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Summary

Electronic simulation is common in training courses for
control of aircraft, army tanks and fission reactors. A limited
version of a fusion reactor simulator has been constructed. It
was designed using a Solartron Space 30 analogue computer and
from this design a hybrid simulator using mostly solid state
amplifiers was built.

The fusion reactor uses the nuclear fusion reactions
which occur in fully ionised gases - in this case deuterium and
tritium - at very high temperatures and in the form known as a
plasma. The plasma must be heated to some 100 million °K,
maintained at this temperature for as long as possible and
contained within a magnetic field. Electrical energy provides
initial heating of the plasma supplemented by an injection of
energetic meutral hydrogen atoms and internal heating from
alpha-particles created in the nuclear reactions and reabsorbed
in the plasma. Energy losses of many kinds occur.

Mathematical formulae govern the processes of heating
plasma, loss of energy by radiation, production of energy in
the nuclear reactions and the interaction of parameters. In
particular, the plasma temperature is of great importance. 1In
building the simulator these formulae were accepted and solved
by analogue methods using operational amplifiers. Most
parameters are used in log form so that addition and subtraction
replace the more difficult analogue multiplication and division
processes.,

The simulator behaves basically as expected but the
checking of its results awaits the building of the first
critical fusion reactor.

It is a simplified representation of a fusion .reactor
for only the principal energy sources and losses have been
incorporated. As such it is for training purposes only and
accuracy and potential for training are discussed.
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CHAPTER 1

Introduction,

Not so many years ago, the operation of

machines was passed on to apprentices while ' on the job ' by
skilled and experienced personnel. With the rapid growth of
technology and advanced machinery this technique fails since
even the skilled operator soon finds his machine to be obsolete
and due to be replaced by another of more advanced technology.
Where then will he learn the new skill required to operate this
advanced machine? To allow him, now as unskilléd, to operate
and learn on the new machine is to invite the risk of break-
downs, accidents and not least, expensive running costs. It
now becomes the job of the scientist, the engineer and the
designers initially to give instruction to the new operator.

Simulators fit into this instruction pattern.
They are devices which are programmed to behave in similar
manner to the advanced machine when its various parameters are
Ichanged. The operator can control the simulator with its many
variables and gain experience of its reactions to his control.

Although no more can be obtained from the
simulator than is programmed into it, yet it allows rapid
investigation of the effects of combinations of parameters
some of which may not usually be realised on the actual
machine. For later design improvement the designer may also
incorporate in the simulator variable parameters which may be
fixed in the machine: This will allow some limited upgrading
of the machine design and set limits to the many parameters
to avoid damage to the real machine, The form which damage to
the machine miéht take can also be displayed. That is, the
simulator may be operated outside the design limits of the

actual machine.



Simulators have many forms, mechanical, electronic
optical. Generally speaking, they are electronic, this
type being more flexible for operation and for the insertion of
modifications. Electronic simulators have developed since the
late 1940's and are based on the D.C.Amplifier(l)., They are
specialised forms of analogue computers. The digital computer,
developed alongside the analogue computer has been used
principally as a calculating device, but is now being
programmed, in digital form for simulator work. In these pages
it is the analogue type which has been developed to a fusion
reactor simulator. One distinct difference between the two
types of computer should be noted. The digital computer is a
'serial' machine, responding to a series of commands from the
program inserted. The analogue machine is a 'parallel' device,
all operations in the system occuring virtually simultaneously.
Thus the analogue computer has, generally, been faster than the
digital computer though this advantage is being lost as the
latter become very fast indeed. But whereas the digital
computer responds to its program instructions with a 'go' or
'no go' opération (leaving no room for doubt) the analogue
computer responds to its instructions with a‘D.C.(or A.C.)
voltage, the accuracy of which depends on the accuracy and
stability of its components. But the parameters in an
analogue simulator can be changed during operation, whereas
in general, the digital simulator would need such changes to
be preset in the program. The immediate and visual response
of the analogue simulator to these changes gives a good
physical appreciation of the machine behaviour,

In devising this fusion simulator the plan of
work has been as follows. A large general purpose analogue
computer, the Solartron 'Space 30' was available, This is

a machine using thermionic valves in all its many units and



1s in consequence large physically, consumes much electricity
and needs frequent maintenance. It was however very flexible
in use; controls were readily to hand and changes to the
simulator were easily made via a patch panel and interlinking
cords. This machine was used for the general design of the
simulator and when this had been developed to an adequate extent,
a new system to a similar design was built using solid state
components wherever possible, thereby reducing the physical
dimensions of the simulator by a factor of about 10 times linear.
This has less power consumption and increased reliability
by reducing the number of sliding contacts (plugs and sockets,
switches etc) in favour of soldered joints.

A few of the results obtained with the 'Space 30'
are given but the majority of the results are from the solid
state simulator. Where they are available, experimental
results from actual operational fusion reactors - though sub-
critical - are quoted for comparison. It should be noted
however that at this time of writing only a few fusion reactors
are known to operate but none has gone 'eritical', that is,
have not yielded 'saleable' power (American term) or more power
out than was put in. This simulator project may therefore be
said to be looking well into the future in tﬁat it seeks to
show how the critical fusion reactor will behave and operate
though at present there is no such reactor to simulate. The
Joint European Torus (JET)(Z) reactor is the next probable step
forward. It is to be built at Culham (England) but its
scheduled completion date is about 1983. A fuller description of a
fusion reactor is given in chapter 3.

Fission simulators have been in use since the early
1950's and many years experience of building and operating
these machines has been acquired. As far as is known no other
fusion simulator has been built and new ground is being broken

in this project.



The flsslon and fusion processes will be discussed
in more detail later. Here a brief note on their differences
will show up the variations in circuitry used in their
respective simulators. 1In a fission reactor a supercritical
mass of uranium fuel is assembled and will immediately of its
own accord start a chain reaction by reason of the neutrons
produced. Control is exercised by inserting neutron absorbing
rods into .the mass of fuel. By contrast, the fusion reactor
contains at any instant comparatively little of the tritium
and deuterium fuels but it has to be supplied with a large
amount of electrical energy to raise the fuel temperature
sufficiently high to separate the electrons from the hydrogen
nuclei and produce a mixture of positive and negative ions
called a plasma. The temperature must then be raised even
higher to initiate nuclear reactions which will release more
energy than has been put into the system. Control is obtained
by varying the fuel content, the energy put in or the frequency
of operation.

In both types of reactor there are positive and
negative feédbacks. These are processes in which the output of
the system reacts to affect the input to the system. Where a rise in
the output of the system increases the input and hence raises the
output still further, the feedback is termed positive. Corversely,
where the rise in output would decrease the input there is
a negative feedback. A positive feedback makes a system
expand in power while a negative feedback tries to shut down
the system. In each type of reactor simulator there is
a central unit which determines the energy output of the system
and this is affected by both positive and negative feedbacks.

Thus, referring to Fig. 1(a)p5, A is the central
unit in a fission simulator, its output, in the form of a

voltage signal, indicates the energy production. This is
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adversely affected by an excessive rise in temperature and the production
of nuclear poisons (strong ﬁeutron absorbers) e.g. Xe-135, both

of which are negative feedbacks. The production of plutonium

from neutron absorption in uranium-238 is a production of more

fuel and this is obviously a positive feedback.

In Fig. 1(b) p5, B is the central unit in a fusion
simulator, its output indicating the temperature reached in the
reactor. Temperature is raised by electrical heating of the
tritium-deuterium mixture, converting it to a plasma; but as the
temperature rises the plasma conducticw increases giving less
ohmic heating. This is a negative feedback. The high
temperature initiates nuclear reactions, one product of these
being energetic alpha-particles which dissipgte their energy
in the plasma and contribute to its heating, this is a positive
feedback.

There are many more feedbacks than indicated in
Fig.l, in both fusion and fission simulators. The complexity
of the simulator increases as more feedbacks are added; so
does the cost, the realism and the value of the simulator as a
training maéhine. Hence any simulator must be a compromise and
the number of feedbacks to be incorporated must be limited.

This limit may be drawn by considering the importance of a particular
feedback, that is, its contribution to an increase or

decrease of the energy output. These feedbacks are discussed

in more detail in Chapter 3,

Both fission and fusion simulators have a common
limitation. 1In each type of reactor there is a variation of
conditions across the fuel chamber. 1Ih the fission reactor
temperature and neutron density both vary vertically and radially
across the fuel.core. This necessitates some 'gagging' of
selected fuel channels to obtain a correct cooling gas flow pattern for

the more uniform release and removal of heat in the core. The



fusion reactor ol the Tokamak type with a 'doughnut' shaped
annular fuel chamber has a temperature variation across its
minor radius together with a variation of the poloidal magnetic
field.

This variation of conditions means that, in theory,
an infinite number of coupled simulators would be needed fully
to represent a single reactor of either type. Obviously this is ndt a
very practical system and the majority of simulators are built to
represent an average set of conditions in the reactor being
simulated. These are then termed 'point simulators'.

Another problem, common to simulators of both
fission and fusion reactors is the wide range of power or
temperature to be simulated. The fission reactor power may change
from as little as 1/4 watt to 1000 megawatts, that is, over
10 decades. Temperatures in the fusion reactor vary from
room temperature (0.025 ev) to 300,000,0006K (25Kev) or
higher, that is, over 6 decades. These wide ranges are
outside the limits of the D.C.Amplifiers used (currently
about 3 decades) and recourse is made to the use of 'Log'
quantities. Thus log (Temperature) in the fusion simulator
now varies from -4.6 to +1.4, a range which the
D.C.Amplifiers can handle. But this technique involves the
conversion of linear quantities to log quantities and vice-
versa and these processes need the function generators and
other devices described in Chapter 6. Further advantage
arises from the use of log quantities; the multiplication
of factors in linear equations is replaced by addition
processes which are easily performed with D.C.Amplifiers.

Fission reactors give a smoothed output of power.
Smoothed, since although individual atoms fission to give
bursts of energy, the immense number involved appear on a

macroscopic scale to give a continuous energy output.



Fuslon reactors of the present Tokamak design
give bursts of energy lasting for a few milliseconds only, that
is, the time during which the plasma is above the 'ignition
temperature' and which is limited by the duration of the input
of electrical power, usually from the discharge of a capacitor
bank. This operational period is followed by a period for
recharging the capacitors and refuelling the reactor. The
average 'saleable' power from the fusion reactor is therefore
partly dependent on this recharging period. The fusion
simulator must allow for this and must be programmed for
repetition at a variable rate and with means for averaging
out the bursts of input and output energies to arrive at a mean
power output.

For training purposes the student operator should
be aware how various fusion quantities, e.g. temperature, ohmic
heating, alpha heating etc., behave as he changes the control
parameters, i.e. tritrium-deuterium ratios and densities, input
current magnitude and waveform, etc. This requires much metering.
Even so a power cycle time of milliseconds gives little time
for recording. it is an advantage of the analogue simulator
that its time scale can be lengthened or shortened by increasing
or decreasing respectively the time constant of the integrating
amplifiers. With a lengthened time scale and chart recorders

a fairly complete picture of the power cycle is obtained.



CHAPTER 2

Fission and Fusion Processes

Although this work is not primarily concerned with
fission, it will be of help to compare the processes of fission
and fusion. Such a comparison will show why the control of
fusion is being so strongly pursued in several countries and
also the differences which simulators of fission and fusion

reactors have to show.
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Total mass In lree state = ﬁxluo - Jxl“l

7.056488 a.m,u., s

Mass of 'Li, nucleus ‘u, - 7.014358 "

Loss of mass on formation = 0,042130 "
£ 39,23 Mev.

i.e. The Binding Energy of the 7Li3 isotope is 39.23 Mev.

The form of the B.E. per nucleon v Mass number
graph indicates that if a Uranium~ 236 nucleus is split to
form two products each of mass 118 these will have greater
binding energies than the Uranium nucleus and the loss of mass
is converted to energy released as kinetic energy. This is the
fission process. Similarly, if two protons and ‘two neutrons
are combined to form a Helium nucleus there is an increase
in binding energy and again a release of energy. This is the
fusion process, Neither reaction is quite so:simple as this.
The fission reaction is

23 +1 —»236, =>4 + B + n's ¥'s + 200 Mev
92

5092 n,

In this reaction,a neutron, having no charge, enters a U-235
nucleus with comparative ease, the coulomb forces being
Iineffective. Being bound into the Uranium nucleus its binding
energy causes instability and the Uranium nucleus splits up
into parts A and B plus some neutrons and gamma photons

and with kinetic energy given to the products.

A and B are isotopes of medium weight nuclei but vary in

mass number from one reaction to another. The percentage
distribution ef the mass numbers of A and B is shown in Fig. 2 p.11
Statistically, mass numbers 95 and 135 are favoured. Very
occasionally three pfoducts havé been detected. An average of
2.5 neutrons and 6 to 7 gamma photons are obtained from each
fisslon reaction of Uranium, These figures differ with other
fissile materiél. The whole process is erratic and the figure

of 200 Mev of energy released is also an average value

10
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shared between the several products. About 5% of the energy is
given to the neutrons and gamma photons and the remainder is
kinetic energy to the products A and B. These products
A and B are usually unstable and radioactive and a further
energy release occurs with their;decay.

It should be noticed th;t the reaction is initiated
by a neutron and that further nePtrons are produced. These are
available to renew the reaction and to form a chain reaction.
The product neutrons are fast and energetic but the reaction
prefers a slower neutron (i.e. the cross section for the reactioa
is greater for slow neutrons). A thermal reactor therefore
employs a moderating medium (e.g. graphite or wacter) to slow
down the fast neutrons, Basically the thermal fission reactor has
a core of moderating medium din which are located at
specific spacings the rods of uranium fuels surrounded by channels
carrying the cooling fluid to heat exchangers. In any reactor
core there is a loss of neutrons and the chain reaction will
only be sustained if at least one neutron from each generation
1is retained to cause further fission in the next generation.

The fusion process is more complex, Two neutrons
and two protons have to be fused together. It is very unlikely
that the four particles can simultaneously be brought together
so an intermediate step is used by employing deuterium and
tritium isotopes of hydrogen in which some neutrons and protons

have already been fused together. The nuclear reactions are

(a) D, + D (3T1 + 1.0 Mev) + (1pl + 3.00 Mev)

as (3He

~
o
S
=
+
=
I

,* 0.8 Mev) + (lno + 2,45 Mav)

- (AHe

~
n
~r
=
+
—H
I

ot 3.52Mev) + (ln0 +14.06 Mev)

~
(=
—
=]
+
=
(]
]

CHey+ 3.67Mev) + ('p, +14.67 Mev)

1, o s 30 LS 3
(e) n, + Li3- He2 + Tl

Reactions (a) and (b) are alternatives of about



the same probability neither yielding as much energy as
reaction (c) but producing tritium and charged particles.
Although reaction (d) produces slightly more energy than reaction
(c) 1ts cross section is lower and consequently reaction (c¢) is
the starting point for the fusion reactor with fuel gases
deuterium and tritium., Reaction (e) is useful as a
contribution to the renewal of the tritium fuel, Its cross-
section is low but the reaction takes place in a blanket of
Lithium surrounding the fuel chamber where the concentration
of Lithium is high. By processing,the blanket is thus a source
of the primary fuel tritium.

By comparison with the fission reaction the energy
release in a fusion reaction is low but-on a basis of energy
release per unit macs of fuel involved, then the fusion
proccss yields some four times as much energy. Further, the
products of the fusion reaction have little radioactivity,
though some radioactivity will be produced in structural
materials bty neutron bombardment. The high activity of fission
Iproducts is a big disadvantage of the fission reactor and a
highly contentious public issue at the present time.

Fuel for the fission reactor is mined from
randomsited deposits and already the continued supply of
uranium ore of adequate quality is questioned. The inventory
of hundreds of tonnes of ursnium per power reactor core has
also raised questions of safety.

The fusion reactor can draw all its fuel from sea water,
Deuterium is the heavy hydrogen isotope in heavy water forming
0.027 or water, Tritium is obtainable via reaction (e) from
Lithium of which there are immense quantities in the oceans and
in terrestial Heposits. Hancox(s), in a general description of a
2500 Mw(e) reactor estimates the tritium inventory at about 5 Kilograms,

Further, at room temperature the fuel is electrically neutral and safe,



14,

A fission research reactor may go 'critical' with
a few kilograms of Uranium-235, Unfortunately the fusion reactor
needs a high input of electrical power and io unlikely to 8o
'critical' until it is very large both physically and
electrically. Commercial fusion reactors are expected initially
to be useful power generators only when above the 4000 to 5000
Megawatt output range. Until it is built there is no certainty
of success.

The fusion reactions are between nuclei and the
cross-sections for the reactions are small, around 10-2 barn
compared with the fission cross-sections of around 500 barns.

Consequently to obtain fusion reactions the
following conditions appear to bLe necessary.

(a) The deuterium and tritium atoms must be stripped of

their electrons by

(1) ohmic heating - the passage of huge electric
currents through the gases
(2) bombardment with high energy hydrogen atoms
injected from an external source
(3) bombardment with energetic alpha particles
generated internally at the highest temperatures.
The energy required to strip the single electron from the
hydrogen atom is 13.6 ev, equivalent to a temperature of about
160,OOOCK. In such a state the nuclei form a plasma of charged
particles mutually repulsive.

(b}  The plasma particles must be accelerated by further
heating and bombardmént Lo acquire energies sufficient to
overcome the repulsive forces between them. This requires heating
the plasma to temperatures around BOO,OOO,OOOOK (25Kev)

1

(c) At these temperatures the plasma must be contained for a

long enough perilod for sufficient fusion reactions to
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occur to release a profitabla amount of energy. This period is
of the order of seconds for the D-D reactions and shorter times
for the D-T reactions.

Figure 3 p.16 shows how the cross sections for the reactions
indicated in (a), (b) and (c¢) vary with the energics of the
particles and in Figure 4 p,16 the averaged quantity (¢°v) has been
derived and plotted against temperature assuming a Maxwell
distribution of velocities among the plasma particles. At
around 75 Kev of energy the cross-section for the D-T reaction
is some 400 times that of the D-D reaction so that the latter

reaction is not considered seriously fer fusion ﬁurposes.
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CHAPTER 3

The Fusion Reactor

The anticipated form of a practical fusion reactor
to realise the conditions previously stipulated can now be
discussed. This discussion will show the principal features to
be incorporated in the simulator,

Early work in the fusion field was carried out
with plasma formed in a straight or linear tube with end
electrodes. This soon encountered the difficulties of

(a) loss of heat to the electrodes
(b) 1instabilities in the discharge.

The loss of heat and hence a fall of temperature
with a deterioration of the plasma was removed by bending the
tube to a "torus' form, otherwise called a dough-nut (American
style). Provided the torus vessel was non-conducting the plasma
could be used as the single turn secondary of a huge
transformer and an electrodeless discharge created within the
plasma, This is the form now favoured.

. * Instabilities in a linear discharge were of two forms
(a) kinks
(b) necking or 'sausage' form
.The plasma in a torus is invariably heated electrically and the
current therein creates its own concentric magnetic field. Its
behaviour can be considered in two ways.

The charged particles of the plasma will, in the
magnetic field created make circular motion, In a uniform
magnetic field this.would be a truly circular motion. But in
the non-uniform field of the plasma current the motion 1s not
perfectly circular and results in a drift of the particles
across the fiéldsto its weaker regions as in Fig. 5 p.18.

Alternatively, taking a macroscoplc aspect, the plasma shows
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diamagnetic properties and may be sald to be drawn towards a
weaker field. By either consideration a slight disturbance of
the plasma off its axis results in a weaker field to the convex
side of the disturbance and the plasma is attracted to that
region, aggrevating the effect and enhancing the disturbance

or kink,

Where the plasma suffers a slight decrease in
cross section the current density and the magnetic field at
the surface of the plasma will both increase. The plasma will
flow away from this region forming a neck in the plasma and
if severdl necks are formed the condition is a }sausage'form of
instability. See Fig. 6 p.18.

In extreme cases the kink or the bulge of plasma
may expand to touch the walls of the vessel, causing a cooling
of the plasma and/or the removal of some wall material and
contamination of the fuel gases.

It was soon found that a toroidal magnetic field

applied along the axis of the plasma discharge would aid
stability and the field was supplied by current through a coil
winding on the torus vessel itself. The toroidal field also
assisted the natural 'pinching' action of the plasma current
to confine the plasma within a small radius and away from the
walls of the vessel. A succession of machines with various
patterms and strengths of toroidal field were developed in
attempts to overcome instability. The mirror machines and
stellarators in the U.S.A., Zeta in Britain and the Tokamaks
in the U.S.S.R. aré examples. Of these the Tokamak design
is most promising and the Joint European Torus machine (JET)
to be built at Culham follows its pattern. The simulator is
based on a Toéamak design.

A series of Tokamaks has been designed and Tokamak III

is well described in Colovin's (6) paper, "Tokamak
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as a possible fusion reactor". In common with other 'torus'
machines, the tritium-deuterium fuel mixture 18 contained in
the torus vessel and forms the single turn secondary of a step-
down transformer. The primary winding carries the discharge,
when initiated, of a bank of capacitors, Currents of the order
of millions of amperes are created in the plasma when the
discharge occurs. The torus is formed of insulated sections

so that there is no parallel path to that of the plasma and
carries the external windings to obtain the toroidal field.

For extremely high fields these windings may be super-cooled

to make use of superconductivity in certain metﬁls, e.g.
niobium. Surrounding the torus i1s a blanket of layers of
lithium, graphite and thermal insulation. The graphite
moderates the fast neutrons genetated in the nuclear reactions
and gives neutron radiation shielding; the lithium is an
absorber of neutrons and breeder of tritium as already mentioned
and thermal insulation reduces loss of heat to the surroundings.
Cooling pipes are laid throughout the blanket to transfer heat
to the steam raising plant,

One limitation to the heating of the plasma has already
been mentioned, that is, the increase of electrical conductivity
and a consequent fall in heating as the plasma temperature
rises . Another limitation follows from a relationship
between toroidal field, plasma current and the onset of instability

(16) showed that the toroidal field with the

in the plasma. Kruskel
poloidal field due to the plasma current produced a helical

field around the tofus. The direction of this field relative to the
plasma axis depends on the ratio of the poloidal and toroidal fields.

See Fig. 7 p.21.

(]
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If the helical field makes a complete rotation around the

torus, and plasma, in one traverse of the torus circumference

then instabilities can be expected. The onset of instability

limits the plasma current which can then only be increased by

a corresponding increase in the toroidal field. Ifithe helical
field needs two traverses of the torus circumference to make

one rotation of the plasma then the stability is greater and

the stability margin is said to be q = 2. Fig. 8 p.21 (not to scale)

follows that of Rose and Clark (7

(fig. 16.14) to illustrate
Kruskel's criterion.
With limitations to the toroidal fieid and the

plasma the ohmic heating becomes insufficient to raise the
plasma temperature to ignition point and must be augmented.
The methods available are

(a) alpha particle heating

(b) neutral injection heating

(¢) radio frequency heating
When nuclear reactions occur in the plasma then alpha-particles
with 3.52 Mev of energy are released. These travel comparatively
slowly and give up their energy to the plasma ions before escaping
from the plasma or capturing electrons and becoming neutral
helium atoms. However, the alpha particles are not generated in
sufficient numbers until the ignition temperature is reached.
To bridge the gap between ohmic heating and alpha heating
neutral injection heating is used. The entry of charged particles
into the plasma is opposed by the electric and magnetic fields
there present. The;efore, in an exterior unit hydrogen is first
ionised and the positive ions ;Ecelerated to energies of the
order of 50 to 100 Kev (higher energies are projected in future
machines). The positive hydrogen ifons are passed through a

neutralising chamber to acquire the neutralising electrons,
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These neutral hydrogen atoms of high energy can now enter the
plasma region without difficulty and by collisions with the
plasma lons can give these an additional 50 or more Kev.
Radio frequency heating (8 appears to have received

less development than neutral injection heating. The principle
of the method is to establish a travelling wave on the surface
of the plasma by using two or more sets of conductors, around

the plasma, fed with currents with a suitable phase difference.
The travelling wave produces a ripple on the plasma surface
which is alternately expanded and compressed to give a heating.

The sequence of operations is briefly as follows.

The transformer core is first given reverse magnetism to

permit a large change in flux. Then a radio frequency
discharge through the fuel gases makes these initially

conducting. A bank of capacitors of some 3000 Farads, charged

to some 25,000 volts is discharged through the primary winding
of the transformer. The discharge is oscillatory and the plasma
current rises in an approximate sine mode. To avoid a draining
Iback of energy to the capacitors the primary discharge is cut
off (crowbarred) at the instant when the primary voltage has
fallen to zero. From this instant the plasma starts to decay
exponentially. See Fig. 9 p.24., Ohmic heating follows the
plasma current rise and fall and at some point in the operational
period neutral injection heating must be introduced. The

extent of this auxilliary heating will depend on how much

further temperature rise is required. Should ignition temperature
be reached it is ant&cipated that nuclear reactions will continue
until the fuel gases are weakened or the densitles too low for
maintenance of an adequate supply of alpha particles for heating.
When the température falls below ignition the operational period

ends with the removal of the toroidal field and is followed by a

recharging period for recharging the
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capacltors and refuelling the torus.

The self-sustaining nuclear reactions above the
ignition temperature are expected to be achieved in the mid 1980's.
The conditions for this include the Lawson criteria that

where n is the ion density

14 (No, per millilitre)
nx o 3% 10

Ty is an energy replacement time
and this applies for temperatures above about 10 Kev.

Inevitably there are energy losses from the plasma.

Energy is lost from the system by
(a) Bremsstrahlung radiation from the sl?wing down of
electrons in collisions with ions, in which collisions the
electron is accelerated in the coulomb field of the ion.
This is electromagnetic radiation in the X - ray region.

(b) Cyclotron radiation from charged particles describing
circular paths in the magnetic field and hence subject to
continuous acceleration.

(c) A drift of charged particles towards the walls of the
_torus due to non-uniform magnetic fields,

(d) ‘The presence of impurities of high atomic number
which have high ionising energies and exert a cooling effect on
the plasma.

(e) Thermal conduction through the blanket.

(f) Black body radiation according to Stefan's Law.

(g) Escape of neutrons through the Lithium blanket into the
graphite and external biological shield, the neutrons not being
contained by the maggetic fields.

Calculations in Appendix ). show the relative magnitudes of
these losses. These show also that (a) and (b) are the most important
and the simulator has been limited to the inclusion of these two

negative feedbacks only.

25



CHAPTER 4

The Fusion Simulator Equatlons.

In the block diagram of Fig., 10 the various 'boxes'
represent D,C, Amplifiers, either singly or in groups. The
equations now to be considered determine the several inputs to
these amplifiers, any multiplication of the signal needed,
constants to be added or subtfacted and the polarity of the
signal to be passed to the next 'box'. The magnitude of some
signals will depend on the reactor being simulated.

The reactor to be
simulated is assumed to have a
major torus radius of 5.2 metres
a minor torus radius of 1.86
metres as per Golovin's(ﬁ) paper
(Table I, p.l5) and estimated
by him to provide 5000 Megawatts of thermal power.

The power dissipated E, in the plasma at constant

temperature by ohmic heating is

~ I%R. where I is the instantaneous plasma current

o
1

12.2xR.P R is the resistance of the plasma

2

5y a is the minor torus radius

= 12 2R, R is the major torus radius
2
a

£ is the resistivity of the plasma
But the conductivity depends on the temperature of the plasma

according to the Spitzer formula

LI T3/2 where T 1is the electron temperature
3 P e e
= 12.Tz!2 according to Golovin (6)
Hence
T LT TSI N S o
A —_ 3/2 = 2

a2 1T 6a
e

26
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and as R = 0.0025 f:.m_l

632

and log, (0.0025) = 3,398 = <9,602

converting the equation to log form gives

log (B,) 2.1og (1) = (1.,5) log (Te) + constant
or log (B,) = 2.log (1) = (1.5).1cg (Te) - 2,602
It should be noted that as this is a 'point' simulator, both
temperature and conductivity are assumed constant throughout
the plasma.

The energy put into the plasma in one cycle will
be the sum of the powers supplied from external sources by ohmic
heating and neutral injection heating plus the alpha particle

heating from internal generation less the losses due to

Bremsstrahlung and cyclotron radiation.

Hence
E = f(Pn + P + P -BF -P ) dt taken over a whole cycle

where P, = Ohmic heating power (watts)
Py = Alpha particle power (watts)
Pyy = NIH power (watts)
Py = Bremsstrahlung power loss (watts)
P. = Cyclotron power loss (watts)
t = time (seconds)
E = Energy given to plasma (joules)

It should be noted that linear powers are being integrated.

If log forms were used then the powers would be multiplied

together, which is not so.

The energy E is next converted to log (E) by a log amplifier.
The relation between the energy supplied to the

plasma and the temperature reached is

E =3n.k.T. where n
(per millilitre)

No. of ions per millilitre

k = Boltzmann's constant

1

= 1.60 x 10 b joules/Kev

T = temperature in Kev,



Hence

log(T) = log (E)

and as log(k)

log(T)

log(l.60 x 10

log(n)
16)

log(E) - log(gj

+

log (k)

16.2041 = -15.8

15.8

Golovin gives the Bremsstrahlung pbwer loss as

% = 2.2(n2) . 10—32. nz.:R.aZ. T! watts (total)
where T is in ev.
or Bp =325 % 10-22. nz.Ti where T is in Kev
hence
log(Pg) = 2.log(n) + (0.5)log(T) - 21.9

Log (PB),is converted to linear Py and fed back to the

'E into plasma' box.

Golovin gives the cyclotron power loss as

P o= 6.2 x10%°, (n).B

2

.n.T.R.az.Ez watts (total)

where B is the toroidal magnetic &

field (Tesla)
%zis an absoption factor of the
plasma for the eyclotron

radiation

Rose and Clark(7) give Ezaa between 0.1 and 0,002 depending on the

electron velocities and therefore on temperature. At temperatures

below 25 Kev, K changes only slowly with temperature and a constant

value of 0.05 will be assumed.

Golovin's design for the 5,000

megawatt thermal output reactor assumes a value for the magnetic

field B of 4 Tesla.

Therefore

P 1.101.% 10"

ik

X niB

2

and log(Pn) = 2.1log(B) + log(n) + log(T) - 10.96

Log (F.) is converted to linear P and fed back to the

L

'E into plasma' box.

2%
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The reactlon rate for nuclear reactions in the

plasma 1Is
y e -3 -1
Reaction rate 8 AZI). Ny ain cm " .sec
No of reactions =
per operational = (ov), n.n, .tiicm
period
Energy release 3
per operational = (@v).n . n. t.Q joules. cm
period
Average power = (@v), no.n.. t.Ql wal:.‘:sl.r:tu-3
per cycle
Average power Sl
per cycle (total) = (v).n,.n,. t. Q.2wR.a" /7 watts
3

% @v). n, n,.(l.295.10_-. t/v watts
where t = duration of operational period

T = duration of cycle including recharging
period

Q = energy release in the D-T reaction
Hence

log(P ) = log(ny) + log(n,) * loglEev) + log(tft) -2.89

The averaged quantity (@v) is a function of
temperature but is not a simple function. It is log@v) which
is required and this is given empirically by

log@v) = 5.75 log [log(T)] - 16.56
As eghown in FT3 37 the calculated values for log (@v)
from this expression agree with those from Golovin's quoted
values of (@V) to within 1% over the range of temperatures
2 Kev to 40 Kev.
Hence

log(Po) = log(ny,) + 1log(n,) *+ 5.75lo0g [log(Tﬂ + log(t/f)- 19.45

Using a function generator! log (Po) is converted to
linear P0 which can be integrated to give linear Eo, the

energy produced by nuclear reactions.
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CHAPTER 5

The Fusion Reactor Simulator

A block diagram of the simulator is shown in Figs: 10 p.21.
For simplification potentiometeré'controlling input parameters
and potentiometers introducingmcohstants have been omitted.
These details can be found on the full simulator circuit.

The diagram has a central chain of boxes starting
at EIN and continuing to Eo when 1t splits to give two outputs,
one showing the efficiency of the system and if 'saleable' power
is available; the other to show the average power output over
an operational period, a full cycle or a numbe£ of cycles. At
positions along the chain parameters are introduced and from
other positions positive and negative feedbacks are returned
to the start of the chain., The initial input point is shown.

The discharge current in the plasma, reaching the .
order of several million amperes will have a particular
waveform depending on the circuit impedances. An approximation
to this waveform is simulated and its representative signal
voltage is fed in log form into No. 1 box (plasma conductivity).
A log (temperature) signal modifies the log (current) which is
then converted to linear (current) and fed to the No.3 box. The
neutral injection signal in linear form is passed through
No. 2 box (timing sequence) which determines its duration and
position in the reactor cycle. This signal also passes into
No. 3 box.

These two signals, line?q (current) and NIH are
separately integratéd together to sroduce a summation of the
energy put into the plasma from external sources in No. 7 box.

Signals affecting the energy into the plasma need to
be linear by ;eason of difficulties in summing and integrating

log quantities. The linear EIU output from No, 3 box is
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converted to log (“HJ)' In No. 4 box and 1s then comblined with
log (ion density) to give log (temperature) from No. 5 box.
Log (temperature) and log (ion density) together with a constant
determine the log (Bremsstrahlung loss) which 1s converted to
linear (Brem. loss) and fed back to No. 3 box out of phase with
the ohmic heating and NIH signals, i.e. as a negative feedback.
The cyclotron loss depends additionally on the toroidal magnetic
field on the plasma axis as well as the temperature and the
electron density. Like the Bremsstrahlung loss signal, it is
obtained in log form, is linearised and fed back to No. 3 box
also as a negative feedback. '

The cross-sections for nuclear reactions in the
plasma depend on the particle velocities and hence on temperature,
The output of No. 5 box (log(T)) is operated on by No.s 6 & 9 boxes
to give log (E) i.e. the energy produced by the nuclear reactions.
This quantity is linearised and integrated to give linear (E )
from No. 10 box. About 10%Z of this energy is taken away by the
~alpha particles formed in the reactions and is fed back to No. 3
box as a positive feedback producing additional heating of the
plasma. The remaining 90% of the energy E is useable energy.
To see if the reactoriis commercially viable this energy must
be compared with that put in from external sources. This is
done in No. 8 box which subtracts the output of No. 7 box, i.e.
energy put into the system frem exteranl soutces, from EB the
useable or saleable energy. Initially the output oﬂlNo. 8 box
is negative becoming positive when there is a gain of energy.
This can be displayed on a centre zero 'power' meter.

One cycle is obviously inadequate for average power
measurement. hThe simulator will repeat the cycle automatically
and both the saleable energy and the elapsed time can be

integrated and divided by logging to give the mean power over

n cycles, This will not be the same as the average cycle power due

to the recharging periods between operational periods.



CHAPTER 6

Simulator Circuitry.

This chapter will consider first some of the

less familiar units used in the simulator circuitry and then

proceed to see in more detail how the circuit 1s assembled.

Note. Owing to thelr frequent usage certain electrical

terms will from this point be abbreviated where
appropriate and particularly when followed by a
reference number. e.g.
Potentiometer - Pot.P6 Diode Function Generator - DFG 2

Amplifier - - Amp. 4 Input - I/P

Integrator - INT. 3 Output- OIP

The principal unit in the simulator circuitry is
the D.C.Amplifier. This may be interpreted as 'direct current'
amplifier or as a 'directly coupled' amplifier, the noteworthy
feature being an absence of capacitors in the signal path, i.e.
in the interstage couplings.
A principal requirement of the D.C.Amplifier is a
-very high gain on open circuit. In earlier days amplifiers

employing up to seven or eight valves had gains around 3 x 107 A

Modern transistorised amplifiers have gaine around 105 to 106 .
These high gains are rarely used in the simulator circuitry

since negative feedback is incorporated and restricts the
overall gain to about 100 maximum. Valve amplifiers operate
with signal inputs 1in the range of 0.1 to 100 volts and outputs
not exceeding 100 volts of either polarity. Transistorised

D.C. Amplifiers now usually obtained as integrated encapsulated
units operate with signal imputs between 0.01 and 10 volts

and output signals up to 10 volts, Most amplifiers tend to drift

i.e. for theif OIP voltage to build up even in the absence of an

I{P signal. For correction, the drift voltage is 'chopped',

33



3
amplified by a small A,C. Amplifier, rectified and returned to
the Input of the D.C. Amplifier with the correct phase to
nullify the drift voltage. Without drift correction amplifiers
used for integrating give large errors.
The amplifier i1s used in the simulator in

several modes. It is indicated by a triangle with I/P and O/P.

(a) As an invertor of signal polarity
...'-;'._. TMRO
V‘ RI % : % Vo
Ut e

With the resistors, voltages and currents as shown,

Kirchoff's Law can be applied to the currents at S

v v =
Il Io 13 0

Since the gain of the amplifier is, say, 10?, and the
output voltage is limited to 100 volts, the input
voltage to the amplifier alone must not exceed 1{)'"5 volt,
The input current to the amplifier (IB) is therefore
very small indeed and can be neglected.

+ &
Il Io 0

Vl vo i

— e —
R1 Ro

or V0= -RO.V

and if Ro = Rl’ the signal input voltage has been
inverted as shown by the negative sign,

(b) As an amplifier

By making R0:=-R1, a gainzof signal voltage is obtained.

{

8
)
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(c) As an adder/amplifier R
. o
l, w1
Y ——w lo
R, v,
R, g
Vi — v &

L

Again applying Kirchoff's Law to the currents at S and

as before neglecting I

3.
11 + Iz+ Io = 0
v v v = 0
— O
Rl R2 Ro
RV R .V
v, o= A T U 1S
i )

If R1 - R2 = Ro’ there is straightforward addition
or the signal voltages can be individually amplified and

added.
(d) As an integrator || :

-0 s.__[>———"=
L

ipplying the previous method at S and neglecting 13

It Io = 0
Vi 4 C.dvo _ 0
Rl dt
o |
dVo = V3
de RIC
Vo = -1 V,. dt
Rlc

Similarly several input signals can be simultaneously

integrated, amplified and added.

v o =

\, Revaan '\ v

] . ot
PR A T, ; V, dt — Vet
-Z;Tét .[E:%dt = [ [¢]
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S50 that one signal may be amplified relative to another, both
integrated with respect to time and added.
The above uses of the D.C. Amplifier apply to both

valve(Type MEC100) and tranaiatﬁriaed (Type 741) amplifiers

except that the 741 amplifier, not beini drift corrected, is

not a reliable integrator over the long;periods used in the

simulator. The 741 amplifier however has an additional facility,

a non-inverting input., This uses a circuit :-
+15

(e) V,

— Is the inverting input R
3 i i

+ Is the non-inverting input 1

¥ and Vl have the same polarity and the gain of the circuit is

v R, ¢ R
05 mapin 2 or G = 1+
Vl Rl Rl
(£) The conversion of linear signals to log form
Base
Current
100 -
MA
50
Base Voltage
=50 -|150 -200

The characteristic of a transistor, base current
versus base voltage is approximately exponential as shown. This
characteristic is used in transistorised log amplifiers which operate
over a small input signal range and with a small output signal.
Typical ranges are, 10--3 to 1.0 volt input with an output signal of

O o 1,0 vole:



(g) Function Generators

These play an important part in the simulator
circuitry, principally as a means of converting log signals to
linear signals, that is, they act as antilog devices. Several
designs of function generator have been tested and much time
and work has been expended in attempts to make them work
satisfactorily, Before the integrated log amplifiers were
avallable function generators were tried as linear to log
converters but the results were very disappointing.

The circuit of the function generator finally used
is shown in Fig, 11 p.38. The principle of the function generator
is shown here.

See also Fig.lla p.39

% Signal

A functionél curve O to P can be assumed to be assumed to be made up of
straight segments, OA, AB, BC, etc. A linearly rising voltage is fed
to the function generator input. Via a potentiometer a part of the
input signal is passed on directly to the D.C. Amplifier and the output
voltage rises along OA. Suppose this is a positive input signal. At
an input signal Oa a biassed diode in series with another potentiometer
starts to conduct and passes a part of a negative version of the signal
to the amplifier and, reduces tHe rate of rise of the output signal
along AB. .Similar events occur at input signals Ob, Oc, Od but at
input Oe the conducting diode passes a positive signal to the amplifier,

This causes the output to slow its downward trend and with more
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positive signals at higher inputs to rise along FG, GH etc.

The potentiometer settings determine the slopes of
the segments; the bias on the diodes sets the 'break points',
a3 by ¢y ete,

Obviously the accuracy of representation of the
simulated function depends on the number of segments, that is,
the number of bilassed diode elements used and, of course, on the
complexity of the functional curve.

In the early simulator design stages, log amplifiers
to work with an input of O to 100 volts were not available
and attempts were made to build function generators for linear
to log conversion using Zener diodes rather than biassed diodes.
Zener diodes are self-biassed and their use would simplify the
circuitry by avoiding the introduction of a biassing supply.

The Zener diode has a s

I
Diode A
characteristic shown here at (a). Clordiarali
OA is the usual characteristic when
a voltage is applied across the diode Ve
i °
..+ﬁ %‘

Q)

as in (b). OBC is the characteristic

when the voltage polarity is reversed

(
(b)
as in (c). OB is the self-bias.
()
In a good diode OB lies along the
-V axis and the change to BC is very sharp. A poor diode has

the dotted characteristic, the corner at B being rounded.

The zener diodes were 1L
|1

T [ =
e

tested in the circuit shown here.

The amplifier in integrating mode _J::"'"

<

gives a rising negative voltage at
Test circuit

2

its output and hence across the

zener diode and resistor R, The =

voltage V across R was passed to the Y motion of an X - Y
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plotter, the X movement being obtained directly from the

output of the amplifier. NV %

from
Zenar

A large number of diodes
was examined in this way and gave
graphs as shown. Only those diodes

with a well defined bias and a

characteristic like (a) were o v
acceptable., Generally, low bilassed diodes (up to 10 volts)
were unsatisfactory.

The function generator circuitry with zener diodes
is shown in Fig. 12 p.42, Basically it is a simpler circuit than
that of Fig. 11 but with the limitation that the break points
are not variable and are set by the diode manufacturer.
However, a range of biassing voltages is available and intermediate
values can be obtained by series coupling diodes. Again, the
potentiometers Pl, P2 » etc set the slopes of the segments,

The curve of log x against x is shown here.
x is the input signal and log x the output from the summing
‘amplifier._ There are frequent changes to be made to the
slopes when x is small. This calls for a large number of
segments and many break points \og X
close together., But this is
the very region in which the
zener diodes are least reliable,

having characteristics like (b), x

(c) and (d) above. It was noted
that, supposing A, B, and C
diodes (Fig.l12) were satisfactory

and had been adjusted to give

segments fitting the log x curve, 109 X

then if diode D had a characteristic like (d) above, then on
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adjusting Pot.P5, previous adjustments wetre completely upset,
In the end this system as a means for linear to log conversion
was abandoned.
However, in the case of log to linear c&ﬁveraion
the curve, as shown, is almost linear for small values of x.
Consequently low voltage zener diodes were not required and
the higher voltage zeners, being more reliable and with sharper
'corners', the system proved satisfactory for this conversion.
These comments apply to the early design stages
working in the range O to 100 volts with the 'Space 30'
computer. When the design was transistorised, log amplifiers
were available for the linear to log conversion, buq for the
log to linear conversion in the O to 10 volt range the
range of biassing voltages was too restricted and resource
was made to the circuit of Fig,1l.
It may be noted that
(a) An integrating amplifier used as the feedback for a
D.C. amplifier gives a differentiating system.
(b) A differentiating amplifier used as the feedback for a
D.C. amplifier gives an integrating system.
(c) A log amplifier used as the feedback for a
D.C. amplifier gives an antilogging system.
The integrated log amplifier requires two additional® integrated
D.C. amplifiers to perform its normal iinear to log conversion.
To set this as a feedback as in (e¢) above wouid be rather
complex and it was judged simpler to use a function generator
as in Fig, 11 to make this conversion.

Beforeproceeding to explain the simulator

circuitry in detail, it should be mentioned that the D.C. amplifiers

used for summation, inversion and multiplying are of the

type 'Texas 741'. These have frequency correction built in and

use an external potentiometer for correcting offset voltage.
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The supply voltages to this type are + 18 volts maximum and this
limits the output signal to around * 12 volts, say + 10 volts in
use, This type 741 however, has no drift correction and for

the comparatively long cycle periods of up to 3 minutes, is
unsatisfactory for integratio# purposes, For integration a
valve amplifier '"MEC 100' has been used. The final simulator

is thus a hybrid,

The simulator has been built into a standard
19" (48.3cms) rack occupying about 1} metres of vertical space.
Apart from the * 300 volt power supplies for the valve
amplifiers at the top and the meter panel at the bottem, the
remainder is contained in small units 7" x 23" (17.8 x 7.0 cms)
fitted into three 'nests'. These units approximately 10" (25cms)
in depth, carry the valve amplifiers for integration, control
circuits, diode function generators and power supplies for the
integrated solid state amplifiers. See Fig. 17 p. 79.

The main simulator circuit of Fig,.33, at the end of this
work, will be considered next in this chapter and the control
Icircuits in a following chapter,

The simulator circuit is built on four boards in
a single unit, though the integrators and funetion generators
are in separate units,

Current Waveform Generation

The current waveform is generated by the use of
amplifiers 1, 2 and 3 and uses amplifier 4, to introduce the

effect of temperature on the plasma conductivity and hence on

the current waveform,. The circultry

| |
| IC,
for Amp.l and Amp.2 is shown here. v,
At S -
e e e ICA ¢
ot
dt Rl




Hence Vo = A.exp(~ t/R C )
where oKL = fractional setting of the potentiometer
A = initial condition (I.C.) constant

A similar circult for Amp.2 yields an output voltage Vi

V; = B.exp(- t/R C )
where ﬁ = fractional setting of the potentiometer
B = initial condition constant

When integration occurs in the operational period the outputs
of the amplifiers 1 & 2 are 'decaying exponentials' as shown.
The constants A and B can be made
equal but of opposite polarity and N

RlclszQCz. The two outputs are

added in Amp.3 and the combined :
output is as shown by curve 0C. . Ximg
This curve OC simulates :

B

approximately the variation of

E.M.F. in the plasma representing the build up of E.M.F. and
its subsequent decay. If the plasma has constant conductivity
then the current waveform will be similar but will be changed
by the effect of temperature on the plasma conductivity, The
waveform OC can be changed by an alteration to any of the
variablestx,ﬁ., Rl, Rz, Cl’ CZ'

Originally the log amplifier LA 1 was to receive
the waveform from Amp.3 and convert it to log form but as
discussed more fully in Chapter 9 (p.67) this was discarded
and Amp.3 now sends its output direct to Pot.P9 and thence by
the input resistor R.1l to Amp.é. The output of Amp.3, now
assumed to be a near approximaéaon to log I, is combined in

t

Amp.4 with log T and a constané as in the equation

log (By) = 2.log(I) = (1.5)1log(T) = 2.602

The output of Amp.4 therefore represents log (B,)

N.B, P is just one of five power signals to be integrated to give the

the total energy, less losses, to be dissipated in the plasma.



The requlrement 1s

dt dt dt dt dt
? = > B - + 5 = ) = >,
2 .ﬂ“ +[°‘ flmu /115‘ /Ic

-~ + P, # & e
R /(gl Bo'® Py = Boe ). dt

This 1s obviously not the same as

E =/Elog (). ¢ log(PNIH) + log(R,) - log(PB) - log(Pc)),dr.

=/[log(PA.P_, .PNIH/PB.PCJ]. dt

Hence the power gains (i.e, B, , B,, & PNIH) and losses (1.e. PB & Pc)
need to be in the linear form. The conversion, where necessary,
is made with function generators.
Temperature

Looking further along the amplifier chain, polarity
problems arise. As the temperature T rises from 2.5 x 10—5 Kev

(Room Temperature) to 25Kev (29 x 106 "

K), log (T) changes

from negative (-4.6) to positive (1.4). When temperature is
high and log (T) positive this must increase plasma conductivity
and also reduce the ohmic heating P . Amp.12 is an

: inverter and gives -log (T) output. Hence the output of Amp,3
.must be positive which : is ensured by making the constant A a
positive voltage and Rlcl‘.:bRZC2 . The diode function generator
(DFG) 2 receives a hegative signal from Amp.4 and sends

out a negative signal for integration by INT.l. In line

with B, P & P must also be negative signals entering

NIH

INT.1 while PB & Pc representing losses must be positive signals.
The output of INT.1l now gives a positive signal

representing EIN , the energy available to heat the plasma.

This signal paaaestﬁrough the log amplifier system LA,2

giving 10g(EIN).

Log(Temperature) Generation
For Amp.7 the equation is

Log(T) = 1og(EIN) - log(na) - 15.8
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Remembering that Amp.7 inverts, Pot.Pl7 fseds in the constant

voltage of -15.8 volts, Pot.P18 supplies a controlable signal,
representing log(ne) of between +11 and +16 volts. As log(T),
the output of Amp.7 varies between -4.6 and +l.4 volts, the
third input signal representing the 1og(Em) contribution ﬂéom
Amp.6 must vary between +9.4 and -1.6 volts, as log(ne)
increases (See Appendix 2). This means that for zero input of
energy E, to the system the input voltage to Amp.6 1is rslated
linearly to log(ng) thus :-
log(ne) 3l 12 13 14 15 16
1/p volts needed 9.4 8.4 7.4 6.4 5.4 4.4
and for a maximum log(E,,) input of 6 volts to Amp.6 to make
log(T) = +1.4, the relationship is :-
log(ne) % 3 12 13 14 15 16
1/p volts needed 3.4 2.4 1.4 0.4 -0.6 -1.6
Resetting the input voltage to Amp.6 for each value of log(ne)
would be tiresome. The relationships show that Amp.6 can be
supplied with a constant input of -20.4 volts made up from
Pot.16 and the log(ne) setting from Pot.P18. Amp.5 is
inserted to increase the log(E,) signal without inversion.
Losses
Energy losses from the plasma which reduce its
heating are listed in Chapter 3,p.25 and estimated in
Appendix 2. In this first version of the simulator only two
are belng considered. For the Bremsstrahlung loss
log(Fs ) = 2.log(ne) + $.1log(T) - 21.9
This requires a constant input of +21.9 volts from a potatiomster
which 1s only supplisd with 15 volts. By writing the equation
log(Ps ) = 2.10g(ne) + z.1log(T) - 4 x 5.47
the constant can be inserted into Amp.8 by setting Pot.P30 to

5.47 volts and K.g0 = ¢ X K.gq . This ruse is not Infrequently
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used and 1s discussed more fully in Chapter 8. The output of
Amp.8 1s a negative going log signal which is then converted by
DFG 2 to a negative going linear (PB) signal. But the
Bremsstrahlung radiation is a loss and must be fed back to the
INT 1 as a negative feedback, Amp.9 inverts the signal from
DFG 2 and Pot,P 31 sets the magnitude of the feedback

Similarly for the cyclotron loss
log(Pc) = 1og(ne) + log(T) + 2.log(B ) =~ 10,96
As before, signals representing log(ne) and log(T) are readily
available., The log(B )Isignal is obtained from Pot.P 32 and the
constamt, from Pot.P 33,
The chain of amplifiers 10 & 11 with DFG 3 follows the pattern
as for the Bremsstrahlung loss.

Nuclear Energy Release:

Log(T) varies between -4.6 and +1.4 volts., At
log(T) =0, T = 1 Kev, i.e. 11,600,000 °K. At this
temperature very little energy will be released as the cross-
section for the D - T reaction 'is so small, This means that
‘negative values of log(T) can be neglected and barred from the

rest of the system by the diode D Positive values of the

1"
log(T) signals are passed on through the log amplifier system LA 3
to produce a log(log(T)) signal at the output of Amp.A2LA3.
The equation for Amp,l1l3 is

log(P ) = log(ny) + log(ny) +(5.73) log [log(T] - 19.45
so that the loglog signal is combined with signals from the
potentiometers 22 & 22A and a constant from Pot.P 21 to give
an output from Amp. 'l13 representing log(PD). The separation
here between ny and n. introduces the latent possibility
of showing the effect of fuel burn-up. It would not be too
difficult to link the ratio of n, to n, to the number of cycles

that the system has made,



The log(Po) slgnal Is next converted to linear Po and then

inverted in polarity by Amp. 14 to give a positive output. This
output is split between two potentiometers, 23 and 24, the first

to take 10%Z to be returned through Amp. 15 and Pot.P 13 as the
positive feedback of alpha-particle heating. Amp. 15 1is merely

an inverter. The signal from the second potentiometer is the remaining
90% and after passing through the integrator INT 2 gives the nuclear
energy produced in the plasma for useful purposes.

Unlike the fission reactor, which merely receives an initial

load of uranium, the fusion reactor requires a substantial and
initial  input of electrical energy with which the reactor's

energy output must be compared. The B, and PNI signals are

H
integrated in INT. 3 to give the total energy put into the
plasma from external sources. This quantity is then compared
in Amp. 16 with the linear Eo from INT, 2. Amp. 16 feeds
a centre zero meter which moves to the positive side when the

system is producing more than the input of energy and vice-versa.

Power production

The average power in a cycle or in a series of cycles,
as distinct from the instantaneous power indicated at DFG 4 is
obtained by dividing the energy from the plasma (i.e. INT 2 o/p)
by the duration of the cycle(s). Division is not a simple
process electronically and it is easier to add algebraically
log(Eo) and log(time). INT 2 output supplies linear Eo
and this is converted to —log(Eo) by passing through Amp. 17,
log amplifier system LA4 and amplifier 18, The time involved
here is that which elapses since the simulator was switched to
'RUN' and may be a part operational period, a full operational
period, include a part or full delay period or extend over several
reactor cycles. Another integrating amplifier B, in the control
section, 18 required to be continuously integrating at the same ratio

as amplifier A even when the amplifier has been switched to the
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'delay condition'. Integrating amplifier B returns to intial

condition only when the simulator is switched back to 'RESET'.

The output of this ampldfier is proportional to time elapsed and

is passed through the log amplifier system LAS5 to give a log(time)

signal at the output of Amp.A2LAS5. This signal is now combined

with the -log(Eo) signal in Amp, 19. The output of Amp, 19 is then
log(Eo) - log(time) = 1log _Eg__ = log(average power)

time
It should be noted that the average power in an operational

period will not be the same as that in a full cycle.
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CHAPTER 7

The Control System

The circuitry for this system is shown in Fig. 33
The system 18 required to
(a) produce a repetition of the operating and recharging
periods
(b) count the number of such cycles
(c) ;ary the operating period
(d) vary the recharging period and hence the ratio of
operating period to recharging period
(e) provide for a single operating period
(f) give an indication of the state of the 'reactor', that is
operating or recharging
(g) provide HOLD and RESET facilities
(h) vary the integrating rates, that is, to give slow or
fast simulation
In Fig.33 a small voltage is fed to a MEC 100
integrating amplifier 'A' and the output of this amplifier 'A' is
‘passed through a dropping Pot.P29 to the inverting input of
Amp (17), which is a 741 type amplifier without feedback. The
non-inverting I/P of the Amp(1l7) is supplied with either of
two small voltages from Pot.P27 or Pot.P28., These Pot's feed
alternate. contacts of a Post Office type rotary selector switch,
the wiper of which connects to the non-inverting input of Amp(17).
Suppose these two voltages are 0,8 and 0.5 volts and
let it be the 0.8 volt which is applied to the non-inverting
input of Amp(18). Without feedback the amplifier output is driven
to saturate positively or negatively depending on the
voltage applied to the inverting input. When this voltage to the
inverting input exceeds the 0.8 volt, then Amp(17) output flops

over to the opposite polarity. If the chenge is from
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negatlve to positive polarity this signal triggers the
ThyratronEN91 which discharges the large capacitor C through
the relay coils RL1 and RL2, The discharge through RL2
momentarily closes 1ts contacts RL2/1 which resets the integrhtor
output to zero. At the same time RL1 which 1s the coil of
the P.,0., selector, switches the wiper on to the next contact
and puts the 0.5 volt potential on to the non-inverting input
of Amp(17). The integrator having reset, the system reverts
to 1ts initial condition, the thyratron is extinguished and
the capacitor C recharges through R.103.

The duration of the two periods, the operational
and recharging periods depend on the times the integrator
output takes to reach the voltage on the non-inverting input
of Amp(17). Thus, supposing the integrator output is rising
at 0.5 volt per second and that the voltage at the wiper of
Pot.P29 is rising at 0.005 volt per second, then assuming
that the voltage on the non-inverting input of Amp(17) is
0.8 volt the time required to trigger the thyratron and so

terminate .the operating period is

0.8/
0.005 = 160 seconds
Similarly the recharging period would be
0.5/
0.005 = 100 seconds

During the operational period the whole simulator
circuit must integrate and must be followed by a shut down
during the recharging period. The P.0 selector has a second
bank of contacts; a}ternate contacts of this bank are
connected together and to the RESET relays. These relays are
connected in parallel and their contacts, which are normally
closed, are ipdividually connected across the integrators in
the main simulator circuit. When the wiper of the selector
first bank is setting an operating period, the wiper of the

second baid switches a 30 volt supply to the RESET relays to open



54

their contacts and allow integration to occur. This is the
start of the reactor cycle. In the recharging period the second
wiper is off the selector RESET contacts so that the integrators
are shorted and out of operation.

A RED lamp in parallel with the RESET relays
indicates the operational period and these periods (or cycles)
are counted by a resettable electromagnetic counter also in
parallel with the red lamp.

The other altemrnate contacts on the selector second
bank are also joined together and to a GREEN lamp which comes
on during the recharging period.

A HOLD relay is associated with each integrator.

The contacts of this relay are normally closed and are in the
input circuit of the integrating amplifier. The HOLD relay
coils are in parallel and can be energised at any instant by

a manually operated switch (SW1). This isolates the integrators,
integration stopping at that point in the cycle.

Each integrator has a choice of two integrating rates
" by switching their feedbacks to be 1.0 pF or 0.0914F.

This control system does actually satisfy the
requirements listed at the start of this chapter. It has in
fact'just grown' as the requirements have appeared. Given adequate
time and specialised attention it could most probably be much
simplified. As in the main simulator circuit the use
of valve amplifiers for integration and their power supplies
makes unwanted bulk. The type 741 amplifiers were unsatisfactory as
integrators over the periods of minutes due to their high and

uncorrected drift rates.



CHAPTER 8
Scaling

The frequent changes between log and linear forms
of the parameters in the simulator circuit call for a careful
adjustment of the settings of the potentiometers which
provide the constants involved in the equations of Chapter 4.
Other potentiometers control the amplitude of signals into
the operational amplifiers, to avoid overloading these amplifiers
regard must also be had to the polarity of signals and constants.

The heart of the simulator system is the log(temp)

i.e. the O/P of Amp(7). This therefore is a convenient

starting point from which to work hackward to the external energy
inputs and the positive and negative feedbacks and to work
forward to the nuclear reactions, the saleable energy and the
power levels developed.

As indicated before a temperature range from room
temperature to +25 Kev is assumed and this sets the range of
log(temperature) between -4.6 and +1.4. Each amplifier
‘will now be considered individually.

Amplifier 7.

For this amplifier, log(T) = log(EIN) - log(ne) + 15.8

so that Pot.P 17 and Pot.P18 must supply voltages of the opposite
negdtive and respectively

same polarity and these mustybe positive>because of the inversion

in the amplifier., The electron density is assumed to be between 10

and lO16 per millilitre, so that Pot.P18 will need to be adjustabld

between +11 and +16 volts, while Pot.P17 provide the constant of

+15.8. But neither Pot. can provide these voltages

11
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fully, being supplied with 15 volts only. However as

indicated on page 47, the potentliometer settings just mentioned
can be halved if the ratios R.34/R.32 and R.34/R.33 are each
equal to 2, Hence, with Pot.Pl7 set at - 7.9 volts and Pot.P18
set to provide between + 5.5 and + 8.0 volts the output of
Amp.6 to give a required output from Amp.7 can be calculated.
The extremes of temperature postulated, that is,
for log(T) to vary from - 4.6 (Room temperature) to + l.4
(25 Kev), for values of log(ne) between 11.0 and 16.0 lead to
a range of outputs from Amp.6 of + 9.4 to - 1.6 volts. Since
these outputs are within the capabllity of the '741' amplifier,

the ratio R.34/R.31 is unity. See also Appendix 3 pp 136-136a.

Amplifier 6.

For zero B, and ne = 10llem®, Amp.6 must have an
output of + 9.4 volts and for maximum E,, an output of # 3.4
volts, that is, a range of 6.0 volts. Similarly when ne = 1016
cﬁﬁ, the output of Amp.6 also has a range of 6.0 volts between
+ 4,4 and - 1.6 volts, Lf now Pot.,Pl6 1is set to give - 9.4 volts
input to Amp.6 via R.28 and the output of Amp.5 changes between
0 and 6.0 volts then the output of Amp.6 will change between
+ 9.4 and + 3.4 volts for zero E, éo maximum E,, with
ne = 1011 em.

When ne is increased to 1016 cm® a similar
consideration shows that the setting of Pot.P1l6 must be
altered to - 4.4 volts, a chenge of 5.0 volts. Resetting
Pot.Plé for each value of ne is Inconvenient. In changing ne
from 101! to 101 Pot.P18 changes by 2.5 volts. By making the
ratio R.30/K.29 equal to 2 this change can be doubled and
added to the input of Amp.6. The setting of Pot.P1l6 would now
have to be - 20.4 volts but by making the ratio R.30/R.28 also

equal to 2 the setting of Pot.P1l6 1s reduced to - 10.2 volts,
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This setting willl remain unchanged, for as ne is increased or
decreased so the 'non-signal' input tc Amp.6 will be adjusted
automatically. Since the output of Amp.5 has a maximum of + 6.0
volts, the ratio R.30/R.27 1s unity.

Amplifier 5.

Amp.5 is used in the non-inverting mode to give a
gain of (1 + R.26/R.26a) = 6 from an input of O to 1 volt. The
ratio R.26/k.26a 1s therefore 5 to provide this gain of 6.

Log amplifier LA 2.

According to the manufacturer this log amplifier
accepts input signals in the range O to 1 volt with a similar
range of outputs. A measured characteristic of output v
input is shown in Fig. 13a, p 58. The integrator INT 1 can
operate up to an output of 100 volts. R.122 and R.123 reduce
this sufficiently for input to LA 2.

Integrator INT 1.

With the maximum input to the log Amp.LA 2 set at
1 volt for maximum E, which gives log(T) of + 1.4 from Amp.7
the output of INT 1 can be allowed to rise to 100 volts.
Assuming the longest operational peried to be 100 secs., the
output of INT 1 will rise at the rate of 1 volt/sec. This means
that with the feedback capacitor of the integrator being 1uF
and the input resistors R,16, 19, 67, 756 and 95 all equal to
1 Megohm, the combined signal from the five inputs to INT 1
must not exceed lvolt. The percentage which each input
contributes to the 1 volt has now to be found.
This statement can be expressed thus

te

t t3 ts t;
f Rdt + / =97 ORSE DE LE / Rt « = /Fg.dt = 100 voirs (+ex)
s t2 by o °
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In this expression only PNiH can be assumed constant., P, rises
and falls and may have fallen to zero in the time tl » which
may be very much less than the operational period. t, and t3
are the times when the plasma temperature rises above and
subsequently falls below the ignition temperature and in which
interval energetic alpha particles are produced. t, and t5
are the times between which neutral injection heating is used
and in this simulator these are under the control of the
operator,. te and ty are the times over which the
Bremsstrahlung and cyclotron losses occur. These times are
not necessarily the same and will vary with teﬁperature, but
the expression assumes that these losses begin almost
immediately at the start of the operational period.

The approximate calculations in Appendix 1 show
that Bremsstrahlung and cyclotron radiations cause energy losses
from the plasma of 1.1% and 0.6% respectively, at a
temperature of 20 Kev. Alpha particle energy contributes
about 10% of the nuclear energy developed to heating the
Iplasma and' the rest of the input of energy to the plasma comes
from the external sources, i.e. the neutral injection heating
and the ohmic heating. Since the two terms

t6 t7
/PB.dt and /Pc.dt
0 0

are deductions, the other three terms

t1 t5 t3
/-Pn.dt ,f’rJIH.dt and [B .dt
(] 4 t2

may together exceed 100 volts,

In the absence of more detailed knowledge and as a starting point,
to be modified later after experience with the simulator, let it be
assumed that B, , Fy , PNIH’ PB’ and PC , all act at constant

value throughout the operational period. Then it can be estimated that



(a) PB slgnal input will be 0.011 volt
(b) PC signal input will be 0,006 volt
(e) Px signal input will be 0.100 volt
(d) B, signal input will be 0,600 volt
(e) PNIH signal input will be 0.300 volt

The contributions (d) and (e) are arbitrary values with a sum
of 0.9 volt, These are the contributions to make EIN a
maximum and produce a log(Temperature) value of 20 Kev.
There still remains the problem of the settings of Pot.P11,
Pot,P13, Pot.P31 and Pot.P34 since the inputs to these
potentiometers are variable. Pot.P12 has a comstant input
of 15 volts and its setting can be calculated.

To calculate or estimate the settings of the
first four potentiometers the behaviour of thé feedback loops
involving Py , PC’ Pn.' and P, must next be considered,
Amplifier 8

The feedback loop for P, includes Amp 8,

B
DFG 1 and Amp. 9. DFG 1 is designed to accept up to 10 volts
- maximum imput and this is therefore the maximum output of
Amp. 8. The equation for Amp, 8 is

log(PB) = 2.log(ne) + (0.5)1log(T) =~ 21.90 .
The constant -21.90 is too large to be supplied by Pot.P30
but can be reduced to -5.47(5) volts and R.64/R.60 made
equal to 4 to compensate, Similarly, since 2.log(ne)
would have values between +22.0 and +32.0 volts the ratio
R.64/R.62 is also made equal to 4. Since the term log(T)
will only vary between -4.6 and -1.4 volts the ratio R.64/R.61 is
0.5. For the variations of log(T) and log(ne) these ratios give
an output from Amp. 8 of -10.8 wvolts to -2.2 volts, which range
is just acceptable, the -10.8 volts being the extreme case. Since

the DFG 1 accepts only negative input signals the diode D2 blocks
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positive Input signals. The range of outputs from DFG 1 is
then, by design of the DFG, O volts to -10 volts.
Amplifier 9
The output of DFG 1 is negative and hence Amp, 9
is used to invert this polarity so that this PB feedback loop
feeds a positive signal to the integrator INT 1, i.e. a

signal which is out of phase with B, , P, and PN H and which

¥
therefore represents a loss of energy by Bremsstrahlung
radiation. Amp.9 may also provide some signal gain.

The lowest value of 0, (lo1l

ions/ml) is likely to yield the
highest temperature with log(T) equal to *1.4 and these
combined with the constant give an output from Amp 8 of

0.8 volt, Within the DFG 1 the input of 0.8 volt is
effectively reduced by a factor of 10 and then antilogged to
provide an output of 1.20(2) volts which goes to the Pot.P31.
The requirement of making a contribution of 0.011 volt

to INT 1 is then met by setting Pot.P31 to 0.91%.

Amplifier 10

~ The feedback loop for PC includes Amp, 10 ,
DFG 3 and Amp, 11. An additional term is that which
represents the effect of the toroidal magnetic field (B).
This term is adjusted by Pot.P34 in the Potentiometer Unit.
Thereafter this loop behaves similarly to that for the
feedback of the Bremsstrahlung loss. :

The equation of the cyclotron loss is



log(PC) = 2.log(B) + lug(ne) . log(Ty - = 10.96
The toroidal magnetic field is assumed to be variable about a
value of 4 tesla, so that the term 2,log(B) has a median value
of 1.2, obtained fromPot.P32, The ratio R.72/R.70 is made’
2 to compensate for the half values of log(n,) supplied by
Pot.P18, For the log(T) input the ratio R,72/R.69 is unity
since log(T) has a small range -4.6 to 1.4 volts. The constant
of 10.96 volts is kept at full value and the ratio at unity.
The variations of log(ng) and log(T) cause the O/P of Amp. 10
to range between 1.15 volts and 12.15 volts, or even higher
if the magnetic field is increased above 4 tesla. However, if
R.72 is reduced to its half value the O/P of Amp. 10 is halved
to 6.07(5) at its maximum and can be accepted by DFG 3. Again
the O/P of DFG 3 is adjusted by Amp. 11 to provide Pot.P34 with
a maximum input of 10 volts and this potentiometer set at
0.33% to send a maximum signal of 0.006 volt through R.75 to INT 1.
Amplifier 4

The equation for this amplifier is

.log(By ) = 2.log(I) - (1.5)1log(T) - 2.60
in which the maximum plasma current is as yet undetermined.
By the Kruskal stability criterion, the maximum poloidal magnetic
field due to-the plasma current, before the onset of instability
is given by

Agrasaat tielc = 9B where q is the stability margin

.Poloidal field

Golovin quotes q = 1 for his design and with R = 5.2m, a = 1,86m
and the toroidal field of 4 tesla, the poloidal field is 1.43
tesla which requires a plasma current of 13 x 106 amperes for its
production. Hence log(I) = 7,12 and log(gl % 9,54

which is acceptable by DFG 2, With this input DFG2 gives

an output of 9,0 volts to Pot.,Pll. This Pot,, set at 6.7% sends

Q0.6 volt to INT 1.
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Since R.99 and R.98 are equal, Pot.P10 recelves =-log(T), 63

R.13 is 2/3 of R.14 to multiply -log(T) by 1.5/ R.100 and R.14 are
equal and Pot.P35 is then set at 2.60 volts. R,11 is 1/4 of R.l4
and thus the maximum output to be taken from the wlper of Pot.P9

is 7.12/4 = 1,78 volts .

Amplifier 3,

This amplifier was originally intended to feed an
output signal of 0 to 1 volt to the log amplifier LA 1. As explained

in Chapter 9 p.67, the output of Amp.3 was taken direct to the top
of Pot.P9.

Amplifiers 1 and 2,

These two amplifiers behave similariy, each producing an
exponential decay of an initial voltage at the amplifier output,
Amp. 1 has a negative output and Amp. 2 has a positive output.
Pots. P1 and P2 set the initial output voltages and the rates of decay

are determined by Rl’ R2’ C1 and C, and by the settings of Pots. P3

2
and P4, The two outputs are combined in Amp.3. To make the waveform
starti from zero, Pots. P4 and P5 are so adjusted that the two inputs
to Amp.3 initially cancel. These same Pots. also give the peak output
from Amp.3 to exceed 3.56 volts.

Amplifier 12,

This amplifier is an inverter for the sign of the log(T)
feedback. Resistors R.99 and R.98 are equal and the degree of log(T)
feedback is adjusted by Pot.P10,

Diode Function Generator DFG 2.

After its initial setting up, whereby the O/P of this DFG
is related to the antilog of the input signal, no controls are
provided except for the Pot.P1ll to adjust the magnitude of the P
signal to INT.1 and INT.3.

Log Amplifier LA 3.

This amplifier with its associated amplifiers AlLA3 and

A2LA3 is used to produce an O/P signal from Amp.A2LA3 proportional to

log Eug(T)] + For temperatures between 2 and 40 Kev the quantity
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log(ev) is empirically found to be given by the expression

log (7v) = (5.75) .log[log(1)] - 16.56
Since the simulator is concerned with power generation in the
temperature reglon where log(T) is positive, the diode D1 ensures
that only positive values of log(T) pass on to Amp,AllA3,

Amplifier 13.

This amplifier is required to produce an output related
to log(Power from nuclear reactions, Po)° The equation for the
amplifier is

log(P,) = log(ln;) + log(ny) + (5.75)1og [log(m) - 19.45

The simulator is designed for a maximum value of log(T) = +1.4 so
that the term (5.75)log [log(T)], has a maximum of 0.84 which is within
the O/P range of 0 to 1 volt from Amp A2LA3. The resistors R.43 and
R.46 are therefore equal.. The Pot.P21 supplies the constant terms in
the equation and should be adjusted for any change in the operational
period. However, 1og(tﬁf) is only about 0.5% of the constant term
19.45 and the adjustment is omitted from this Mk. 1 simulator. Pot.
P21 is set to 9.72 volts and R.42 is made half of R.46 to compensate.

 Similarly, R.44 and R.45 are each made half of R,46 and
the potentiometers Pot.P22 and Pot.P22A adjusted to the values of
log(inD) and 1og(£nT) respectively.

The output of Amp 13 with maximum value of n, and ng and
log(T) is now about 12 volts and with lower values of n, and n. the
output is acceptable by the DFG 4,

Diode Function Cenerator 4.

Like other DFG's after an initial setting up DFG 4 has no
controls and delivers a signal proportional to linear PO within the
range 0 to 10 volts. An O/P of 10 volts represents a linear power of
5,500 MW at log(T) = 1.4 and n, = ny = 1.5 x 10'* ions per millilitre.

Amplifier 14. '

This amplifier inverts the polarity of the DFG 4 O/P signal,

gives unit gain and feeds two potentiometers Pot.P23 and Pot.P24 which
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are in parallel. Pot.P23 is set to feed back to INT 1, via Amp.15
and Pot.P13, that fraction of power produced by nuclear reactions
which is returned to the plasma by the alpha parti;les, Pot.P24 is set
to pass the remainder of the power to the INT 2. Hence Pot.P23 is
set at 10% and Pot.P24 at 90%.

Integrator 2.

The O/P from Pot.P24 may reach 9 volts and is proportionally
reduced by resistors R.49 and R.49A to provide a suitable I/P to INT 2
so that its 0/P_does not exceed 100 volts in the longest operational
period. This O)P is then reduced 10 times by resistors R.120 and R.121
to feed Amplifiers 16 and 17,

Amplifier 15,

This inverting amplifier provides the positive feedback to
represent the alpha particle heating to augment the ohmic heating and
at temperatures above critical to sustain the nuclear reactions.

Integrator 3.

External power for a fusion reactor is supplied by ohmic
heating and neutral injection heating. In the simulator these two
‘quantities are integrated together in INT 3 to give an O/P signal
representing the external power supplied, This output signal could
rise to 100 volts but is reduced by R.120 and R.121 to a maximum of
10 volts to be fed into Amp. 16.

Amplifier 16.

Both signals into Amp. 16 represent linear energies. That
from.INT 3 is the external energy supplied and is positive; that from
INT 2 is the nuclear energy available and is negative. Amp. 16 sums
these two amounts of' energy, and its output, when shown on a centre
zero meter, if positive indicates a gain of energy from the system and
if negative a loss of energy, INT 2 O/P into R.81 has a maximum of 10
volts., INT 3 ‘with a maximum of 100 volte is reduced 10 times by resistors
R.101 and R,102 and further scaling by Pot.P36 is introduced Bo that

Amp, 16 O/P is zero at an agreed ignition temperature.
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Amplifier 17,

The reduced output of INT 2 is fed into Amp 17 tc give an ilsgrated
positive signal to be passed to the log amplifier system LA 4.

Log Amplifier LA 4.

The log amplifier LA 4 together with the amplifiers AILA &
and A2LA 4 produces an output signal proportional to log(Eo) as part
of the process of determining the average power in an operational

period, a full cycle or over a number of cycles,

Amplifier 18.

This amplifier with Pot.P37 is used to invert the polarity
of the 1og(Eo) signal and to provide any gain or reduction required.
Its O/P is fed to amplifier 19.

Amplifier MEC 100 B.

This amplifier integrates at the same rate as Amp
MEC 100 A when the switch SW2a is in position 1. By means of
SW2b the amplifier is switched to the I/P of the log amplifier
LA5. Since amplifier MEC 100 B integrates at a steady rate
its O/P is proportional to the time elapsed since SW2a was
-moved to position 1.

Log Amplifier LA 5.

The O/P of this system from amplifier A2LA2 is
proportional to log(time). When SW2 is in position 1, the O/P
is log(total time elapsed since integration started). When SW2
is in position 2 the O/P is log(time of operational period). The
O/P in each case is taken to amplifier 19.

Amplifier 19.

The signals into Amp. 19 are of opposite polarity.
Consequently the O/P of this amplifier is

log(Eo) - log(time) = log [Eof time]= log (average power)
and this average can be displayed on a meter, X-Y plotter of chart

recorder.



CHAPTER 9

Accuracy of Simulation,

The test of any simulator will be its ability to
reproduce the same behaviour as that of the actual machine. As
indicated in an earlier chapter this is an ideal to be aimed at,
it is not a practical reality since a simulator of any kind is
a compromise between complexity and cost. Yet, if, to improve
simulation, complexity is increased, so more errors are
introduced by the approximations so necessary to make one set
of apparatus behave like an entirely different set.

In more specificterms, the laws governing the
behaviour of an electrical circuit have to be 'bent' to conform
to those of, say, a mechanical structure such as an aircraft
wing. The behaviour of the wing under set conditions can be
observed experimentally and there is then a direct comparison
of the electrical simulation with experimental results.
Discrepancies in the simulation lead to modifications in the
electrical circuitry and hence to closer and better simulation.

.Fission reactor simulators are of long standing
and the degree of simulation has been tested against the
actual reactor through the design stages to the eritical
state and power producing plant.

The position of the fusion simulator is very different.
Small reactors have been built but have not reached the critical
state of yielding more power than is put into the system.
Simulation therefore can only be tested against reality part way
to the critical state. Beyond this point simulation, at present,
can only be tested against theory and theoretical predictions of

the simulation, If the simulation 1s good up to the limits

L
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of experiments, then beyond those limits 1s the reactor likely
to follow the predictions of simulator or of thgory ? 1In brief
terms there is a question, how can a simulator be Judged
against a reactor that does not exist ?

Consider the waveform of Log(plasma current) which
is to be combined with Log(temperature) in Amplifier 4.
Amplifier 1, gives an output voltage

V = A.exp (-“t/R c )
11

Amplifier 2. gives an output voltage

=it ;.
V = A.exp ( / )
R,C,

and the two outputs are combined in Amplifier 3, to give an

output V= A.[éxp(_“tlecl) - exp(_pt/chzﬂ
and this output is calculated and plotted against time in Fig. 14

for several sets of the constants.

Fig. léjghows how the output of Amplifier 3. can compare with

the theoretical change of plasma current during the operational
period, that is a rise of current in a sine mode and a decay in an
exponential mode. However it is log(plasma current) which is required
for insertion into Amplifier 4, Fig. 15 p.70 shows how 'the calculated
log (V) compares with 1in(V).; the graphs are of similar form.

Fig.16 p.71 shows some typical and experimental oscillo-
graphs of the plasma current waveform in actual reactors. These
cannot be said to reproduce the theoretical prediction of a sine
rise and exponential decay (see Fig.9 p24). In the early designs of
the simulator the output of Amplifier 3 was to be converted to a log
quantity by a log amplifier LA 1. Since however, the actual current
waveforms are so far' from theory, the linear form (from Amplifier 3)
is as close to reality as the log form. Log amplifier LA 1 has been
discarded and the output of Amplifier 3 taken direct to the top of

Pot.P9. This bbviausly is an approximation but does avoid errors in

the log amplifier and there is a reproduc#ble waveform available.
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Current Waveforms = experimental

Output

Fig. 14

D
1

Output
AmP.l ’ R| = 'O'o Mn_
C| " I‘O }‘F
R “‘m\
F-_-h—_"‘--
I
i sacs 90 Time
Amp.2, R, =10:0 Mn
Cy = Wl pF

N.B. The waveform R is theo/p ot Amp.3
which has a gain of =205
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Plasma Current Oscillograms
Fig. 6
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The output of Amplifier 4, modified by the log(temperature)
feedback passes to the DFG?2 for conversion to a linear quantity.

The following general remarks on the accuracy of diode
function generators apply to all those used in this simulator,
since they are all used to produce an output voltage related to
the antilog of the input signal. Since, in Fig.ll the feedback
resistors Rl' RZ’ R3. can be adjusted to produce gain or loss in
the Amplifiers 1, 2, 3, the output signal may be greater than the
input signal, but the input signal must lie within the
range for which the DFG was designed. In these cases the range
is O to 10 volts. The ability of the DFG to produce accurately
a given function from a linearly increasing input depends on the
number of elements employed i.e. the number of segments into
which the function curve may be divided, and the distribution
of those segments along the curve. If the segments are long
where the curvature of the curve is high the errors can be
large e.g. 20%. Elements should therefore be concentrated in
regions of high curvature and this is done by adjusting the
bias resistors (Fig.ll) R , RS’ etc to be close together in
the upper part of the range of these particular DFG's. Fig.l6a
pP.73 shows a typical DFG output curve in comparison with a
theoretical curve of x v log(x). ;t shows how the error
changes over the range of input voltages.

Next in the chain of simulation, the integrating
amplifier INT,l receives five inputs, three of which come from
DFG's. All five inputs enter INT 1 through input resistors.

The accuracy of the integrator itself depends on the product of
its input resistor (10%) and feedback capacitor (1%).

The output of INT 1 represents the energy input to
the plasma and this signal is passed on to the log amplifier
LA 2 for conversion to Log (EIN)' Fig.16b p.74 shows how the

output of the logging system, taken from Amplifier A2LA2 compares with
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the calculated values of log(x). Within the input range of
O to 1 volt (the manufacturer's range) the output is related
to the log of the input over a much smaller range. Errors are
present up to 20%. Since the output of INT 1 may attain
100 volts it must be followed by a potentiometer circuit to
reduce this output to a maximum of 1 volt. The log amplifier
system has four adjustments. Both amplifiers A1LA2 and A2LA2
have to be corrected for offset voltages by their attached
potentiometers, shown on page 36, but not shown in the main
circuit. Additionally in the 'mo input signal' state the output
of amplifier A21A2 is zero-ed by adjusting potentiometer P.15
which balances the two inputs of the amplifier to earth. VRZ is
an adjustable feedback resistor for amplifier A2LA2 and partly

determines the output signal magnitude.

Single Amplifiers

It is assumed that single amplifiers elsewhere in the chain of
the simulator will operate without serious error provided that
any offset voltages in the 'nmo signal' mode are nullified by the
'associated_potentiometérs and that the input signals and constant
voltage inputs are kept low enough to limit the amplifier outputs
to well below the amplifier supply voltages (#15v) say to + 10v.
Single '741' type amplifiers are only used as adders
or inverters employing input and feedback resistors and no
capacitors, With 10% tolerance resistors there are possible
errors on the nominal gain of about 20%. Fortunately, most input or
outputs to amplifiers are controlled by potentiometers and these allow
corrections for any ‘off normal' gain of the amplifier.
As a specific example consider amplifier 4. The equation
for this amplifier is
logTE1) = 2.log(I) - (1.5).Log(T) ~-2.60
The constant (2.60) is obtained from Potentiometer P.35. If the

nominal gain of the amplifier has risen by 20% then the setting



of I'.15 could be reduced to 0.9 volt, This can be checked
practically by earthing the outer cnds of the Input reuslstors
Rll and le and measuring the output of amplifier 4. This can
be repeated for the remaining Inputs since the gains on these
differ in accordance with the above equation

Overall Accuracy y

The previous discusslon of errors rulses the -
problem of how to assess the overall accuracy of the simulator,
1f indeed 1t can be ascertained at all. If in the conventional
way the errors are added the total (3 INT's gll%Z = 33%,
4 DFG's @ 10% # 40% and 4 log amp's @ 57 = 20%) is about 100%.
This estimate does not include single amplifiers so the picture
is very gloomy.

What is of more importance 1ig whether the simulator
behaves qualltatively as theory predicts. For example, does
the output of amplifier 16 pass from negative to positive as
log(T) reaches 1 volt positive (this corresponds to a temperature
above which 'saleable power' ig expected) ? Does log(T) rise more .
rapidly as the plasma current is Increased ? Does an Increase
of log(ion density) lower log(T), etc e¢te ? Answers to these
and similar questions are given in Chapter 11 on results with the

simulatosr and dlecussions thereon.,

.
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CHAPTER 10

Construction

The objective of this project was the production of
a training simulator of a fission reactor, 1Its initial design
using the Solartron Space 30 Analogue Computer gave rise to a
very large machine since all units employed thermionic valves.
It occupied some 3 metre82 of floor space and a volume of
about 4.5 metrea3 but more inconveniently tied up a general
purpose analogue to one specific job., Hence the decision to
transistorise the design and reduce the simulator dimensions
to occupy less than 0.4 metres2 of floor area and a volume of
under 0.6 metresB.

A very brief outline of the arrangement was given
in Chapter5and in Fig. 17 p.79.

The power supplies of + 300 volts are obtained
from two ex-Harwell units providing up to 220mA output each.
They are hybrid units with stabilising circuits but the
circuits are not available. They are mounted at the top of
‘the simulator to reduce the effect of their heat output on the
transistorised units. In the same nest is a =30 volt supply
to operate the relays in the control system, Heater supplies
to the MEC 100 valve amplifiers come from 6.3v Ofp transformers
mounted outside the simulator system.

The type 741 transistorised operational amplifiers
are fed with +15 volts from two Farnell power units with a
variable output of 15 to 30 volts at 500 mA maximum output.
These are well stabilised with a ripple less than one millivolt
r.m.s. They also supply the potentiometers which provide the 'constant'
voltages into the 741 amplifiers.

As far as is possible the amplifiers, MEC 100's used

as Integrators, and the blocks of 741 amplifiers in the main
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simulator unit have been placed to minimise the leads between
them and reduce noise pick-up. These leads are screened.

Meters have been placed in the lower parts of the
simulator corresponding to eye!'level when seated at the pull=-out
writing flap. The number of meters provided is in excess of
actual requirement allowing for observation of any other selected
amplifier output,

Internally, apart from the MEC 100 amplifiers and
the power units, the circuitry is mounted on perforated matrix
boards. Four of these boards are fitted into each of two units
which are ex-chassis of the MEC 100 amplifiers: One unit carries
the main simulator circuitry with the 741 amplifiers and the
log amplifiers on its four boards and the other unit carries the
four DFG cdrcuits. The locations of the boards and components
in the simulator unit are shown in Figs. 19, 20, 21, 22 and 23 pp83/86.

All units built into an ex~-chassis of the MEC 100
amplifier can be serviced and preset potentiometers adjusted
by the use of an extension arm which brings the unit forward
beyond the front of the simulator as in Fig. 18 p.8l1. Further,
by removing two screws at the top and ends of the chassis
the boards can be opened sideways for access to the internal
wiring as in Fig.1l9 p.82. A large number of test points are
provided throughout the simulator as befits its experimental
nature.

Test points on the front panel of the main
simulator unit are detailed in Fig.34 p.96. 36 points are

available; not all are at present being used.
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Construction =Location of components

Main Simulator Unit

Fig. 20
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Construction — Location of components

Main Simulator Unit
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Construction == Location of components

Main Simulator Unit

Fig.22
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Main Simulator Unit Fig.23
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Inter Unit Wiring

Main Simulator Unit

8

Fig.24
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Inter - Unit
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Fig.2S
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Inter =Unit  Wiring
Fig.26
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Inter =Unit  Wiring

Fig.27

Farnel (2] RS.U. negative O/P
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Viiring

Fiq.28
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Inter =Unit  Wiring
Fig.29
Control Unit
Pin Pin |
Connected externally Connected externally
to to
1 Vi:f 'gi::; g;:z:fr: p22| 13 | 6:3v Heaters of ext.trans.
2 NC 14, 63vH¢ut¢_zrs of ext. trans.
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Fig.30
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CHAPTER 11
Results

General comment

It was pointed out in Chapter 1 that there is as
yet no critical fusion reactor against whose performance that
of the simulator can be compared., Sub-critical reactors exist
but their performance does not reach into the regions in which
the simulator tries to investigate, it being remembered that
the simulator is designed to a concept of a power producing
system envisaged by Golovin. At this time of writing, the
press have just released news from Princeton University of an
achievement of 60M°K’ (5.2 Kev) but technical papers are
awaited.

In the present design of simulator there are the
following variables :-

(1) Magnitude of heating current
(2) Waveform and duration of this heating current
(3) Magnitude and duration of neutral injection heating
(4) Starting point of neutral injection heating
(5) Magnitude of toroidal magnetic field
(6) Ion density
(7) Duration of operational period
(8) Duration of reactor cycle
Additionally the following are under pre-set control :-
(1) Degree of Bremsstrahlung loss
(2) Degree of cyclotron loss
(3) Degree of. temperature effect on plasma conductivity
(4) Degree of alpha-particle heating
Normally these four parameters would be fixed in any real

reactor. Here'they can be varied for training purposes.
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I1f only the first list of elght is considered,

then each quantity can be varied as each of the remaining seven
takes on an infinite number of values within 1ts own range.
Obviously this leads to an infinite number of experimental
results, way beyond time or ability to be carried out. If each
of the eight variables were allotted four values only the
combinations of these would be 65,536 ! A selection of
results is given showing

(1) Effect of temperature on current waveform

(2) Effect of N,I.H, insertion point on temperature

(3) Effect of alpha-particle heating on temperature

(4) Effect of ohmic heating on 'saleable energy'

In the figures in this chapter the effects are
shown qualitatively only, except in the case of the time axis,
since the magnitude of the signal being examined depends upon
so many other parameter settings. In setting up the system
to show the interdependence of two parameters other parameters are
'cptimised to enhance the effect to be demonstrated, but
throughout the traces of that particular effect these optimised
parameters are retained constant. Thus, for example, in
Fig.40p.105, log(ne) has been chosed so that trace A does not reach
positive values of log(T) but will do so when N.I.H. is applied.
In the various traces the dependent variable is
traced against a linear time scale and variations are shown as
differences between the traces as an independent variable is
changed. In some cases such a change can be made from cycle
to cycle, but in others a series of cycles 1is required to show
changes in the dependent variabld.,

In }egiona above the ignition temperature the traces
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obtained can only be accepted for the present and any
assumptions as to a reactor's behaviour in these regions can
only be proved by events at a future date, But in all those
traces which cannot be checked against an actual reactor there
is always the possibility that peculiarities may be due to some
obscure fault in the circuitry, e.g. an amplifier being
operated above its rated input or output. The safeguard against
such faults can only be the use of test points to gauge signal
magnitudes at strategic points in the circuitry plus a
rigorous asking "Is the result reasonable ?".

Further work on the simulator is continuing, to
improve the predictions of reactor behaviour.
Conclusions

1. Effect of temperature feedback on current waveform.

Fig.38 p.102 shows traces of the formation of current
waveform from the two decaying exponential outputs of Amp.l
and Amp.2 and also how this passes through Amp.4 with only a
phase inversion. This, by itself alone, produces log(T) changes
‘which show, a sudden lowering of temperature followed by a rise
to positive values of log(T) as the heating current peaks, and
then a slow decline towards initial log(T) values. When log(T)
is allowed to affect the current waveform from Amp.3, there is
an approximate reflection of log(T) in the current waveform
which shows a sudden rise in current followed by a fall to a
minimum and then a rise, remembering that Amp.4 has also
produced inversion and its positive output signal has a
reducing effect upon’ log(T).

The initial incréase of the negative value of log(T)
is not expected and judged to be unreasonable. It  can be
ascribed to a 5oait1ve voltage on the input of integrator INT.

which is not operative until the cycle starts.
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2. Effect of N.L.ll. insertion point on temperature.,

These effects are shown in figures 39, 40 and 41,

In F1g,39 p.104 the operational period during which the
temperature may rise has been extended without limit.
N.I.H. of fixed magnitude and duration has been introduced at
particular times from the start of the operational period. This
figure is a combination of several traces made possible since
the individual traces all departed from and returned to the
same basic log(T) trace obtained when N.I.H. was absent.

If the area above the zero log(T) line is taken as
a measure of the nuclear energy developed, then the figure
indicates that N,.I.H. applied around the maximum temperature
will lead to the highest peak temperature and greatest amount
of nuclear energy, as might be expected.

The duration of the N,.I.H. effect, i.e. both fise
and decay remains constant and independent of the point of entry.

Fig.40p.105 shows the effect of both duration and point
of entry of N,I.H. in a series of non-consecutive operational
.periods in- which some fixed amount of alpha-particle heating
and feedback has been introduced. The By does not become
effective until temperature reaches an ignition value, taken
here as 1log(T) = 0 (i.e. T = 1 Kev)

In trace A the ohmic heating,P, , raises the
temperature which does not however reach the ignition value
and log(T) decays as B, decays. The succeeding traces show
log(T) being raised above ignition temperature by N.I.H.
applied at various pbiuts of time in the operational period.
Temperatures rise above the ignition value at rates set by the
N.I.H. value and when this ceases, the log(T) rise continues at a
rate set by tﬂe Py feedback, It should be noted that a

linear log(T) rise indicates an exponential rise of temperature,
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Fig.41 p.106 shows in another way how the same N.I.H. energy affects
log(T) according to how and when it is inserted. 1In trace C

the N.I.H. concentrated into the first half of the operational

cycle is shown to be more effective in raising and sustaining

1log(T) than being concentrated in the second half of the period (trace D)
or spread over the full period (trace B).

3. Effect of alpha-particle heating on temperature.

These effects are shown in figures 42, p,108 ahd43,p.109,
under zero N.I.H. conditions. In trace A there is also zero
alpha-particle heating and log(T) with only ohmic heating
cannot reach ignition value and so falls off as does P, .

(this is similar to trace A of Fig.40). In trace B the maximum P
feedback available is provided. This appears to assist the log(T)
rise even below the ignition value and above this value the log(T)
rise quickens to a common value and then still continues to

rise but at a slower rate,

This pattern is reproduced as the Px feedback is
progressively reduced down to a limiting value indicated in
‘trace G. There are differences; as the Px feedback decreases,
the assistance to log(T) when near the ignition value weakens
until in trace H the ignition value is mot reached. Trace J
indicates a slight improvement in log(T) with a small increase
in Px feedback.

As might be expected the rate of rise of log(T)
above ignition value decreases as the Py feedback decreases.
Above the common value reached by log(T) the steady rate of
rise also shows a continuous decrease until in trace G it has
been reduced to zero. Presumably, at this condition the P,
feedback just balances the losses by Bremsstrahlung and
cyclotron radi;tions and in an actual reactor by thermal and
nuclear radiations and by thermal conductivity through the

walls,
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The common value which log(T) reaches in traces B to G
may posslbly mark the end of the ohmic heating period and the
change over to heating by P, alone. Altemaively there may
be some limitation in the circuitry not yet apparent.

Fig.44 p.110 illustrates how, given the opportunity,
alpha-particle heating can be effective in raising log(T). In
trace A the decay periods are constant but the operational
period increases from one cycle to the next. In this expected
trace the lengthening operational period gives more time for
log(T) to rise, eventually reaching a runaway situation.
Similarly, in trace B with increasing N.I.H. giving more and
more assistance to the heating of the plasma a runaway situation
is again reached even in cycles of constant duration.

4, Effect of ohmic heating on saleable energy.

A series of traces in Fig.45 p.112 shows the effect of
decreasing the amount of ohmic heating upon log(T) with some
log(T) feedback to affect the degree of ohmic heating by
changes to the plasma conductivity.

- The peak values of log(T) show, as might be expected,

a continuing decrease as the ohmic heating is reduced,

eventually failing to reach the ignition temperature and
therefore unable to excite B, heating. Less predictable are

the sharp initial peaks of 1log(T) in traces A,B,C, and D followed by a
minimum and a rise again. It is a suggestion only that these
traces show the onset of "hunting" or oscillations of log(T)

which are cut short by the limited operational period.

This oscillation decreases in amplitude as P, reduces to

the arbitrary value of 70% and then the decay of log(T) follows
the decay of ohmic heating. It is perhaps possible that the
oscillation ié showing the form of instability due to the

Kruskal limitation of plasma current for a given toroidal magnetic

field. The effect of the toroidal field

m
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strength on instability in the simulator has yet to be
investigated,

The apparent onset of this instability has been
investigated with the results shown in figures 47 and 48.
Two methods were used. In Fig.47 p.116 the maximum ohmic
heating was maintained constant and the toroidal magnetic
field was progressively reduced from its maximum, The
traces show that the instability, as measured by the initial
variations of log(T), increases as the field decreases,
particularly below half its maximum. The oscillation period
also increases, though the period is not uniform, while the
amplitude tends to swing about the zero value of log(T).
In Fig.48.p.117 the toroidal field was kept constant at half its
maximum value and the ohmic heating was increased in steps up
to its maximum, The instability can be seen to commence at
about 90% of the maximum heating.

These effects appear to follow the pattern of Fig.8 p.2l.
In that figure instability arises with high currents in high
fields and in the early part of an operational period. In low
fields instability would appear to be less vidlent with the
smaller currents and to occupy a longer period of time.

The production of saleable energy is the prime
purpose of a fusion reactor. Fig.46 p.115 shows interesting changes
of cycle as the amount of ohmic heating is reduced. The traces
display the balance of energy between the integrated amounts of
nuclear energy generated after allowing for losses and the
energy put into the 'system from external sources; positive values
indicating a gain of energy and negative values a loss., The
overall picture is of small energy gains with the greatest ohmic
heating, heav} losses of energy with lower ohmic heating, followed

by huge energy gains at still lower ohmic heating and
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both gains and logses tending to zero as ohmic heating reduces
to zero., This is difficult to interpret, and correlation with
log(T) 1in Fig.45 does not appear., Assuming that the
circuitry is satisfactory, it might be suggested that the
initial small gains of energy are due to initial rapid rise of
temperature which is not sustained since the high temperature
decreases the ohmic heating., When this heating lessens the
losses predominate, The build up of energy may be due to
steadier conditions below the Kruskal limit but the
trend to zero gain or loss is not expected since the
saleable energy is the difference of two separaéely integrated
amounts of energy and there is no reason for these to finally
balance equally. More work is necessary to check ithese
suggestions.

As mentioned earlier the simulator is intended for
the qualitative demonstration of the basic behaviour of a
fusion reactor, rather than for design work. It provides
'open ended' experimental training in this field and there

is discussion on this in a following chapter.
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CHAPTER 12

Training Potential of Simulator

This 1s a look into the future, to anticipate what
may be required of the simulator. The éresent.simulator is only
a first step towards simulation and training experience may
well indicate modifications to the circuitry, particularly to
the feedback loops.

When fusion reactors are built in any quantity
for commercial use, technical operators will be needed. There
will be two classes of users both of simulators and the actual
reactors., First, the technicians who will operate the reactors
to a fixed schedule and secondly, the technologists and
scientists for whom the reactor is a test bed. The former group
will, in essence, require only to know the controls to operate
the reactor at steady power, the 'start-up' and 'shut+down'
procedure and the emergency drill. "Their's not to reason why,

their's but to do and die“(lo).

The technologists and scientists
will wish to vary the normal running conditions, to operate the
'reactor, under safeguards, beyond its design limits and to modify
it with a view to improving the design. The simulator can be
of great initial use to all these workers.

In current simulators of all types, e.g. flight
and tank simulators, the technicians are faced with a control
console similar to that actually employed in the aircraft or
tank. The controls, meters and recorders are placed in
familiar places. This similarity is not possible with this
present simulator since such a commercial console is not yet
in existance.

The present simulator is therefore principally
of use to the Erainee technologist and scientist and needs to

be liberally equipped with read-out meters and recorders for

the vital parameters.,



(a)
(b)
(c)

(d)

(e)

(£)

(g)
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Lt has been provided with means for :-
changing the plasma current waveform and its magnitude.
varying the toroidal magnetic field
varying the magnitude and duration of.heutral injection
heating and its moment of introduction
varying the densities of the fuel gases
controlling the various feedbacks
varying the operational and recharging periods and their
ratio
averaging the power over a single operational period or
over several cyeles of operation and recharge.

It is not claimed that the simulator is for design

assistance. It is purely to show the effects of

changes in parameters. Other advantages are incidental.

(a)

(b)

Experience in using the simulator has shown that
values of the stability margin 'q'
can be obtained by varying the peak plasma current and
the ‘toroidal magnetic field.
values of the ratio (/3 ) of kinetic gas pressure to

magnetic field pressure (nkTIEE ) can be obtained by
8xr

varying ion density and/or toroidal field B.

The critical or ignition temperature is that at

which the nuclear reactions become self sustaining. That is,

taking into account the various losses from the system, the

nuclear reactions produce an amount of energy equal to or greater

than the energy required to heat the plasma to that temperature.

In Appendix 3 it is shown that by assuming that at the critical

temperature the power input to the system just balances the

power losses Ehere exists a simplified relationship

n.t = 1 o T
293 (ov)
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where Lr 1s the length of the operational period necessary to
replace the energy losses.
When the quantity n.tr ls plotted against the temperature T
a minimum is shown. Now temperature varies with different
profiles across the plasma; likewise the quantity (¢°v)., Hence
the minimum values of n.ty vary, According to Gibson these minimum
values are around 2 to 3 x 1014 with temperatures between 25Kev and 60Kev.
The Lawson criterion therefore implies that to obtain a
self sustaining reactor

n.t R T R 1014 sec. cmf
This is interpreted as

Number Density x Containment Time =2 to 3 x 1014

In the simulator, both n and t_ are variable

and their product can be raised to find the value at which
saleable power is obtained continuously, that is when Amp. 16
0/P passes through zero. However, as the n.tr product is
raised more energy input will be needed and I/P P, will have to
be increased.

. The control system is such that a continuous
period of operation can be simulated but within this period the
E, will decay to zero leaving only Py as a continuous supply
(supposing P, to have terminated). Passing the Lawson
criterion will be indicated by the O/P of Amp. 16 remaining above

Zero.
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As shown earlier in this work, the heart of the
simulator Is Amp 7 whose O/P indlcated the temperature reached
in the plasma. Most of the formal experiments for students
are therefore concerned to show how log(T) varies with
changes in those parameters which control the energy inputs
and losses. Other experiments concern the effects of log(T)

upon the nuclear energy output and the average power developed.

For their adequate control reactors must be
fully instrumented but not all instruments need be under
continuous observation.. A teaching simulator ﬁill require
even fuller instrumentation for observation of those quantities
which are self-regulating in an actual reactor, e.g. losses
due to Bremsstrahlung and cyclotron radiation and also waveforms
of plasma currents which are set by the electrical constants
of the circuits. A list of meters provided and the
potentioﬁetera which are under the operator's control are
shown in Figs. 35 and 36 respectively,

* The training potential of any simulator develops
with time and in doing so brings its own special problems.
Students cannot be turned loos:t;n a simulator and some
instruction must be given., Initially, instructions for a few
obvious experiments or exercises will be written up and a group
of trainees may experience all these simulator exercises in
sub-groups of 2 or 3 students. As the simulator becomes
more familiar to the instructor more exercises are developed,
written up and the ﬁrocesa is self-defeating, since to
complete the increased number of exercises, each sub-group
takes longer and fewer students can obtain the simulator
experience wiéhin the duration of the course. In fact the

N® of students trained o< (NS of exercises)-l

It is not an easy problem to solve.



Students at the level for simulator exerclses
are malnly Interested in the immedlate reaction of the machine
or simulator to changes of control parameters. The process of
reading meters and plotting graphs is, at this stage, a waste
of simulator time and a slowing up of the student throughput,
Recorders, X = Y and/or time chart instruments are essential.
These, preferably should be multi-channel for recording
simultaneously from several points in the simulator circuitry,
unless the system reproduces very faithfully.

In this work initially in design with the Space 30
computer a single channel X - Y recorder was used to record
five channels throughout a single cycle by switching each of
the five channels in turn to the Y input for a duration of
about one second, the duration being determined by the slew
rate of the recorder. An example of this record is in Fig.*@?

In a large group of students, each sub-group could
be limited to a few initial exercises on the simulator.
Unfortunately this leaves a feeling that the simulator is not
being fully exploited, An alternative is for each sub-group
to do different exercises. This is unsatisfactory from a
teaching aspect since vital exercises will be missed by some
sub=groups.

A possible way around this problem of more fully
training more students on the simulator is the following
suggestion, so far untried(ll). The simulator is usually regarded
as a slowing down device so that students and/or chart recorders
which are comparatively slow acting have time to make: their
records, But the simulator may also be speeded up, making it
approach the operational speed of the reactor itself. The
operator will now need to preset the parameters he requires

in a program to be passed to a small digital computer which

will control the high-speed simulator and then receive back
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and record 1its signals.. During the slower print out of the
results and subsequent analysis by the operating group, the
high-speed simulator could be switched to a second digital
computer group. Even more computer groups might use the
system, cost permitting! In theory the number of students
being trained simultaneously could be very high. If the
simulator is switched on a cycle of the digital computers
each computer group may have several opportunities to
reprogramme the simulator.

A particular advantage of the slow simulator is
the faéility for testing emergency procedure. It is
comparatively easy for an instructor, from a remote control
centre, to introduce a fault into the simulator such as
a loss of toroidal field, and subsequently to assess the operator's

reaction and suitability for reactor control.
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Conclusions

The feasibility of constructing a fusion simulator based on the
point reactor model has been demonstrated. Although computer control of
fusion reactors is certain to be employed for routine operation, as in
many fission reactors, manual intervention may prove necessary under
fault conditions and such a simulator could therefore be useful to
illustrate the consequences of faults and the remedial action necessary

to render the system safe.

If such a simulator is to be used for meaningful studies of fusion
reactor behaviour then much greater accuracy in the response of
amplifiers and particularly logarithmic amplifiers and antilog function
generators will be needed (see Figures l16a and 16b). Such errors could
account for the slight initial drop in T noted in Figure 39 since the
log amplifiers exhibit their greatest error at lowest inputs. The
present system has been constructed with very low cost components and
considerable home construction so substantial increases in accuracy
could probably be made with commercially designed units or possibly by
a complete redesign involving a hybrid system containing both analogue

and digital components interconnected.
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Operational Procedures

This chapter deals with the run-up of the
simulator to the point of switching on for operation and
recording of its behaviour.

Power supplies,

1. The simulator operates from a 13 amp. 240 V AC supply.

2 All toggle switches should be OFF, i.e. in the UP position,
3e Switching on the AC mains supply immediately provides the
6.3 volt heater voltage to the valves of the MEC 100
amplifiers and the +15 volts from the Farnel PSU's.

4. The right hand switch just below the +300 volt unit
switches AC power to both 300 volt units, the -30 volt
central unit and theineon on the left hand side.

s The =30 volt supply is ON when either the RED or GREEN
lamp on the control panel is alight,

B The 300 volt supplies require about 2 minutes to heat
up and will be available when their separate neons glow.
Each 'unit contains several internal fuses and a cut-out,
If the front neon does not glow one of these may have
gone open-circuit although the front panel fuse is intact.

7% All DC power supplies can be monitored on their front
panels at this stage.

8. Switch the +15 volt supplies to the '741' amplifiers by
switching on the Farnel PSU's front panels.

g The log amplifiers in the main simulator unit require
supply voltageé of +8 volts. These can be monitored
at the lowest test points on the main simulator unit

front panel,

L
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10. Switch on the 300 volt supplies to the MEC 100
amplifiers by the HT switch on the meter panel. Neons
on these amplifiers should glow for a short period only,

A continuing glow indicates a fault in the amplifier,

Control Panel.

i Switches are initially in the UP position and potentiometers
just off zero,

25 Switch to START.

3. Switch to CYCLING,

4. Switch to RUN.

5. The RED and GREEN lamps should now light alternately,
changing at approcimately 20 second intervals.

6. If a continuous operational period is required, switch to
SINGLE when the RED lamp is alight.

7. Switch to RESET.

8.  The RESET / RUN also controls INT 4, In the RESET position
a resistor across the integrator holds its output voltage
at a fraction of the small input voltage provided for
integration. In the RUN position the resistor is removed
and the integrator integrates continuously, Its output
therefore provides (a) a voltage for the X - motion of an
X - Y plotter and (b) a voltage proportional to time with
which to obtain the average power delivered by the reactor/
simulator.

9. If the simulator is to cycle switch to CYCLING and adjust
the two potentiometers on the control panel to give the

required periods for 'operation' and 'delay'.
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Operation, v
2 1 All the '741" amplifiers will need setting from time to time

10,

Lo correct the output offset voltage. These corrections, to
make the output zero are made with each inpqg earthed, by
adjusting the associated potentiometer marked Pa 3 or Pa 4
etc in Fig.s 20 to 23, Although this may éarth the output of
a previous '741' according to the manufacturer it is not
detrimental.

It will now be assumed that these corrections have been
made and preset potentiometers in the main simulator

circuit adjusted according the Chapter 8 on Scaling.

Set the potentiometers in the potentiometer unit to the
values required, that is, for log(ne), log(np), log(ny),
log(B ), linear I and NIH,

Check the current waveform with a time /chart or X - Y recorder.
Connect the output of INT 4 to the X motion of the

X - Y plotter.

Adjust the X movement to be adequate in the duration of

the experiment.

Connect the Y input of the plotter to the selected test
point on the main simulator unit front panel.

Check that the RED lamp on the control panel is alight and
switch to SINGLE or CYCLING as required.

Switch to RUN.

Return to RESET at the end of the experiment.



128

Appendix 2

Calculation of various losses from a Tokamak

Reactor having the following

parameters
Major reactor radius 5.20 metres
Minor reactor radius 1.86 metres
Toroidal field strength 4.0 tesla
Plasma density 3% 1020 m_a
Containment time 0.7 sec
Thermal power s o 10g watts
Volume of torus = K.(1.86)2.2.7r.5.20 ms'
= 364,5 m3
Area of walls = 2r5x(1,86).2.8.5.20 n?
= 3.818 x 10° n’
Total gas ions = 364.5 x 3 x 1020
= 1.0935 x 10%3 :

Energy produced per cycle per cubic metre

= nz.ﬁrwf).Q where n = 3 x 1020 m—3

4 Q= 3.6 x 107 joules
at T = 15 Kev
(cv) =1 x 10'”22 masec
at T = 20 Kev
(Cv) = 1.4 x 1605 masec_l

Total energy produced per cycle
20, 2 =22 -
(3 x.10" )" x 10 x 3.6 x 10
%

2:952 x 109 joules
Average power o 2952 x 109 watts
0.7 9
4.22 x 100 watts at T = 15 Kev

M0 3648 {niles

9

Average power 5.90 x 10° watts at T = 20 Kev
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Bremsstrahlung Loss

Several authors give formulae for the Bremsstrahlung
power loss which differ in form or in the value of a constant
used. Some calculations based on these formulae follow, The
units of the various quantities are those used in the derivation
of the formulae by the respective authors to keep the same

numerical constants.

Simon(lz), "An introduction to thermonuclear research" p.18,eqn.2,12
PB = 64 ¥ e623n2\/gif where e = 4,803 x 10-10 e.s.u.
3J257 me3h Vm 7 =1
3 -
ergs.cm .sec S Vg o 1010 cms.sec-l
k=1,38 x 10740 org 071
e b o TS 106 watts (total) m=9,1c 10-28 gram
b % = 1,0522 x 10727 SFB.88c
X k.20 Kev
as a percentage of the thermal n = 3% 100 cem >
power this is
= 1-902
Golovin,"Tokamak as a possible fusion reactor". p.l16,eqn. 7.4
9 = 1
PB 7 2.2y ,10 32.R.a2.n2.Ti where R = 520 cm
watts (total) a = 186 cm
6 18 14 -3
= 50 x 10 watts N e 310 cm
T = 20 % 103 ev
as a percentage of the thermal
power this is
= 0,85%
(132 "
Sweetman,"Ignition condition in Tokamak". p.164(appen.),eqn.l5
Byt (3.3).10’3l.n2.(a/R)Z.R3.T*.EB where R = 520 cm
a = 186 cm
=3 37 % 106 watts n=3x 1014 cm-3
as a percentage of the thermal Te 20 Kev
= 0. -
power this is EB 49 ( & correct

ing factor)
= 0,63%
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r
Snxu,(l') "Approaches to thermonuclear power", p.7, eqn.l.4

PB a (0.54).10-30.22.n2.T5 where Z = 1
watts.cm n=3x 1014 .::1:1“3
T = 20 Kev

= 79 x 10b watts (total)
as a percentage of the thermal

power this is s

= 1,34%

Rose and Clark,"Plasmas and controlled fusion".p.233, eqn,11.17
3 2374 } L

PB (4.8)-10 oz uni.necT Where Z - 1
wétts;m-3 & N bay
= 70 x 106 watts (total) n, = n n-.% 3 x 1020 ur3
i g e
as a percentage of the thermal ‘

power this is
= 1.19%

These results are simulated at the end of this appendix.

2. Cyclotron Losses

These are more difficult to estimate due to
(a) only of importance in the very high temperature range
(b). uncertainty of electron temperature, electron
velocity and frequency
(c) uncertainty of plasma absorption for electron
frequency and harmonics.
Some estimates of these losses by various authors

now follow.
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Trubnikov, ex Glbaon,(ls)"Parameters required for plasma

in a toroidal reactor". sec. 2.4

Pc = (0.7).10-24.n.B2.T.5Z where n = 3 x 1014 cm-3
B =4x 104 gauss
= 49 x 106 watts (total) AR Y
' Etn a plasma transparency
as a percentage of the thermal factor taken as ¢.02

power this is
= '0,83%

¢
Rose and Clark, "Plasmas and controlled fusion".p.251, eqn.1l1.83

_ T
P. = (6.2).10 A2 5% o 01 i 20k i B wharR
-3 B =4 webers.m-2
watts.m 20 -3
-+ e, s . I g m
s 655 w102 wateam s T =20 ! Kev

This is a figure for the radiation generated, not all of which
escapes. Rose and Clark quote a factor of 0.02 for the absorption
in the plasma and the radiation then escaping through the

surface of the plasma is

6

6.55 x 10 x 0.02 x 3.648 x 102

P
c

Q& X 106 watts (total)

As a percentage of the thermal power this is

= 0.8%%
Artsimovich,"Controlled thermonuclear reactions". p.282, eqn.7.65
P, = 4.elin.v. el ;kT
3¢ me ‘mc? where e = 4.8 e.s.u.
m= 9,1 % 10_28 gram
10 -
c.= 3'x 10 cm, sec
k'=1,38 ¢ 10-16 u=.-1:g.0l(_1
= 22 x 106 watts (total) H=4x 104 gauss
14 -3
n=3x10 cm
as a percentage of the thermal power B
T'=2,32 %.10 K
this is (= 20 Kev)"




Thermal Conduction Losses

Both ions and electrons contribute to these losses
and estimates of their magnitudes are given below,

Simon} Introduction to thermonuclear research", p.32

P n.k.A.v.(Tc - To) where n 1s particle density
i1 (W‘t’)z) .{2 A 1is particle m.f, path
v 1is particle velocity
W 1s particle frequency
T 1s time between collisions
¢ is plasma radius
'I'c is temperature at centre
To is temperature at walls
For the ion,v,A,W have to be calculated
v = /ﬁ— where T = 2,32 x 108' °k
s M= 3.4 x 10724 8¥am
= 1,681 x 108 cm, sec™ ! k=138 x 10“16 erg.oK_l
Cross-section for 90° scattering
g S :Tltez' where e = 4,8 x 10-10 e.s.u.

M2 v4

= 1,447 x 10°°" cm

A = 1 = 2,304 x 106 cm
nao
¥ moN = 1.371 x 1072 sec
TR
Wi ecoaB o owd B8 % 100 sec
Mc
8 -2
Wit = 1 882 ¢ 10" x 1,37} %10
= 2.557 x 10°
P ='5.602 x 10° and takiog € = 186 cm
cond e e
P g
cond = 5.9 x 10 watts (total)

As a percentage of the thermal power this is

= 0.01%
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For the electron, v, A ,W, and T have to be calculated

v =ﬂg§l where m=9.1 x 10728 gram
" T = 2,32 x 10° %
10 Y (2 20 Kev)
= 1.0274 x 10 cm, sec
Cross-section for 90° scattering
4
T = §%;_24£_ where e = 4.8 x 1071 e.8,u,
m" v
= 1,447 x 10721 cn?
Aol o 2,305 x 10° e
no
T= X = 2.243 x 10_4 sec
St
W=eB = 7.033 x 10t gect
me
wy= 7.033 x 10™t x 2.243 x 1074
= 1,578 x 108

Pcond = 7.946 x 108 and taking € =186 cm

(electron) 4 -3 o
= 2,297 x 10" ergs.cm ~.sec

Pcond = 2,297 x 104 x 3.645 108

(electrons) 5
= 8,372 x 10" watts

As a percentage of the thermal power this is

= 0,0147%
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lmpuritlcs

These arise from contamination of the fuel gases
and also from contact of these with the walls of the torus.
By collisions with electrons and ions they give rise to
multiply charged ions, which absorb more energy for ionisation
or excitation from the electrons than do the fuel atoms and
thus exert a cooling effect on the plasma.
Golovin,(ﬁ)"Tokamak as a possible fusion reactor".p.18, eqn. 8.1
quotes Kogan et al, that the power taken away from the plasma
in this cooling effect is

L lEB),],o'?’o_zﬁ,T-B'/z + (6). ]-(3'-31-24-"1'_i :|n2§ watts, (.'.r:n-3

where Z is nuclear charge of the
impurity ion

£ is the concentration of
the impurity ions

is the electron temperature in ev

2
82 0.6
T

24007 % 2 E
rt
decreases with rising temperature

ci
Let 2 =4, n =3 x 101“cm'3, E- 1% -0.01

Obviously P
m

‘When T = 10ev

P = 356 x 106 watts
mci

When T = 1000 ev

6% of thermal power (5900 Mw)

193 x 106 watts

& = " " "
Bt = 3.3%
When T = 3 Kev
P = 0,93 x 106 watts = 0.016% " " "
mei
When T = 20 Kev
P = 0.36 x lO6 watts = 0.006% " " "

mci

As the simulator is‘'discarding operations at temperatures below
1 Kev and as the Pmci is falling rapidly above this temperature,

the effect of impurities has been omitted from the simulator circuitry.

1
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Summary of some losses from the plasma

(calculated at T = 20 Kev)

Bremsstrahlung radiation 112

Cyclotron radiation 0.6%

Thermal conductivity (a) electrons 0.014% g
(b) ions 0.01 %

Impurities (Z = 4, conc. of ions 1.0%) 0.006%
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Appsndix g.

Detailed scaling of Amplifiers 5, 6 & 7.

Four extreme cases ars considered

(a) log(ne) 11.0 with log(T) = -4.6

(b) log(ne) = 11.0 with 1log(T) = el.4
(c) loglne) = 16,0 with log(T) = -4.6
(d) log(ng) = 16.0 with log(T) = +l.4

(a) Referring to the attached Fig.50 , for an output from
Amp.7 of =-4.6 volts, the input signals must total % 4.6 v
Hence , including the log(Ew) signal from Amp.6

log(Ey) =2 x 7.9 « 2 x 5.5 = & 4.6

o'+ log(E,) = 4.6 # 15,8 =11 = + 9,4 v = %of Amp.6

The input signals to Amp.6 must total - 9.4 v
Hence with the log(E,) signal from Amp.5
log(Ew) =2 x 10.2 4 2 x 5.5 = - 9.4

e o log(E,) =20.4 - 11.0 - 9.4 = 0 as expscted.

Similar calculations show for :-

(b) output of Amp.6 = + 3.4 v : output of Amp.5 =+6 volts

(¢c) output of Amp.6 + 4,4 v : output of Amp.5 = 0 volts

(d) output of Amp.6 = = 1.6 v : output of Amp.5 =+6 volts

Amp.5 1s used in the non-inverting mode and 1ts inputs are for

(a) 0 volt i.e. zero energy in to system
(b) +1 volt WY ez - T A "
(¢) O volt ®* gerc s -

(d) *1 volt " max, " AL "
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Fig.50

Detailed scaling of Amplifiers 5,6and7
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Appendix é?

The Lawson Criterion

The energy of a gas ion at a temperature T is given by

E =7/, kT
Hence

E -tﬁinkT per unit volume, wher n 18 the ion density
Where there is a just self-sustaining reaction this energy gain
from all sources will balance the losses.
LE Pi is the loss rate (i.e. power loss) per unit volume then
the energy loss is

Pi xth where ;E is the time during which the power

loss operates to remove the energy supplied

2

i X% 3/2 n.k.T and‘tE is called an 'energy
replacement time'
2 P = 3nsk. T

- T
In the simplest case, for L a D - T reaction the products are

AHez and 1n0 and the neutrons, being uncharged can leave

the system immediately while alpha-particles remain to give

up 3.52 Mev of energ& to the plasma (i.e. QCH for charged products

is 3.52 Mev)

Hence the energy into the self-sustaining system is that due

to the alpha-particles whose formation rate is the nuclear reaction

rate which is ’
nD.nT.(‘T'\f).QCH per unit volume assuming that

n_ and n, differ

D

If there are equal numbers of n, and o, then

2u
P =n.(£r'u‘)_Q
IN e
But (0"v) is a function of temperature and therefore of radial position
in the plasma. The radial position can be expressed as r/a where

r is the radial position in the plasma and where

a is the radius of the plasma

and 1if r/“ is denoted by x then (V) is a function of x
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Hence the energy from the alpha-particles is

x=1 2

=(1,/n.(:ﬂr) .dx .
CHi 2~

% 4

x=0

This leads to

1
BT X.dx
noT o 12 kTJ n, i
0 0

%ﬂ)zrn d
QCH “o ( x.dx
(o]

and if n and T are constant the expression simplifies to

5 ) R I T o
=== T2k o . T un KeV
@v).Q,, a9 " 293 (9 ( )

T plotted against T shows a minimum., In so far as the
ev)

values of (V) vary slightly from one author to another
and also that T varies with different profiles across the

plasma, so the minimum varies in value and temperature. .

(15)

j According to Gibson this range may be from about 25 Kev to

around 60 Kev but with minimum values of nT fairly close

ko 2 to 3 x 1014

The concluéien then is that to obtain a self-sustaining reactor

4

AEE? to 3 x 0" sec.on >

or

number density x containment time=2 to 3 x 1014

This is known as the Lawson Criterion
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