water sump was repainted successfully but the brine tank was coated 
with a glass fibre. 'The concrete bund of the acid storage tank was also lined with 
glass fibre but dilute acid broke this up and it had to be lined with glazed ceramic 
tiles. The use ,of incorrect grades of rubber on diaphra.m valves has caused much 
trouble. To protect the concrete floor of the plant room a bund has been built 
around all acid measuring system equipment. 

The cooling tower pond bas capacitance type electrodes which control the plant. 
These were unsatisfactory due to excessive splashing from falling cooled watero 
They were repositioned and protected by splash covers and the electrodes were 
changed from mild steel to stainless steel because of corrosion. 

The plant was originally intended for use with 80% B.O.V. acid. In order to 
minimise corrosion of the storage tank 96% C.O.V. acid is now being used. 

The Neckar water hardness meter is troublesome mechanically. Regeneration is 
triggered off too frequently as the raw water hardness changes due to a change in the 
source of supply (Thames, deep well or local authority). A time switch is f itted 
to the control gear to control the frequency of regeneration of the alkalimeters to 
not less than once per hour. 
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10.4 Permutit Plant House 

10.4.1 Heat Exchanger and Pump Systems 

The Permutit plant house contains the Permutit water treatment plant 1 
circulating water pumps and heat exchangers and all other equipment needed to supply 
the Magnet and associated equipment with demineralised water. 

Four large and two small heat exchangers transfer heat from the demineralised 
water returning from the machine and experimental equipment, to raw water circulated 
back to the induced draught cooling towers. The demineralised water serving the 
magnet is kept substantially at a constant temperature of 90°F by passing the flow 
across two water/water coolers when the magnet is energised, and by heating a 
proportion of the flow by a subsidiary steam heater, coil when the magnet is not 
energised. The demineraliaed water serving the experimental equipment, bubble 
chamber and vacuum system is not temperature controlled. 

10.4.l(a) Magnet Circuit. Two pumps each delivering approximately 720 gal/mi.n 
serve the magnet. Temperature transducers in the feed line to the magnet, pass a 
pneumatic signal to a controller where suitably amplified pneumatic signals are fed 
to three valves, one controlling the steam supply to a heat exchanger across which 
demineralised water is by-passed, one controlling the demineralised water through 
the demineralised raw water heat exchangers and the third controlling the water 
across the steam heater. · 

Considerable instability was experienced when this closed loop system was 
subjected to full magnet heat load conditions (it had been impractical to attempt 
to simulate such conditions). The system was stabilised bya-

(i) repositioning the temperature transducer to such a position that it sensed 
a mean of the outlet water temperatures from the steam heater and main exchanger 

(ii) redesigning the valve trim of the three control valves to obtain a more 
linear flow characteristic 

(iii) increasing the proportional band of the positioners to counter instability 
(the positioners were changed for a new type to allow more latitude in control) 

(iv) reducing the speed of response of the control valves by heavily damping the 
air supply to the diaphram motors 

(v) setting the response of the two valves controlling the water so that one 
valve always led another, thus ensuring that lags in the system did not result jn 

the effective area for water flow being reduced. 

The magnet is protected by thermistor temperature monitors set to shut down the 
pumps when the inlet water drops to 28°c. It is difficult to prevent small slugs 
of water at about this temperature being passed into the system due to the action 
of ~he control circuits. The very high speed of response of these thermistors 
caused frequent abut down of the plant and thermal damping (provided by mounting the 
thermistors on copper blocks) was necessary. 

It was found that the pump installed to supply water to the experimental area 
delivered insufficient head to overcome adequately the losses in the system. A 
new pump has been installed. 
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Each pump has a visual flow sight glass at its inlet but with the 
instrumentation necessary to run the plant (rotameters, pressure gauges and 
thermometers), such sight glasses are superfluous. 

The pipework between the two small pumps and the double tube heat exchangers 
for the vacuum cooling circuit had to be modified to allow inspection of one 
exchanger nest without shutting down the other. This type of facility is most 
desirable to achieve efficient operation. 

An additional pump and heat exchanger was installed to provide cooling for the 
ripple transformer amplifier in the magnet power supply plant. 

10.4.l(b) Steam Heater s. These are of a double coiled tube design. 
Hydraulic vibration quickly fatigued the copper coils where they were braced to the 
main shell. A new design of 'U' tubes will be fitted since thicker coils and 
stiffer bracing have not completely cured the problem. It was also necessary to 
fit an automatic shut off valve in the steam supply line so that if a demineralised 
water circulating pump trips out, the steam supply is shut off. 

10.4.2 Permutit Plant 

This installation comprises three mixed bed demineralisation plants each 
associated with an ion-exchange de-oxygenation unit. Ea ch pair of units 
(demineral iser and de-oxygenator) is capable of t reating r aw water for filling the 
circuits a t a rat e of 60 gal/hand 160 gal/h when operat ing on a recirculation 
basis. Fig . l 0.4. 2(i) i s a s chematic diagram of t he Permutit plant. 

Initial tests on the mixed beds showed the plant capacity to be up to 
specification. When t reating mains water t he deminer aliser produced water wi t h a 
conductivity of O .l 1-4-mho/cm ( specification c:::: 1.0 µ.mho/cm) with a capacity measured 
over a regeneration-exhaustion-regeneration cycl e of 1700 gal ( s pecification 1400 
gal). Two de-oxygenator columns met the specification i n delivering water at 
0.2 parts/million 02 after a throughput of about 2800 gal. One column needed 
modification to the sodium-sulphite regenerant injector dilution system before it 
met the specification. 

Low capacities experienced at one time, were rectified by cleaning the caustic 
injection system which was partially blocked by wood pulp from a wood stick used 
for mixing the caustic solution. Operating instructions were issued to prevent a 
recurrence. 

Strainers were fitted to the mixed bed air release lines to avoid loss of 
resin when backflowing the beds with nitrogen during the regeneration cycle. The 
resin bed of one demineraliser unit, which is used for continuous circulation of 
the magnet system water, was found to be compacted when it became exhausted after 
being in use for three months. Regeneration once a month is now necessary to avoid 
this trouble. 

The capacity of the mixed bed units was often only 50% of that specified. The 
cation resin usually exhausts first. The acid measure was dismantled and found to 
contain a quantity of ferrous sulphate which decreased the volume available in the 
measure of sulphuric acid. This is partly due to attack on mild steel by sulphuric 
acid which has become diluted by water vapour from the acid vacuum injector. Poor 
separation of the resins for regeneration will reduce the efficiency of 
regeneration and the backwash flow rate is being increased in easy stages to find 
an optimum condition. 

Ceramic and cloth bag filters were fitted at the inlet to the mixed bed oolumns 
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to prevent the resins acting as filters for system debris. 

A secondary system of conductivity checks was installed, using a cell and 
standard meter. Existing conductivity cells were extremely unreliable due to 
faulty internal sealing against water. They have since been modified and now give 
no trouble. 

A dissolved oxygen meter for monitoring the mixed bed units and the main 
demineralieed water circuits was constructed in the Laboratory. Thie meter is 
based on an existing dissolved oxygen meter and has an electrolytic calibration unit. 

10.4.3 Demineralised Water Storage Header Tanks 

Five 1000 gal and one 500 gal mild steel tanks provide a static head of some 
18 lb/in2 on the whole demineralised water system. After a few months of operation 
three tanks were opened up because of leakage at the inspection hole flanges between 
the mild steel shell and the P.V.C. lining. The linings were found to be badly 
split, several sections having fallen away. It was considered that failure was due 
to physical, not chemical causes - bad bonding and operational thermal stress. The 
water temperature at no time exceeded 100°F but the coefficient of linear expansion 
of P.V.C. is some eight times that of mild steel. The strength of the P.V.C. welds 
on the lining was high and nofailure oocurre.d on them.Thie failure resulted in a 
large rise in the demineralised water conductivity. 

Investigation of suitable tank linings led to the adoption .of a vulcanised 
neoprene. After the tanks were lined,they were acid treated with boiling 5% 
sulphuric acid followed by alkali treatment with boiling 5% sodium hydroxide. The 
500 gal tank was filled with wat er from the Pennutit plant at a conductivity of 
0.8 JJ-mho/cm and after standing f or four days, this increased to 1.4 µ mho/ cm. 
Subsequent inspection after six months use showed that the linings were in good 
condition but inspection of two tanks after twelve months revealed defects. Repairs 
were effected and inspection will again be necessary after a further nine months. 

Modifications to the method of filling and control of level in these tanks 
were necessary. The original design was based on constant topping up and overflow 
but for better use of the Permutit plant, the tanks are now filled through the 
mixed bed units to a set level; the Permutit column is then available for other 
duties. A simple visual sight glass has been installed on each tank and it is an 
operator's responsibility to observe the level a few times a day to check against 
system leaks. An alarm system was fitted, using a bellows switch, to warn of a leak 
occurring in any demineralised system by registering the rate at which tank levels 
dropped compared with a predetermined maximum. With the differential heads 
available to register a small flow, the setting of this switch was difficult and, 
since it was possible to damage the bellows by excess pressure on filling ~he tanks 
if certain isolating valves were not closed, the use of this device was discontinued. 
Experience will dictate whether an automatic alarm system should be reconsidered. 
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10.5 Water Distribution System 

All water systems are commissioned but modifications are continually being made 
to suit various experimental conditions. The greatest trouble, and not an uncommon 
one with these systems, has been the filtration of constructional debris. To counter 
this, all new pipework is fitted under scrupulously clean conditions with careful 
supervision. It takes many months to clean up a new closed loop circuit, which has 
been installed under normal constructional conditions, to a standard where in-line 
filters are little needed. Debris in the system (concrete dust, spelter, bitumen, 
metal chips, etc.) does not necessarily worsen the conductivity of the water. 

One problem has arisen because the whole demineralised water system is made 
from copper pipe. On the machine itself only pure aluminium is used for the water 
systems because of radiation problems. The copper ions in the water can react 
unfavourably with the aluminium and sacrificial aluminium pipes have been fitted in 
the e:x::ternal feed pipes to the machine in the hope that this pipework will bear the 
brunt of corrosion. As corrosion can occur in a random manner consideration is now 
being given to the fitting of small ion exchange columns in place of the sacrificial 
pipes, to take out the copper ions from the water entering the machine. 

With the raw water distribution system it is physically impracticable to filter 
out the fine debris that is deposited by the scrubbing action of the cooling towers. 
The raw water to the magnet and injector rooms is fine filtered to about 80 mesh and 
individual items of equipment are fitted with individual filters if necessary. Too 
low a margin on circulating water pump heads, limits the standard of filtration on 
raw and demineralised systems to the minimum necessary. 

Corrosion problems exist in the water distribution systems due to differences 
in the anti-corrosion treatment of the pipe bores. Some sections of mild steel 
pipework containing cooling tower water are unprotected, much is bitumen coated and 
sections that have been welded 'in situ' are painted. The cooling tower pond water 
is slightly corrosive due to sulphates and chlorides from the make-up water and the 
high chloride content may attack the small section galvanized pipework. The use of 
inhibitors is not practical in this installation and a large bleed-off of pond water 
to reduce chloride levels would be too much for the effluent disposal facilities and 
the site water supply. Corrosion of pipework is being carefully watched. 

The ebonite foam insulation for the pole face winding chilled water system was 
found to be releasing hydrogen sulphide. Since concentrations of 50 parts/million 
were measured in the magnet room, the insulation was encased with impermeable material, 
to prevent possible effects on personnel and electrical contacts. 

Chilling units are used for various systems on the machine. The steel tanks 
containing demineralised water were painted with an epoxy paint which blistered. 
The relative inaccessibility of some of these units for repair work led to their 
rubber lining being scrapped and the tanks were reconstructed in copper. Corrosion 
of the tinned copper refrigerant coils was experienced on one unit and the cause 
attributed to attack by cement dust before the unit was put into commission. After 
thorough mechanical cleaning no further corrosion has occurred. 
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10.6 Air Conditioning Plant House 

10.6.1 Air conditioning Plant 

This plant, shown schematically in Fig.10.6.l(i), provides conditioned air for 
the magnet and injector roomsJ nominally at 65°F ± 20F and at a specified relative 
humidity of 60'/,. It consists of two self-contained air conditioning sets, one 
acting as a master to the other. Each set has a refrigerator plant with a 
refrigerant capacity of 120 ton and a flow and extract fan capable of 51,000 ft 3/min 
air flow. The two sets can be run together or singly and, with reservations, at 
half capacity. The refrigerant plant chills demineralised water to about 400F which 
is stored in an insulated steel tank. Chilled water is supplied from this tank to 
the injector room subsidiary air conditioning plant and to the cooling batteries of 
the main air conditioning plant. 

Air is extracted from the magnet room by an extract fan discharging 10% of the 
air and taking in 10'/, fresh air as make-up. The air then passes over a heat 
exchanger where chilled water precipitates moisture. The required temperature is 
then re-established by passing the air over a steam heater. Filters are installed 
to filter the incoming air and the re-circulated air. 

Slight instability of the temperature control system occurred on commissioning, 
which adjustment of the control equipment did not eliminate. The fault was traced 
to excessive backlash and lost motion in the steam control valves giving rise to a 
relatively long delay in response between the two sets. 

Vibration is often a problem on reciprocating and rotary plant. On the 
compressors in the refrigerator plant repeated failures of small bore copper pipes 
forming part of the system unloading the cylinder heads, occurred on change from full 
to half load, or vice versa. Changing to thicker gauge Tungum cured the problem. 
(It is pertinent to report that a large number of failures of small pipes have 
occurred due to the use of copper which is often insufficiently annealed. Tungum is 
a much better substitute). Flutter of a metal dividing plate in the steel air 
ducting to the fans necessitated some stiffening. Vibration also caused the 
pipework from one compressor set to crack at the weld neck of an oil separator when 
the compressor was on half load. A change of pipe support bas lessened the severity 
of vibration but further investigation may be necessary. 

10.6.l(a) Capacity of the Plant. Two full scale beat balance trials have been 
conducted to check that the plant meets the specification. It is reasonably clear 
that the heater bank and fans are satisfactory but the cooler bank is of 
insufficient capacity. It is possible to hold 65°F air inlet temperature for the 
relatively short time that the magnet bas been pulsed at maximum load but it bas, 
as yet,been impossible to check for a long period. The specified relative humidity 
of 60% is not met. Although this may not in itself be important at the higher air 
inlet temperatures, it is hoped to achieve an inlet temperature of 60°F (63°F has 
been achieved) when the margin between the wet bulb temperature and the dew point 
will be much smaller. It is relatively easy to increase the performance of the 
cooler bank but if the refrigerator plant proves incapable of meeting a high sustained 
load, it may be difficult to improve its performance. The matter is now being 
considered by outside consultants. 

10.6.l(b) Temperature control. An investigation bas been made into what 
parameters could practicably be used to control the air inlet temperature to the 
magnet room under various load conditions. Calculations relating the differential 
temperature gradient between the top and bottom surfaces of the magnet room concrete 
monolith with tilt of the magnets have established the required relationship 
between air inlet temperature and magnet load to restrict the tilt to acceptable 
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limits (0.0035 in over the 120 in width of the magnet). Remote recording tilt meters 
positioned on top of the magnets have been considered but as these would require 
considerable development, simple spirit levels will be used. The thermal inertias of 
the magnet room structure are large, therefore periodic visual checks of these levels 
will be adequate. 

10.6.2 Chilled Water Storage Tank 

This galvanised steel tank was initially filled with untreated mains water. The 
tank carries mild steel pipework and heat exchangers of braes and copper. 
Considerable corrosion of the mild steel parts of the tank resulted in filter blockage. 

Tests conducted to find the most suitable corrosion inhibitor included addings 
(i) 10 parts/million calgon (ii) an alkali (iii) 0.5% sodium chromate at pH 8. 
After thoroughly cleaning the system, the circuit was flushed and filled with mains 
water containing 0.25% sodium chromate at pH 8.5-9.0, and the suspended solid 
content reduced from 8 to l part/million by the use of 7 thou. filters in circuit. 

The inhibitor has reduced corrosion but to reduce it further it is intended to 
provide means of filling the system with demineralised water. 
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10.7 Air Distribution System 

Air from the air conditioning plant is supplied to the magnet room via an 
underground tunnel to an annular space which is located underneath the magnet ring. 
A proportion of the air is then passed through stack pipes and carried up in 
between the magnet sectors where it absorbs heat. The remaining air is distributed 
into the cavities within the magnet monolith, the mass flow of air to each cavity 
being proportioned according to the beat output of the installed equipment. This 
air then passes into the magnet room via 4 ft diameter boles in the ceiling of each 
inner cavity. Air is returned to the plant room via a tunnel running from an annular 
duct in the roof of the magnet room. 

Attention has been given to the cleanliness of these air ducts in which a 
considerable amount of duet was precipitated, particularly where a thin cement had 
been floated on the base concrete, and was carried into the magnet room. The concrete 
was treated with 1Lithurin' and the ducts are periodically cleaned with a vacuum 
cleaner. Water leaks at subsidence joints required attention. 

The return duct from the magnet room roof has a steep slope of about 1 in 4, 
which requires a 'life-line' rope to assist ascent and descent, particularly when 
air is flowing. 

The design of the ducts gives rise to relatively high aerodynamic losses since 
large areas of re-circulation occur, reducing the effective flow area. It is 
considered, as with the water systems, that the capacity of the air oonditioning 
plant may be marginal and therefore some attention will be given to simple 
streamlining in certain parts of these ducts to improve, however little, the total 
head pressure delivered and hence the volumetric flow. 

The proportion of air fed to the magnets and to the cavities has been determined 
experimentally, using anemometers to measure flow. More equipment has been installed 
in the cavities since this work was done, which bas increased resistance to flow 
and, more significantly, requires the flow in the cavities to be reapportioned to 
suit the new heat loads. Some doubt exists as to the validity of the early 
measurement because of strong circulations in the cable ducts between the cavities 
and the magnet room. The magnet room pressure will also change when the shielding 
bridge is completed. To assist in circulating air through the cavities and out into 
the magnet room, all ducts not required for air flow have been blanked off and 
extract fans installed in the 4 ft outlet holes. As might be expected recirculation 
occurred around these fans and they now are being adequately ducted. A recheck of 
the air distribution and .a re-setting of controlling dampers will be done at the 
first available opportunity. 
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10.8 Injector Room 

10.8.1 Injector Cooling System 

Heat is transferred from injector components to demineralised water and then, via 
a local cooling plant within the injector room, to the Nimrod raw water system. The 
raw water plant incorporates the cooling towers and the water softening plant. The 
raw water is fed back to the local cooling plant at 800F maximum. 

The major portion of the injector cooling plant is situated in the south east 
area of the injector room, and occupies a floor area of about 260 ft2. A platform 
over this area is provided for non-rotating components of the plant and flush 
panelling with an entry door forms a neat screen around the area. The components to 
be cooled are grouped into one of four circuits according to the operating 
temperature as followss-

Circuit 1: vacuum diffusion pumps (upper circuit) and liquid air machines. (See 
Fig.10.8.l(i)) 

A total of 26 kW of beat can be extracted, raising the demineralised water 
temperature to 50°F. This is then cooled and returned by the plant at 40°F ± 3°F 
and 15 gal/min flow (89,000 Btu/h). 

Circuit 2: r.f. liner, drift tube shells, buncber, debuncher, S.A.M.E.S. EHT set 
and r.f. modulator. (See Fig.10.8.l(ii)) 

A total of 8 kW of beat can be extracted, raising the demineralised water 
temperature to 70°F. This is then cooled and returned by the plant at 68°F ± 1°F 
and 23 gal/min flow (27,360 Btu/h). 

Circuit 3: drift tube quadrupole magnets, external quadrupole magnets, steering 
magnets and inflector system magnets. 

A total of 270 kW of heat can be extracted, raising the demineralised water 
temperature to 108°F. This is then cooled and returned by the plant at 90°F ± 2°F 
and 85 gal/min flow (920,000 Btu/h). 

Circuit 4, high vacuum pump (lower half circuit), targets, roughing pumps and 
four - jaw boxes. 

A total of 30 kW of heat can be extracted,raising the demineralised water 
temperature to 100°F. This is then cooled and returned by the plant at 90°F maximum, 
and 17 gal/min flow (102,500 Btu/h). 

Circuits 1 and 2 are provided with refrigerated circuits between the 
demineralised water and raw water circuits. Circuits 1 and 2 are functioning 
correctly and were up to specification, but an increase in the number of liquid air 
units on Circuit 1 increased the load above the capacity of the plant. A Thames 
Valley Unit was installed to cope with the liquid air units and the vacuum pump 
circuit left on the existing plant. 

Circuit 2 is controlled to 68°F ± 1°F. The control of the refrigeration plant 
is as close as possible and, although the tolerance of ±1°F is achieved, there is 
too high a frequency of oscillation of temperature within this tolerance band. It 
is intended to increase the thermal inertia of the temperature controlled water 
system by installing a beat sink in the form of a large sealed tank in the supply 
line. Lack of thermal inertia is a fault common to all circuits of the plant, it 
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results in frequent stop and start conditions and has made the optimum setting of the 
control systems difficult. To protect the plant the installation of similar beat 
sinks will be considered. 

Circuits 3 and 4 use one heat exchanger between the demineralised water and 
raw water circuits, with a temperature controlled mixing valve to by-pass the heat 
exchanger (on the demineralised water side) as necessary. The heat exchanger for 
circuits 3 and 4 is of sufficient capacity for a 30% increase in duty. 

When tested, the water/water heat exchanger serving both circuits 3 & 4 cooled 
the demineralised water to within ½°F of 90°F. If fouling resistance of the heat 
exchangers was taken into account this was 30F from design point and did not allow 
for the specified 30% overload capacity. The low performance was attributed to the 
fact that the drainage notches at the bottom of internal baffles in the beat 
exchanger were machined too large and hence too much water was by-passed along the 
internal nest of tubes instead of across them. An additional beat exchanger was 
installed in parallel with the existing one to make good this 30% deficiency. 

All circuits have water pumps for recirculating the demineralised water. A 
stand-by pump is provided in parallel, with suitable valves, so that maintenance 
does not interfere with the use of the plant. Similarly, refrigerator compressors 
and motors are duplicated. Materials throughout the demineralised water circuits 
are substantially zinc-free. 

Copper pipework from the circuits of the cooling plant is run in the floor 
services trenches, and terminates in valves at appropriate points near the items to 
be cooled. Flow switches and thermistors are also included, and these, together 
with automatic monitoring equipment installed in the local control room, permit 
continuous observation of flows and temperatures in the various cooling circuits. 
High pressure hoses and fittings and self sealing couplings make the final 
connections between the copper pipes and the equipment to be cooled. 

R.F. Valve Cooling Circuit A separate, free standing cooling unit is used to supply 
very high purity demineralised cooling water to the last two r.f. valves in the 
power drive chain, removing about 20 kW (70,000 Btu/h). An insulated, copper tank 
of 400 gal capacity contains demineralised water and immersed evaporator coils. 
Refrigerator compressors, condensors and control gear are mounted over the lid of 
the tank; valves, motors, pumps, level alarm units, etc., are attached to the tank 
side. Two motor-pump sets for the circulation of demineralised water to the r.f. 
valve circuits are provided in parallel, one set being used as standby during 
maintenance periods. Each pump is capable of delivering 8 gal/min against 52 ft 
bead and the temperature of the cooling water supplied to the r.f. valves is closely 
maintained at 68°F. Raw water from the Nimrod circuit is supplied to a manifold 
connected to the condensers of the refrigerating system. Two full flow ion exchange 
columns (in parallel) are interposed in the demineralised water circuit between the 
circulating pumps and the r.f. valve lines, with stop valves, flowmeter, sampling 
points, purity indicator, flow switches and temperature and pressure measuring 
devices. Indication of purity and of absolute temperature of the cooling water is 
available in the injector control room. For maintenance and for recharge of resin, 
one ion exchange column can be removed at a time without interrupting the use of 
the circuit. Typical analysis results show a conductivity of l.2µmbo/cm and 
6.8 pH value. 

One problem (occurring far too frequently on the cooling circuits) was the 
inadequacy of instrumentation, or provision for instrumentation, to display local 
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conditions and assist in assessing performance or in fault finding. Once equipment 
is in operation it is often difficult to find time to fit missing instrumentation. 
It must be strongly emphasised that provision for instrumentation, by T pieces, 
bosses, etc., should be generous. 

The conductivity of each circuit was designed to be controlled by a 
proportional flow through the Permutit plant. Experience has shown that in attempting 
this operation, temperature control of each circuit becomes impossible due to the 
large input of water at an uncontrolled temperature. Small ion exchange columns are 
being fitted to each circuit and the Permutit plant will only normally be used for 
topping up. 

10.8.2 Injector Room Ventilation 

Two similar sets of equipment are provided for ventilation purposes, one 
mounted on the north wall and the other on the south wall of the injector room. The 
total amount of heat to be extracted is estimated as 130 kW maximum. On each circuit, 
heat is removed from the injector room by means of an axial flow fan drawing air over 
an air-to-water heat exchanger which is connected to the Nimrod chilled water supply 
(50°F at the injector room). This air (5,500 ft3/min on each circuit) is mixed with 
a proportion of warmed air 2,500 ft3/min each circuit) drawn from the magnet room and 
is blown down an aluminium distribution duct mounted beneath the crane corbel and 
running the full length of the injector room. A supporting platform for each set is 
provided at high level, close to the curtain wall between the magnet room and 
injector room, so that air from the magnet room can be conveniently drawn in through 
boles in the wall. A small proportion of air returns to the magnet room through the 
large opening under the curtain wall. 

No commissioning problems have arisen on this plant, other than the need to fit 
felt filters to the air inlet of the air to water heat exchangers. The installation 
of a shield wall between the magnet and injector rooms has seriously impeded the 
flow of air from the injector room and hence the mean temperature tends to rise. 
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10.9 R.F. Chilling Equipment 

This plant is designed to control the temperature of the ferrite in the 
accelerator unit of the r.f. cavity to a mean temperature of 77°F. The equipment 
comprises a triple compressor refrigerator unit capable of handling 218,000 Btu/h. 
The refrigerant is Freon 12 and the primary coolant is transformer oil. The 
condensors are water cooled. A schematic diagram of the equipment is shown in 
Fig.l0.9(i). 

The refrigeration plant was commissioned.with little trouble. Minor 
modifications have been made to both water and oil systems to obviate the need for 
venting these systems of air on start up. The main changes have been raising 
the make-up header tanks of each system, increasing the size of the main oil sump 
and providing means whereby oil from the sump can be pumped to the header tank 
(this provides a facility for priming the main circulating pump). 

The oil pumps, dump tank, and evaporators are housed in a fire proof box within 
outer cavern No. 8. Since a Co2 fire extinguishing system is installed it is 
imperative that,if it is used,no co2 should be allowed to seep indiscriminately 
into other oaverns or service ducts. With a sealed box a complete discharge of C02 
will raise the internal pressure one atmospheref therefore a vent system is 
required to allow a displacement of the encased air. A scheme for this is in hand. 

10.10 Sumps and Tunnels 

The main problem here has been to provide automatic prl.Illing of the sump pumps. 
For various reasons, such as faulty foot valves and header tanks of insufficient 
capacity, no pumps installed were completely satisfactory. In two instances it was 
possible to fit fully submersible pumps but elsewhere work continues on improving 
the automatic pumping systems. 

With the exception of one cable tunnel, all service tunnels are vented 
naturally. With the future use of heavy gases for experimental work (e.g. propane) 
the ventilation of these tunnels is being reconsidered since they are all at the 
same height as, or lower than, the experimental area. 
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10.11 Miscellaneous Work 

A considerable amount of detailed development of a mechanical nature has been 
carried out on Nimrod during the constructional and commissioning phase. This has 
been partly on equipment designed as part of the diagnostic system but mainly on 
work aimed at easy assembly, easy maintenance and improved reliability. Further 
modifications may be necessary to assist mechanical handling, due to limited access 
into the machine area when the shield wall is closed and due to the future need for 
remote handling of certain equipment. 

10.11.1 General Access 

Access is important since it is undesirable to dismantle experimental 
installations in order to service the machine. A 5 ton hoist and crab is being 
fitted to the 30 ton radial crane in the magnet room to enable bulky equipment to be 
passed over the magnet by utilizing the space between the crane girder frames. Spare 
inner vacuum vessels and paleface windings are stored within the magnet ring for 
ready access. A study is in hand to rationalise the equipment used for handling and 
assembly of major machine components by making as many items as possible common and by 
making the equipment demountable. 

10.11.2 Injector 

One piece of equipment requiring development is the 'four-jaw box', a device 
designed to provide variable dimension slits that can be traversed horizontally or 
vertically over the cross section of the beam. It is used to set up the beam and 
consists of two plates located edge on in a common slide, each actuated by a 
hydraulic ram. At present it is not possible to inch these plates across an aperture 
with acceptable accuracy and repeatability. The control system is open loop and it 
has been established that error is caused by hysteresis effects due to the flexibility 
of rubber hose, strain energy imparted to rubber piston seals and leaks across 
solenoid valves. Some significant improvement is possible without resorting to the 
complication of a closed loop system. 

A beam stop is under development which is designed to plunge a plate across the 
beam aperture at a predetermined repetition rate. This has led to an investigation 
into suitable vacuum seals for reciprocating motion. Although a reasonably 
satisfactory seal has evolved, wear may reduce its effectiveness too rapidly for it 
to be of much useJ therefore an alternative scheme for a rotary beam stop is in hand. 

A number of items of equipment have been modified to make them work, if only 
for a limited period of time. As an example, one or two vacuum gate valves are 
designed so that a beryllium copper, leaf spring biases the valve gate away from the 
sealing 10 1 ring when the valve is being actuated. Fatique of this spring will 
gradually diminish the clearance between the gate and '0' ring and damage will 
eventually ensue. Such designs are being critically examined to obviate as far as 
possible the effects of fatigue or wear. 

10.11.3 Diagnostic Equipment 

Mechanical design was undertaken within the Laboratory on most of this 
equipment. It has led to development work on three aspects - glass windows to allow 
scintillating grids in the vacuum vessel to be observed, thin diaphrams to withstand 
vacuum in the beam lines, and reciprocating seals. Windows, 11½ in by 38½ in were 
necessary in order to obtain an adequate field of view when observing the 
scintillating grids. The stress levels set up by the differential pressure of 
14.7 lb/in2 necessitated the use of two½ in thick layers of toughened glass bonded 
together by polyvinyl buty-Tal. Each layer is capable of taking the load imposed, but 
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prudence dictated two layers in case one became damaged. These windows were 
thoroughly tested in single and double layer form up to 75 lb/in2. When the window 
was bolted into its carrier frame stress concentrations were found to be satisfactory 
by subjecting the assembly to photo-elastic stress analysis. The lifetime of these 
windows will be limited due to radiation and consideration is being given to the 
possibility of using a cerium stabilised glass. 

Thin "windows" are required in certain beam lines to maintain vacuum when the 
line downstream is at atmospheric pressure. The material used must conform to 
certain physical requirements, three materials being suitable; aluminium, s tainless 
steel and terylene (Melenix or Mylar). Investigation of the bursting pressure, 
fatigue and creep properties is being made with various thick:nes ses of window. 
A suitable method of supporting the windows has been evolved and tests on Mel enix 
materials has progressed to the stage when installation of 4½ in diameter windows 
in beam pipes is now possible with some degree of confidence when using 0.015 in 
thick material. Testing of rectangular windows is now in hand and a report will be 
issued to cover this work. 

A reasonably satisfactory seal has been developed for the plunging mechanisms 
which employ vacuum seals subjected to reciprocating motion. The mechanism 
reciprocates at the rate of 0.7 s per stroke for 7 GeV conditions. At the higher 
rate of 0.2 s per stroke for 2 GeV conditions the seal may not hold vacuum and in 
both cases it is considered -that wear will be unacceptably high. The same conditions 
apply to the plunging beam stop used in the injector HEDS. A small rig is being 
used to develop this type of seal and it is hoped that by use of a suitable 
labyrinth seal, a reasonable life can be obtained without the need for inter-space 
vacuum pumping. A larger rig is being planned for further development. 

10.11.4 Remote Handling 

Work is in hand on the design of equipment for handling radioactive equipment. 
A mechanism has been manufactured that will allow the installation of a target into 
the machine without letting up the vacuum and a simple test rig is being constructed 
to prove this equipment without using the machine itself. An investigation is in 
band. on the methods of transporting this target from the machine to a 1 bot I store 
yet to be designed. A suitable lead coffin bas been designed . 

A critical investigation is necessary throughout the machine to ascertain what 
equipment can be modified in detail to allow rapid installation or withdrawal, what 
materials need be changed to reduce the effect of radiation and what assemblies 
require duplicating to reduce the time taken for component replacement. 

Methods of checking the radiation dosage for oils have been reported in 
private communication from the Research Department of Castrol Ltd. A check will be 
kept of the radiation dose received by the lubricating oils actuating plunging and 
target mechanisms since tests have shown t hat relatively low doses will cause the 
evolution of hydrogen in the oil, giving rise to spongy or erratic control. 
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10.12 Records Office , Storage and Workshop 

10.12.1 Records Office 

Operationally, much importance must be placed on the need for an efficient 
Records Office. Such an office bas been set up for Nimrod to deal with planning 
and progressing of work, acquisition of equipment and spares, planned maintenance, 
running plant store and clerical duties of a technical nature. 

The build, and change of build, of Nimrod is being controlled by collating in 
index form all relevant information, such as construction schedules, drawings, build 
instructions, test instructions etc. into log books covering various specified parts 
of the machine. From this information it is possible to rationalise the acquisition 
and storage of spares and miscellaneous equipment and it serves to record for 
posterity various build standards of the machine or associated equipment. 

10.12.2 Storage 

Some 7,000 ft 2 of heated store has been allocated for storage of equipment for 
Nimrod. It is essential to know exactly what spares and equipment exist and where 
they are available. It must also be made easy to obtain such equipment at all 
hours of the day and a suitable system has been devised so that, in emergency, 
relevant equipment can be obtained promptly. Equipment that is stored in unheated 
premises, is suitable treated against corrosion and then put on a care and 
maintenance basis. Some equipment is cocooned and some held in zip-up moisture 
proof containers. The value of certain materials and the difficulty of obtaining 
some materials for Nimrod bas made necessary a small bonded store. A scheme is in 
hand for building a small 'hot' store to take targets and machine parts that become 
radio-active. 

10.12.3 Test Area 

A small area bas been set aside as a mechanical test laboratory. Much 
ancillary equipment requires a brief functional check after overhauling before it 
is re-installed, and there is always a steady load of this work applicable to the 
machine. One item of equipment that bas been constructed is a water flow test rig 
capable of dealing with up to 30 gal/min at pressures up to 150 lb/in2 and with a 
variable temperature control of the circulating water. Another rig that has been 
constructed and found most valuable, is a portable unit designed for cleaning 
up any demineralised water system or equipment so that the conductivity of the 
treated water is brought down to an acceptable level before the main circulating 
demineralised water system is connected. 

10.12.4 Workshop 

A local workshop has been set up to deal with day to day maintenance and with 
the development work for Nimrod. General purpose machine tools have been installed 
but no equipment requiring specialised skills has been bought, since it is considered 
more appropriate to do such work in the main Laboratory workshop or by external 
contractor. It is, however, essential for the class of work required in the 
Laboratory, that welding equipment of high quality, capable of dealing with stainless 
steels and aluminium be readily available. 

The potential work load of such a local workshop is high and care must be taken 
at all times to provide the capacity to deal with any emergency. 
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SECTION 11 

OPERATION 

The Nimrod Operating Staff has been built up gradually during the past two 
years. Engineers and technicians were occupied in the install~tion, commissioning 
and operation of equipment, with the iong term aim of developing balanced crews, 
the members of whicQ should be able to operate the accele~ator ·and, in addition, 
provide a steadily improving coverage for fault diagnosis and first line repair. 
Experience ha~ now been gnined on equipment in all parts of the. machine and has 
necessitated the development of safety, interlocking and operational proceedures. 

Various items of plant have been running for a considerable times in 
particular, the main magnet has been pulsed for many hundreds of hours during periods 
of magnet and main power plant testingt and also for the magnetic survey, The 
administration of the magnet room to allow a maximum amount of installation and 
commissioning work to proceed safely during these periods has been a major problem 
since hundreds of personnel (staff and contractors) are involved. 

Shift work has been adopted as required since the autumn of 1961 and the 
present staffing position is such that Nimrod could be crewed operationally from 
the main control room for about 60% of the available time. 

Experience in accelerator operation has been gained in the injector room, 
where 15 MeV beams have been run on 86 days between 1st August, 1961 and 31st December, 
1962. Initially,installation work was carried out during the day-time and a team 
consisting of a Duty Officer, Assistant Duty Officer and Duty Technician (with 
extra support when required) supervised beam operation in the evening. When more 
reliable beam operation was achieved, it was found necessary to allocate alternate 
periods to installation and experimental or· commissioning work. These periods 
were not in general of identical length but were based on a weekly module. The 
injector Has manned for 15 hours a day and during an experimental week 12 hours 
a day for 5 days was scheduled for beam operation. Whenever possible, all other 
time was used for maintenance, installation or commissioning of plant. 

At the end of 1962 the injector was not yet complete as a fully operational 
machine and close co-operation and liaison was still maintained between Construction 
and Injector Groups. Generally,all experimental work was carried out using the 
permanently installed systems if possible but some of the planned facilities were 
not then available. The machine is expected to increase in reliability when all 
the designed equipment is in use. 

Present experience shows that the percentage of the scheduled hours during 
which actual running is obtained, increases substantially the longer the machine is 
kept running - by the end of 1962 the running time had reached 75%. With most 
equipment on the injector few faults have recurred, having once been rectified, 
and running time should increase still further as the faults encountered during 
oonnnissioning are eliminated. 

Up to the end of 1962 the injector was operated from the local control 
room only. Considerable operation experience has been gained which it is 
anticipated will be of great value when full commissioning atld operation take 
place from the main control room. Some equipment has in fact already been tested 
and operated from the main control room and installation of the remainder of the 
control system will proceed steadily to provide operational facilities from either 
control position. 
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In an accelerator as large and complex as Nimrod many troubles must arise 
during construction and commissioning; details of some and how they were overcome 
are recorded elsewhere in this report. The following general points may be worth 
mentioning from an operational point of view:-

(a) The cooling water circuits throughout the machine have been a frequent source 
of trouble. If plant of greater capacity had been installed, with more 
complete standby and isolating facilities, many of these troubles would have 
been eliminated. 

(b) Since it has often proved difficult for the designer to forecast control 
cabling requirements well enough in advance to allow the job to be 
engineered as a whole, it would have helped considerably if main control 
cable marshalling points had been established in the early stages near the 
injector control room, in the magnet room and adjacent to the main control room. 
The installation of the main cable runs could then have been carried out well 
in advance of the machine requirementeo 
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