BALLOONING MODES IN MULTIPLE-MIRROR MAGNETIC
FIELD AT THE RESEARCH OF THERMONUCLEAR FUSION

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
THE MIDDLE EAST TECHNICAL UNIVERSITY

BY

S. EREN SAN tf’f@’ﬂpq;

IN PARTIAL FULFILLMENT OF THE REQUIRMENTS FOR
THE DEGREE OF
MASTER OF SCIENCE
IN

THE DEPARTMENT OF PHYSICS

JULY 1996



Approval of the Graduate School of Natural and Applied Sciences

Y

Prof. Dr. Tayfur Oztiirk
ing Director

I certify that this thesis satisfies all the requirements as a thesis for the degree of

Master of Science.
Melwibowal

Prof. Dr. Mehmet Tomak
Head of Department

This is to certify that we have read this thesis and that in our opinion it is fully
adequate , in scope and quality , as a thesis for the degree of Master of Science.

» /. e

Prof. Dr. V. V. Mimov _Assoc. Prof. Dr. Serhat Cakur
Co-Supervisor Supervisor

Examining Committee Members

Prof. Dr. Metin Durgut (Chairman) [W/u;{/v: D “":\ﬁﬁ»

vV
Assoc. Prof. Dr. Serhat Cakir /

Prof. Dr. V. V. Mimov M

Assoc. Prof. Dr. Giilay Oke //\) ﬁ ng_ .

o Vi

Prof. Dr. Giingor Giindiiz



ABSTRACT

BALLOONING MODES IN MULTIPLE-MIRROR
MAGNETIC FIELD AT THE RESEARCH OF
THERMONUCLEAR FUSION

San, S. Eren
M.S. , Department of Physics
Supervisor: Assoc. Prof. Dr. Serhat Cakir
Co-Supervisor: Prof. Dr. V.V. Mirnov
June 1996, 66 pages.

The problem of stability in the multiple-mirror plasma
confinement is investigated through the energy principle. As
a strategy, we assumed some functions simulating the pro-
file of the confinement shells, and then maximum 8 value,
corresponding to the most stable configuration, is searched
with different mathematical methods in the assistance of the
packet programe Mathematica. An upper B limit is reached

as a result of magnetic field optimization.
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Oz
TERMONUKLEER FUZYON ARASTIRMALARINDA

COKLU AYNA MANYETIK ALANININ BALONSU
MODLARI

San, S. Eren
Yiiksek Lisans, Fizik Bolumu
Tez Yoneticisi: Dog. Dr. Serhat Cakir
Ortak Tez Yoneticisi: Prof. Dr. V.V. Mirnov
Haziran 1996, 66 sayfa.

Goklu ayna plazma sikigtirmalarindaki kararlilik prob-
lemi Enerji prensibinin verileri ile incelendi. Sikigtirma hiicreleri
i¢in benzetim fonksiyonlar: varsayilarak en kararli durum igin
maksimum [ degeri aragtirildi. Cesitli matematiksel metod-
larin kullaniminda Matematika paket programindan yarar-
lanild1 ve B degeri icin, manyetik alan diizenlemesi ile, iist

limite ulasildi.



Anahtar Kelimeler : Coklu ayna, Plazma sikigtirmasi, Enerji

prensibi, Sikigtirma hiicresi, 8 degeri.
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CHAPTER 1

INTRODUCTION

Because all conventional energy sources are decay-
ing, one of the most important problem of our civilization is
to find an alternative energy source. Not only petroleum and
coal but also uranium will end in future. What is plenty in
our planet is water, namely hydrogen and oxygen. Hydro-
gen is sufficient to perform the fusion reaction in available
circumstances. The fusion reaction produces approximately a
thousand times more enery than that of the fission. And the
fuel of the fusion is plenty unlike the other one, that needs
uranium. In addition to the advantage of abundant fuel and
efficient output, the fusion reaction is safer, because at the
end of the reaction there is no many radioactive material.
Namely the end products of the reaction are much less dan-
gerous in comparision to fission. Unfortunately, although it
is the safest the most efficient and the most approptiate way
of energy production. there is a big problem, prohibiting the

fusion reaction to be maintained in lab conditions, so that it



will be used in energy production. This reaction can be main-
tained at very high temperatures of the order of 100 million
degree Czlcious, and this much temperature is very destruc-
tive for any material imagined, except for a different form of
matter that is plasma. Even in plasma, there are quite a lot
of problems. The plasma must be stable for a certain time
interval, during which sufficient energy must be produced to
heat the plasma, overcome the energy losses and supply heat
to the power station. At present two main approaches are be-
ing investigated to achive this aim, magnetic confinement and
inertial confinement.In this thesis multiple-mirror con-
finement, one of the basic version of magnetic con-
finement will be reviewed and our study that is the
simulation of the ballooning modes in multiple-mirror

magnetic field will be presented.

1.1 Physics Requirements of Fusion

The basis of energy production by nuclear fusion is
that the binding energy per nucleon varies from nucleus to
nucleus and is particularly high for moderately light nuclei,

like e.g. He'. Examples for energy producing fusion reactions



of practical interest are

D+ T — (He*+3.5MeV) + (n + 14.1MeV) (1.1)

D+ D — (He+1MeV) + (n+ 3MeV) (1.2)
— (T +0.8MeV) + (p+ 2.5M¢eV)

There are two conditions to be fulfilled for being able
to generate fusion reaction at a useful rate. The first is that
the typical energy of the nuclei to be fused is high enough
to overcome the Coulomb barrier between them. This energy
could be interpreted as temperature. And for example for
DT reaction the temperature required is 10keV =~ 10%® °K.
The second condition expresses the fact that fusion energy
production is of interest if it is, at least, larger than the energy

needed to make the reactions possible. This implies
Prystg > 3nT (1.3)

where n is the plasma density, 7g the energy confinement time
of the plasma, and Py, the fusion power density which for a

1:1 mixture of D and T is
Pfu_, = (n2/4) < ov, >pr EpT (1.4)

with &p7 = 17.6 MeV the energy produced per reaction. For
T=10 keV where < ov, >= 107%cm?/s, Eq.(1.3) yields the



so-called break-even criterion
ntg > 0.7x10"cm™3s (1.5)

It implies a requirement on the quality of plasma confine-
ment. The ignition condition which ensures that a confined
plasma is kept at thermonuclear temperatures by self-heating
through the charged particles generated in fusion reactions,
has an analogous structure, but is more stringent. For a DT
plasma, it is obtained when £p7 in Eq.(1.4) is replaced by the
o particle energy £,=3.5 MeV, yielding

ntg > 3x10"%em s (1.6)

This is known as the Lawson criterion which requests that the
fusion power output has to exceed the bremsstrahlung losses,
the one caused by the collisions of particles, at least.

There are two possibilities from Eq.(1.6) to generate
limitted fusion power in a limitted volume. Either to increase
the particle density so far that inertia is sufficient for a small
enough volume. This is the concept of inertial confinement
which produces fusion power in a series of microexplosions.
The other method consists of a drastic reduction of the free
expansion velocity and the particle density selected such that

the plasma pressure becomes acceptable. This is the concept



of magnetic confinement which has the potential of steady

state operation.

1.2 Magnetic Confinement

The magnetic confinement aims at steady state oper-
ation under reactor conditions, Eq.(1.6) requires confinement
times at the order of a second at the pressures which can be
confined by the magnetic fields. if free streaming is allowed
between the ends of a device, having the length of the device
at the order of 100 m, a reasonable one, then the improvement

factor reads a quite large value as,

Teonf Y 4
L ;2 10 (1.7)

There exists some other limitations such as, forces
limit practical fields to values 5 to 6 T. Moreover in order
to have some reasonable 3 the operating density is supposed
to be around 2 x 102m~%and if we determine the supposed
characteristics from all these limitations they read, optimum
temperature T = 12—14keV, the density n ~ 2x102m~3
and the confinement time 7 = 1s

There are some differnt topological mirror configura-

tions in order to satisfy the stability, but this is not satisfied



yet. There are still sensitive microinstabilities arising from
particle interactions with plasma waves and leading to the
low energy particles lost faster than the high energy ones.
The loss cone thus formed results in an inversion of popu-
lation and in the generation of the drift cyclotron loss cone
instability. Recovery of the energy of the particles leaving the
system through the ends would be essential for arriving at a
power balance positive enough.

The conceptual basis for analyzing the new config-
urations relies on distinguishing the problems of equilibrium,
stability, and transport. By equilibrium, we mean the con-
finement of a finite pressure assembly of particles for many
gyro-periods in a state of macroscopic balance, possibly with
a non-Maxwellian distribution of velocity. This is necessary
condition for a confinement geometry, but it leads to a further
requirement: perturbations to this equilibrium state should
either damp away or saturate, ending in a new equilibrium
configuration. (while most theoretical analysis of stability
assume infinetesimal disturbances, stability to finite pertur-
bations is the physically relevant test.) Conditions for equi-
librium and stability have been most significant for establish-

ing the criteria for confinement configuration. If these criteria



can be met, then the success of the approach depends on the
rate of loss of confined plasma to the external world on a
slower, transport, timescale. The equilibrium, stability and
transport timescales are quite small. Also it is the time to
introduce a parameter known as fusion factor 8 about which

we will interest in

(1.8)

Having clarified the theory of the physics require-
ments of fusion [1] it seems good to indicate the aim of the
thesis in a way that we are interested in the maximum
B allowable for the stable confinement. In this thesis
different values of § are obtained for different profiles
determining the confinement cells. From these nu-
merical results of # one can decide on the parameters
of a reasonable configuration. In next sections, tech-
nical informations will be given about Mirror Confine-
ment, then our study and its sensible consequence on

the current situation will be clarified.



CHAPTER 2

MIRROR DEVICES

"Mirror Machines’ rely on the reflection of charged
particles by regions of strong magnetic field. To a good ap-
proximation, a charged particle in a strong magnetic field be-
haves such that its magnetic moment, u, is a constant. The
constancy of this quantity, which is proportional to the ra-
tio of perpendicular kinetic energy to magnetic field strength,
means that as a particle moves into a region of stronger mag-
netic field its perpendicular kinetic energy increases at the
expense of its parallel energy. For sufficiently strong mag-
netic field regions this can lead to reflection and hence by a
suitable distribution of field to confinement.

Early experiments with radioactive sources in such
arrangements of magnetic fields showed that individual par-
ticles could readily be confined for a million transits. Un-
fortunately the initial enthusiasm based on such experiments
was lost when it was found that collective effects, the so-

called flute or interchange instabilities, could act to drive



plasma across magnetic field lines and hence limit confine-
ment. These macroscopic instabilities were dramatically re-
moved by the introduction of minimum g field configurations.
However this improved state of affairs only brought attention
to collective effects on a microscopic scale. Although these
themselves did not lead to dramatic escape of plasma they
did enhance the diffusion losses. Calculations have shown that
even without the enhanced diffusion, classical diffusion due to
Coulomb interactions was such as to make ’Mirror Machines’
only marginally able to reach reactor conditions. This added
diffusion almost served as a death blow to such machines. In
the last few years it has been realized that these microscopic
instabilities can to some extent be controlled, for example by
’dribbling’ into the machine cold plasma. Theoretical calcu-
lations suggest that a Mirror Fusion device of reasonable size
is possible. These recent results together with the possibility
of curing the basic mirror problems by tying mirror machines
such as in the Tandem Mirror’ concept has led to renewed
enthusiasm in the mirror programme.

One of the main advantages of mirror machines over
the more popular *Tokamak’ systems is that the maximum £

value (that is the ratio of plasma pressure to magnetic field



pressure) obtainable, is at least an order of magnitude greater.
This of course has important consequences when one considers

the overall efficiency of a fusion device.

2.1 Mirror Confinement

The magnetic moment, pu, of a charged particle in a

strong magnetic field, defined such that

_ va_

is an adiabatic invariant. That is, to a good approximation

this quantity may be considered as constant on the same foot-
ing as a true constant of motion namely the kinetic energy,
E =m(v: + v,z') /2. Here v, is the component of the particle
velocity perpendicular to the magnetic field B and v is the
parallel component. Consider the motion of particle moving
along a field line into a region of increasing field strength.
The quantities v; and v may be considered as functions of
the distance, 1 say, along the field line and from the constancy

of 4 and E one finds

A0 =40 - AOF -1 (22

where 1=0 is taken as origin. From this relatlon it is seen that

as the particle moves such that [B(l)| increases, its velocity

10



along the field line decreases, therefore the possibility exists
that for some ], 'uﬁ (1) = 0. At this particular point on the field
line the particle is reflected, and the condition for reflection

may be written in the form
sin®(6) > 1/e(l) (2.3)

where v, (0)/v;(0) = tanb,, and |B(l)|/|B(0)| = €(I),
the mirror ratio, where B(l) = Bp,, and B(0) = Bpipn. From
this one sees that particles with a sufficiently large perpen-
dicular velocity component(fy — %) will be reflected. This is
the basic concept underlying a 'Mirror Machine’. Two coaxial
Helmholtz coils, with currents flowing in the same direction,
serve as a confinement device for charged particles for suf-
ficiently large ratio of perpendicular to parallel velocity. If
€m is the maximum value of ¢(l) along the field line then the
critical angle, defined such that sin?(6.) = 1/en, is called the
loss-cone angle. A significant feature of any device based on
the above principle is that even a,ssuming perfect confinement
of the reflected particles the distribution of particles in veloc-
ity space will inherently have a void, namely all that part of
velocity space where 0 < ..

Laboratory experiments have shown that particles

could be confined in Mirror Machines for millions of transits,
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but perhaps the most spectacular demonstration of this effect
concerns the Van-Allen radiation belts. The earth’s magnetic
field acts essentially as a gigantic mirror machine with parti-
cles being reflected as they move along field lines towards the
magnetic poles. Charged particles tend to be trapped in this
field configuration and it is the particles which give rise to the
radiation belts around the earth. They have been artificially
filled up and subsequently found to empty on a time scale of
the order of a month, in which time a typical particle will
circumnavigate the earth many times.

Unfortunately, the perfect confinement of these par-
ticles as demonstrated above does not happen in practice.
Various physical effects, ignored in the above treatment, lead
to a finite confinement time for particles. Obviously those
effects which lead to the smallest time are the most impor-
tant ones. And the confinement time must be increased to
a reasonable value so that the confinement will be applicable
to reactor designs and ultimately to the production of energy.
In next chepter those effects leading to smallest time will be

studied in the name of Mirror Instabilities.
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2.1.1 Mirror Instabilities and 8 Limit

In the mirror confinement charged particles interact
with one another and if their density is sufficiently high such
collective interactions can lead to large scale instabilities. The
instability most relevant to mirror machines is the so called
Flute or Interchange instability. Under certain circumstances
the interchange in position of a volume of magnetic flux with
a volume of plasma is energetically possible. This can lead
to flutes of plasma moving across magnetic field lines and
this leads to a loss of plasma from the confinement region.
The condition that such an interchange is energetically un-
favourable, that is that the plasma is stable, is that the dif-

ference in the value of quantity
6 [dl/|B| <o0. (2.4)

Here dl is an element of length along the field line. For simple

mirror arrangements the condition can be recast into the form

(2.5)

/ R'rlB |
where R is the radius of curvature of the field line and r its
distance from the axis. In the simplest mirror arrangement of
two coils the radius of curvature is positive in the centre re-

gion between the coils where the field is smallest and this bad

13



region outweighs the good regions near the coils themselves.
Thus the simplest mirror configuration is unfortunately un-
stable.

A minimum f configiiration has the right stability
properties. It is readily shown, by considering the field lines
in the vicinity of a point where |B| has an absolute minimum,
that the above inequality is satisfied for a whole range of field
lines that pass through the minimum region and further these
individual field lines have mirror reflecting properties. Per-
haps the simplest way in which to produce a minimum B
configuration is to take two coils of elliptic, rather than circu-
lar, cross-section and place them axially but with their long
axes at right angles, that is like two deformed Helmholtz coils.
The desire to maximize the region of minimum B, that is the
volume in which the plasma is stable to flute instabilities, has
led to the idea of fields produced by coils shaped in the form
of a tennis ball that is known as Yin-Yang coils. The intro-
duction of such coils led to a spectacular increase of at least
an order of magnitude in the confinement time of plasma in
mirror machines. Although from time to time various people
have speculated about other ways of eliminating the flute in-

stabilities, such as line tying. It is universally accepted that a

14



mirror reactor system must be based on a minimum S config-
uration. The main disadvantage of such a system is a loss of
simplicity in the magnetic coil design and hence a consider-
able increase in the associated engineering problems, such as
cooling and structural stability. In short the flute instability
can be removed but at the expense of simplicity in magnetic

field configuration.

2.1.2 Micro Instabilities

Microscopic instabilities in general cause to fluctu-
ations in the electric and magnetic fields. These fluctuating
fields do not led to a direct loss of plasma but they do lead
to an enhancement of the appropriate diffusion constants and
this can lead to a further loss. This diffusion is usually re-
ferred to as ’anomalous’ diffusion to distinguish it from ’clas-
sical’ diffusion which is associated with particle-particle in-
teractions rather than the collective interactions responsible
for microinstabilities. Any confinement device based on the
mirror concept must have an associated loss-cone, the veloc-
ity space distribution is non-Maxwellian. Further there must
exist magnetic and plasma density gradients perpendicular to

the major axis of the fields. These two inherent features of

15



mirror confinement devices are the basic source of instabili-
ties that exist in mirror machines. The lineer theory of such
instabilities has receieved considerable attention over a period
of years.

It is found that the presence of the loss-cone drives
an unstable mode at the ion-cyclotron frequency which is con-
vective in nature. This means that the disturbance with max-
imum growth rate is convective along a field line with a finite
velocity. Thus by imposing the condition that the disturbance
must not grow more than a factor of order 10 above thermal
noise one obtains a limit on the axial length of the system, L,

of the form

L/p; = \Jm;/m, (2.6)

where p; is the ion Larmor radius and m, and m; the electron
and ion masses respectively.

The spatial inhomogeneities give rise to the so-called
drift waves and these can couple to the free energy available
in the loss-cone distribution to give rise to the drift loss-cone
instabilities. Not suprisingly an analysis of these modes led to
a limit on the radius of the plasma R,, such that R,/p; must
be geater than a number of order 50.

Finally, a limit on the density of plasma that can

16



be confined is obtained in the form of a limit on B, the ra-
tio of plasma pressure to magnetic pressure. This again arises
from the inherent non-Maxwellian nature of the plasma veloc-
ity distribution in that the effective temperature in the axial
direction is different from that in the perpendicular direction.

The associated modes are called mirror modes. The
limits on B obviously depend on the ratio of effective tem-
peratures and hence on € the mirror ratio. It suffices to say
here that the critical values of § are significantly higher than
the few per cent that both experiment and theory suggest for
Tokamak systems.

In summary it should be stated that the study of in-
stabilities in the linear regime in mirror machines is extremely
sophisticated and the results obtained have significant exper-
imental backing. They can be used with a good degree of
confidence in design studies. Actually it is becoming more
and more apparent, particularly from experiment, that these
instabilities saturate due to nonlinear effects, and that the
level of enhanced fluctuations that they give rise to is much
smaller than once thought. The extra anomalous diffusion
that these fluctuations lead to may be easier to accommodate

by say increasing the size of the machine than trying to design

17



the machine such that no instabilities occur in the first place.

Diffusion in velocity space leads to particles enter-
ing the loss-cone and hence being lost out of the machine.
Since the driving force behind these instabilities is essentially
due to presence of the loss-cone, it seems obvious that any
method that can be used to fill it would be advantageous. In
machines in which plasma is produced by neutral injection,
normal to the main magnetic field, the resulting ion distribu-
tion is highly unisotropic and then the stabilization by transit
ions can be significant. A further stabilizing influence is the
presence of a cold plasma component which tends to fill the
loss-cone and significantly decrease the strength of the insta-
bility. Somewhat suprisingly it has been found that just a
few per cent of cold plasma can lead to effective stabilization.
The fluctuations, and hence the diffusion constant, grow to
such a value as to maintain marginal stability. Under these
conditions the ion energy confinement time is essentially the
electron-drag time which itself depends on the inverse of the
difference between the electron and ion temperature. In the
form of mirror machines this difference is high, due to the
method of injection, and hence the energy confinement time

is relatively low.

18



In summary it may be stated that the linear theory
of microscopic instabilities in mirror configurations seems to
be reasonably well understood and that the theory can be
used to give relatively good design criterion. The nonlinear
theory is not in such a good shape but recent experiments are
suggesting that the strength of the nonlinearity is not as large
as once feared and a reanalysis of already existing nonlinear
theories may be sufficient to obtain useful results from the

point of view of design parameters.

2.1.3 Classical Diffusion Losses

Before the discussion of the loss of particles in a mir-
ror machine due to particle particle collisions, it is necessary
to consider in a little more detail some of the basic features
of the ion and electron energy distributions in such machines.

Although the basic concept of a mirror machine is
the reflection of particles from regions of high fields this is
only really appropriate for the ions. The electrons have such
a large collision frequency that they are readily scattered out
through the loss-cone, and in fact are held in the machine by a
positive electrostatic potential, the ambipolar potential, which

is set up by this preferential loss of electrons. The electron

19



loss rate is then reduced to the ion loss rate. This mode
of confinement results in the electrons having a Maxwellian
velocity distribution with a cut-off at an energy proportional
to this cut-off potential.

It now seems most probable that mirror-reactor sys-
tems will be fuelled by the injection of energetic neutrals.
Subsequent ionization leads to a plasma composed of cold
electrons and hot ions, with the ratio of energies less than
a factor 0.1. Under these conditions the main effect of ion-
electron interaction is for the electronsto drag the ions down
in energ. This itself does not lead to a loss of ions but to a loss
of energy as the energetic electrons escape over the ambipolar
potential. It is then the subsequent ion-ion collisions which
lead to ions entering loss-cone and hence giving rise to a loss

of ions.

2.1.4 Tandem Mirror

A number of proposals have been made which aim
to increase the obtainable value of Q that is the efficiency
factor of the reactor, and hence remove the major difficulty
associated with a mirror reactor system. The latest, and most

probably the most interesting one, is the so-called Tandem

20



Mirror.

One of the main contributors to the low energy con-
finement time is the electron drag. This becomes a dominant
effect because the electron temperature tends to be of order
1/10 that of the ions. Contributing factors to this are the
mode of injection and also the fact that the electrons are held
in by the ambipolar potential which is energetically selective
such that the more energetic electrons are lost. A number of
modifications have been suggested which aim to increase the
electron temperature and thus improve the confinement time.
One of the more recent suggestions has been the Tandem Mir-
ror.

The Tandem Mirror consists essentially of a long
selonoid stopper by conventional minimum £ mirror machines
at each end. One of the main advantages of this system is that
the ambipolar potential is much reduced in the selonoidal re-
gion though high in mirrors. In fact it is the electrostatic
potential which is used to contain the ions in the selonoidal
region. The electrons move readily through the device and
as usual are contained by the overall end to end ambipolar
potential. A consequence of this is that the electron temper-

ature is more or less constant throughout the device, whilst

21



the ion temperature is high in the mirror plugs whilst rela-
tively low in the selenoid. The net result is that the ion and
electron temperatures in the selenoidal region are much more
comparable than in conventional mirror systems and the elec-
tron drag effects are dramatically reduced. It is hoped, by
proper design of the injection scheme for the ions, to control
separately the ion plasma parameters in the selenoid and the
mirrors such as to give an overall energy confinement time
in the selenoidal region of order n,/n. times - the ion-ion
collision time. Here n, is the ion density in the mirrors whilst
n. Is the value in the selenoidal region. The value of n. is
dictated by the demand of sufficient fusion power release in
the selenoidal region. The stoppering mirrors must be such to
have a value of n, significantly greater than n. to produce a
large ambipolar potential but also the ion temperature must
be sufficiently high to give an electron temperature in the se-
lenoid comparable to ion fusion temperatures in that region.

Calculations based on the results, from both exper-
imental and theoretical studies suggest that with stoppering
mirrors based on such a device connected to a long selenoid

could give overall Q values in the range 2 to 3.
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2.2 The Possibility of a Mirror Reactor

Our essential and ultimate interest is the Q value
that is the ratio of fusion energy produced to the energy sup-
plied by the injection process. This may be expressed in the
form

En

= -4—(0‘1})2;; (2.7)

where (ov) is the average rate of fusion reaction, F, the nergy
release in such an interaction, Fy the injection energy, n the
ion density and 7 their lifetime or confinement time.

It is apparent as the years progress that one is devel-
oping a better understanding of both the linear and nonlinear
phases of the microscopic instabilities and that theory and
experiment are much in accord. On this basis a set of design
parameters has been proposed by different groups.' The ma-
jor disadvantage of such a device, based on a simple mirror
concept, is that the Q value will not be significantly different
from unity. Present thoughts indicate that such a machine
will only be economically viable if the energy lost by parti-
cles escaping is efficiently used to produce electricity by some
method of direct conversion.

As we said before the main advantage of a mirror

reactor, over ones based on the Tokamak system, comes from
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the fact that in the latter devices the maximum attainable
value for B is lower than the values considered feasible for
mirrors. A low value of B means that most of the energy in
the system is in the form of magnetic energy and this energy
has to be supplied externally. If a highly efficient conver-
sion from particle kinetic energy to electricity can be made
feasible then the disadvantage of ions escaping from the loss-
cone could be turned into an advantage for mirror reactors.
From a more engineering point of view the design of mag-
netic coils for toroidal devices is far more complicated than
that for simple mirrors. However the imposition of minimum
f requirements tends to minimize this advantage. Further,
as has been seen the principal loss of particles is due to ve-
locity space diffusion into the loss-cone and thus there is
no direct advantage gained in this respect from large physical
dimensions. Possible mirror reactors are significantly smaller
and hence for example less costly in magnetic field demands,
than those based on other confinement concepts. Finally the
plague of Tokamak systems, namely the presence of heavy ion
species due to plasma bombardment of the vacuum chamber
walls, is considerably less important in mirror machines. This

is because ion loss through the loss-cone does not allow time
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for build up of significant densities and, further, heavy ions
have a preferential loss.

However one always has to return to the basic re-
striction namely the low value of Q. Hence the importance
of new concepts such as the tandem mirror with estimated Q
value of order 2 or 3. If the initial optimism for such devices
turns out to have a solid foundation then mirror machines

could well be the basis for the first fusion reactor systems. [2]
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CHAPTER 3

HISTORY

It seems good to look for the history of the multiple-
mirror confinement with the physical problems and aspects
of each advance In the mirrors it means the transition to the
dense plasma confinement. In fact, since mirror’s confinement
time is very sensitive to the presence of high frequency mi-
croinstabilities one should has the open systems whose length
exceeds the mean free path (m.f.p.) of the charge particles.
Under this condition the velocity space distribution function
is very close to the Maxwellian one which therefore eliminates
the thermodynamic drive for a wide class of microinstabilities.

If one simply fills the “classical” mirror machine with
a dense plasma it will certainly lead to the extremely high
longitudinal plasma losses. One of the possible way to reduce
the losses is so called gas dynamic trap regime.

One other possibility consists in corrugating the mag-
netic field. Configurations of this type have been called “cor-

rugated open traps” or “multiple mirrors”. A multiple mirror



trap consists of a set of mirrors which are connected to each
other at their ends and have full length L which exceeds the
m.f.p. of the particles A . If, at the same time, the corruga-
tion period | < A then transiting ion will be trapped in one of
the mirrors due to the Coulomb collisions before it leaves the
plasma. When after a few oscillations it again becomes tran-
siting, the direction of its longitudinal velocity changes with
respect to its initial velocity in a random way. The resulting
motion of ions is therefore a random walk with characteristic
space step A and time interval A /vr;, where vr; is the velocity
of ions. As a result the free inertial plasma flow in a uniform
magnetic field turns into slow diffusional expansion along the
corrugated magnetic field, which is described by the usual

diffusive law:

22 ~ Dt ~ ()\‘UTi)t (31)

The effect of the reduction of the plasma expansion rate can
be interpreted in another way as the result of the friction of
transiting particles colliding with the trapped particles. The
latter ones give their momentum to the magnetic field. One
.should emphasizes that in a straight magnetic field the dif-

fusive process is not possible because the collision of a pair
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of ions does not change their total momentum; in a corru-
gated field such scattering results in trapping in mirrors with
high probability that corresponds to the loss of the total mo-
mentum with corresponding decrease of the plasma expansion
velocity.

The mechanism that is to some extend similar to
the mechanism of MMC (Multible Mirror Confinement) was
discussed by J.Tuck [10], who analyzed the slowing down of
longitudinal plasma motion in dense pinch plasma by use of
rough walls. The boundary between plasma with 8 = 1 and
magnetic field (i.e. no field inside the plasma) was consid-
ered as such a wall. Particle motion in transverse direction
was limited by reflection from the corrugated magnetic sur-
face that at the same time provided the diffusional motion in
longitudinal direction.

The statement of the problem that is very close to the .
MMC was considered by R.Post [11]. The approach taken was
based on the Monte-Carlo calculations of the particle behavior
in the corrugated field with fixed scattering centers. As to
the results of this paper because the plasma temperature and
density were chosen such that A > L the wrong conclusion

was made that there is a linear dependence of lifetime on the
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number of mirrors.

This was pointed out by G. Logan, A. Lichtenberg
and M. Lieberman from Berkeley [12] who used the same fixed
center model (FCM) in the proper m.f.p. regime, so that the
right square dependence of lifetime on number of mirrors was
found. In connection with the use of FCM one should note
that this model cannot, in principle, be used for providing the
existance of diffusive MMC. In fact, under the assumption of
fixed unmovable centers the particle lose momentum even in
a straight magnetic field, so the diffusive character of plasma
expansion in a corrugated field cannot be confirmed by the
FCM calculation. Although the result of [12] was not rigorous
it encouraged the authors to pursue a self consistent treatment
of MMC [13].

Independently from the work been carried out in
Berkeley and at approximately the same time a self consis-
tent analysis of MMC was performed at Novosibirsk Institute
of Nuclear Physics, where the effect of MMC was found and
presented in paper [14]. It contained a precise description of
MMUC based on the diffusive equation for plasma density that
was derived from the full set of kinetic equations with taking

into account actual ion-ion, electron-electron and electron-ion
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collisions.

In summary, the concept of MMC was independently
invented and developed in Novosibirsk and Berkeley from the
beginning of 70’s. From that time until the present it has been
extensively studied from both theoretical and experimental
points view. The bibliography of multiple mirror systems now
numbers more than 100 papers which cover a wide area of the
problems.

Although the results of the basic confinement studies
at Novosibirsk and Berkeley gave the similar results, two quite
different reactor embodiments were suggested.

The Berkeley group considered a steady state reac-
tor with # < 1 . The superconducting magnetic fields were
used to have rather high density (n ~ 10'®cm™3) to keep the
length short. For this concept the MHD stability is of a major
concern. On this basis a set of design parametrs has been pro-
posed by Livermore (Berkeley) group as 8 = 0.7, Rp/p; > 40,
L/p; < 60, with ion energy of order 200 keV and an electron
energy of 1/10 of this.

In contrast, the Novosibirsk group considered a dense
plasma (10'7 — 108cm™3) pulsed reactor concept heated by

means of relativistic electron beams. Since at high density
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and thermonuclear temperature, megagaus fields are required,
the “wall confinement” (8 > 1) was considered, for which the
magnetic field suppresses only the transverse thermal conduc-
tivity, but equilibrium in this direction is provided by the rigid
camera walls.

To analyze what effect of corrugation can have for
the fusion reactor we restrict our attention to a pulsed reac-
tor and first consider a simpler system consisting of a mag-
netic field without corrugation. Let us assume that in a long
solenoid with a straight magnetic field a relatively short bunch
of hot (T ~ 10K eV) dense plasma is prepared at ¢t = 0 . This
bunch then freely expands along a magnetic field and energy
containment time is determined by the time of longitudinal
expansion tez, = L/vr; . Thué in terms of limitation on the

length L Lawson criteria means
nL > 3x10%2cm™? (3.2)

It shows that even if the density is high enough n ~ 10'7cm—3
, the length of reactor should be not less than 3000 m.

If one takes now the time ¢4 of plasma diffusion in
the case of small scale strong corrugation and substituting it in

Lawson criteria for the temperature of 10 KeV, the following
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limitation for the length of the system is obtained
nL > 2x10* [k cm™? (3.3)

Comparing these two we see that with the same densities the
corrugation allows a reduction of the length of approximately
a factor of 10- &

A more accurate analysis, based on diffusional equa-
tion presented above was treated numerically for the case of
pure D-T plasma by B.Knyazev and P.Chebotaev [16]. Un-
der the approach taken the initial space density distribution,
temperature Ty and energy Wy per unit of transverse plasma
cross-section were fixed. At ¢ > 0 density and temperature
evolution due to end losses, bremsstrahlung radiation and a-
particle heating were calculated. Dividing fusion energy out-
put by Wy one finds the reactor efficiency Q .

The study of the dependence Q(T,) with a given W,
showed that a maximum value of this function is achieved
with Ty = 4 — 5KeV , which is therefore, the optimal range
of values from the point of view of the axial confinement.
This optimization allows to find optimal values of Ty and W,
for given @ that determines the product n¢L, where ng is a
characteristic value of plasma density. By means of choos-

ing higher values of density the length of the system can be
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made shorter. The main limitation on ng is concerned with
the limitation on the pressure which the containing walls can
support. The results of the analysis are given in the Table

3.1.

Table 3.1 Pulsed reactor axial confinement optimization

(e=2)

n=28x10%cm™3 | n = 2x107cm 3
po = 1000bar po = 3000bar

Q=04

Wo = 2.5M J/cm? 170m 60m
Q=1

Wo = 5MJ/cm? 340m 120m
Q=1

Wo = 10M J/cm? 700m 230m

The further improvement of the reactor characteristics can be
achieved by inserting a small amount of heavy impurities with
Z <10 [17]. It allows to increase the hydrogen ion trapping
frequency without a remarkable rise in the bremsstrahlung

losses. To find an optimal amount and density profile of the
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impurities the numerical analysis of a self consistent motion of
plasma with impurities was carried out. It was shown that by
means of impurities the reactor efficiency can be increased 3-4
times in comparison with the case of a pure hydrogen plasma.

In summarizing the axial and radial wall confinement
optimization there are the following parameters of the pulsed

MM reactor with @Q=1:
L =60 m, R=4cm, Bymin =757T, €, =2,
n =6x10"cm™3, T =5 KeV, Wo = 120 MJ

In comparison, there are the results of optimization of steady

state MM reactor with @Q=1:
L=312m, R=3cm, Bymnin=93T, € =175
n = 5.5%x10%cm 3, T = 4.6 KeV, B=0.8

The results givén for the parameters of pulsed and
steady state reactor are quite feasible. Since the pulsed re-
actor operates with # > 1 on axis, the problems of plasma
distortion of the magnetic field becomes critical. This ques-
tion has been considered in detail, and the results appear to
be favorable for reactor operation. An important advantage

of the pulsed concept is that the “wall confinement” provides
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stability against MHD modes in an axisymmetric magnetic
field.

A main consideration in a magnetically confined steady
state reactor is MHD stability. It requires the use of linked
quadrupoles which give distorted magnetic surfaces and a lim-
ited range of stabilization. In addition, since the resulting field
is only ave-min-B it may be subject to ballooning modes for
 ~ 1. Because of the short connection length between good
and bad curvature regions, ballooning modes are found still
to be stable within the range 8 = 0.8. The radial diffusion,
which is enhanced because of the fanned magnetic field, is also
found to be acceptable at this value of .

The basic axial confinement theory has been checked,
experimentally in most of the confinement regimes discussed.
Because A « T?/n it is quite easy to scale the m.f.p. to lab-
oratory plasmas that operate over the range of values of A/I.
This was initially done in steady state Alkali plasmas with
simple mirrors, in which the plasma was stabilized by line-
tieing to the ionizing source [21,22]. Reasonable agreement
between theory and experiment was obtained, over the com-
plete range L > X > [ that corresponds to the “small scale”

regime. Later, the regime of large scale corrugation A <[ was
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studied in Nagoya experiment [23] that confirmed the theory
predictions for these range of parameters.

Important “ideal” regime I/, < A < [ was investi-
gated with a 10 meter device, giving good agreement with
theory [24]. In this device a pulsed hydrogen source was
used to create the plasma, which had to be stabilized with
quadrupoles. The stabilization was achieved in agreement
with the theoretical predictions of ave-min-B stability. The
plasma was also stabilized with respect to ballooning modes
up to the highest 8 ~ 0.25 obtainable in the device.

In summary, the axial part of MM concept looks
quite reliable from both theoretical and experimental points
of view while the physics of “wall confinement”regime requires
a serious experimental verification. It could be done, in prin-
ciple, at present GOL-3 installation at BINP if the magnetic
field of the device is reduced up to the value that provides
REB heated plasma with 8 > 1. The current plasma param-
eters at GOL-3 n ~ 10*cm™3, T ~ 100eV corresponds to the
range of A ~ 5cm. In case of transition from straight magnetic
field to the multiple mirror one the“large scale corrugation”
regime will be inevitably realized in the device that is not ef-

fective from MMC point of view. It could be reasonable if
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the temperature increases at 3 — 4 times. However, as it
shown in the next chapter, there is a strong § limita-
tion caused by ballooning instability that can prevent
from the achievement of high 8 values in the machine
for line-tying stabilized axisymmetrical multiple mir-

rors.
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CHAPTER 4

BALLOONING MODES IN MULTIPLE MIRROR
MAGNETIC FIELD

We had interested in Multible mirrors in Chapter II,
for the MHD (Magnetohydrodynamics) consideration, let us
assume that, the trap consists of N mirror cells which form
multiple mirror field configuration. There is a cylindrical
symetry through z axis, that is why cylindrical coordinates
(r,0,z2) are considered and the profile is determined by r(z)
along z. For odd number of cells it is convenient to place ori-
gin to the middle of the central cell where, 1, is the length of
each cell and, L, is the length of the N cells.

Magnetic system of a multiple mirror consists of some
mirror cells having strong magnetig field B,,,, at the ends of
each cell and relatively weak magnetic field B,;, at the mid-
dles of each cell, the trap of the field line is visualized as shown

in Figure 4.1.
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Figure 4.1. Trap of multiple mirror.

In order to analyze ballooning stability we will make

use of energy principle [25] from which we have

L
5W = const | defh(, 2D 4 o(, (2] (4.1)

where h(%, 2) is

P —-PF, 1
z) = (1 + 220 L (42)
and in our case pressure is isotropic, so P; = B then Eq.(4.2)
becomes
1
h(y,z) = Br2 =3 (4.3)
and g(v, z) is
4m d*r 0
9(¥,z) = —ﬁ;g;@(13|| + Py) (4.4)
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for P, = P; = P it becomes

87 d*r OP
9(¥,z) = "B dz 0% (4.5)
if P is introduced as
P=pR(1-2) (4.6)
Yo
then its first derivative is
aP P,
— =20 4.7
5% = o (4.7)
if Eq.(4.7) is substituted into Eq.(4.5) then
87 d?r P,
9(¥,z) = Ber dz2 4, (4.8)

Right after the substitution of Eq.(4.8) and Eq.(4.3) into Eq.(4.1)

we get

d¢(z)

L 2
const 8Py d*r 1
bW = —— [ dz[(=4)2 — ———
o =)

B a1 (49)

dz

Here Eq.(4.9), the integral evaluated over the whole trap can
be negative (unstable). It results from the second, pressure
driven term. The negative contribution is caused by the re-
gion of unfavorable curvature, d®r/dz? < 0, localized inside
the transition area. It is known to drive interchange (flute)
instability, for which £(z) = const. It is good to note that for

interchange displacement £(z) = const, the integral of energy

40



Eq.(4.1) is always negative (unstable) independently from the
form of r(z). However, as shown in [26], among all allowable
profiles r(z) there exists the optimal one, minimizing negative
integral contribution. Noting 9/ = 1 and 8 = 8xF,/B2,,
Eq.(4.9) becomes

§W = COZSt_/,, dz[(di(:) ) — gg-z—z (2)3 (4.10)

We are considering axisymmetrical magnetic field. In this
case we suppose that interchange modes are stabilized by line

tying stabilization effect.

4.1 Estimation

Before solving this equation we make a rough esti-

mation in a way that, for a single cell we have

4 _ S0 _ ob0
dz /2 l
d€., &
dr _To _21'2
dz /2 "1
d27' To
e
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Once the equation set of Eq.(4.11) is substituted into Eq.(4.10)

we get
L 2 2
§W = COZ“ / dz[4%’ - ﬁ4%—] (4.12)
5w = Sty /d [1- 0] (4.13)

if SW =0 then f =1

if 6W > 0 then B < 1 stability condition

if W < 0 then 8 > 1 unstability

If we generalize this estimation for the whole picture of N cells
with the length of 1 for each single cell and with the length of

L for the whole picture we have

€ _ b _ b
dz L/2 L
(%) E"z (4.14)
ZZ = 172 = 2rol
2
=7

Again if the set of Eq.(4.14) is substituted into Eq.(4.10) we

get
L 2 2
§W = COZ“_/L dz[4% - ,645—3] (4.15)
L
§W = COZ“%O /(315 - -g-) (4.16)
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if SW = 0 then 8 = 2/L2 = (I/L)? = 1/N?
if SW > 0 then 8 < 1/N? stability condition
if 6W < 0 then 8 > 1/N? unstability

4.2 Trials of probe functions

After this rough estimation we analyzed Eq(4.10)
through some mathematical methods by the help of a soft-
ware, Mathematica. Our study is simply based on assuming
some probe functions determining the profile, and then search-
ing for the most appropriate one for stability in terms of the
[ value that profile gives. The maximum S value describes
the most stable situation.

Initially a little more modification is carried out in
our equation in a way that, we assume a plasma displacement

of the form & = & (1 — z2/L?) that yields

d 4¢222
(Ey = %o (417)

and normalized magnetic field is introduced as b = B/Bpnn
that yields
B? = B2, b (4.18)

min

if we make use of Eq.(4.17) and Eq.(4.18) in Eq.(4.9) then we
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obtain

const ¢ d§ 8wPy 1 d*r
[ dzl(52)* ;

v JNd T BZ ridz

mwn

§W = £

also we have

so we get

b2

" (" /Trmaa)?

(4.19)

(4.20)

After this preparation we started to assume some

probe functions simulating the profiles, our method is simply

based on the asumption of a function then, the boundaries

were arranged by playing with the constants of this function.

4.2.1 Trial of a sinusoidal profile of field line

As a first trial, a sinusoidal function shown in Figure

4.2. was used for the simulation of the confinement shells.
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Figure 4.2. Sinusoidal profile of field line.

where the function is constructed as follows

Tmaz — Tmin Tmaz + Tmin

z
gAY, SE cos(727r) + & (4.21)
and we have mirror ratio € = Tin/Tmacz
T 1—c¢ z 14 €

. d 22
~ 5 cos( l 27) + 5 (4.22)

d  r l1—¢ P 272
dzi ) =~ )eos(2m ) (429)

Eq.(4.19) is modified by making use of Eq.(4.17), Eq.(4.20)
and introducing new radius 7 /7. Then W Becomes
L 2,2
const 4€éz B
W = d oz _
d " _/L 57 Sy ey oy

dz("/"'maz) 2 (L%~ 32)2
dz? X L4 )

(4.24)
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Eq.(4.22), Eq.(4.23) are used in Eq.(4.24) with the simplifying

parameters L/l = N and z/l = z so that it becomes

5W_constL ld 4¢252
B (Foccos(@NT) + 1
€ =1 os(@NT)(N7)X(1 — )7 (4.25)

if we simplify the coefficients it becomes

1
SW = const[/ 4z’dz —
0

1
[ BN*7*[A(Bcos(zN) + 1]
0

Ccos(zN7)(1 — z*)%dz] (4.26)
where

1+e€

42 2
1—e¢

B = 1+¢€
€e—1

C= 2

Now the Eq.(4.26) is ready for numerical evaluation by com-
puter for different values of A,B and C that are dependent of
the values of € . Table 4.1. shows the different values of these

coefficients for different values of mirror ratio e.
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Table 4.1. Coefficients of Eq.(4.26) for different values of .

€ A B C
1/2 | 3/4 1/3 | -1/4
1/5 | 6/10 | 4/6 | -4/10
1/100 | 101/200 | 99,/101 | -99/200

Eq.(4.26) is analyzed for different values of Number of cells
and Mirror ratios by making use of the numerical integration
packages of Mathematica, Table 4.2. shows the numerical

results of our computer analyses for § values in percentage.

Table 4.2.3 values for different N and € by direct integration.

N [e=1/2|e=1/5|e=1/100
18.68 | 10.55 8.71

10 | 4.67 | 2.64 2.18

100 | 0.046 | 0.026 | 0.021

It is seen that maximum value of % S is 18.68 for mimimum N
and minimum ¢. Namely the smaller Mirror ratio and smaller

Number of cells corresponds to a more stable situation.
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Another method to analyze Eq.(4.9) is to transform
it into a differential equation and then studying this differ-
ential equation by shooting some different values for physical

parameters of this equation.

we first consider with Eq.(4.1) that is

dé(z)
dz

L
W = const / dz[hy, 2( )2+ g(, 2)€27) (4.27)
<L

we assume a small perturbation in plasma displacement as

§=26& + 6 (4.28)
% = % + %{ = &l + 61 (4.29)

Then we make use of Eq.(4.28) and Eq.(4.29) in Eq.(4.27),

neglecting the nonlinear terms 6£/2 and 6£2, §W becomes:

L
6W = const /[h(zﬁ, z) (& + 26016€1) + g%, 2) (€2 + 2£06€))dz
“L
(4.30)

and the non-perturbed energy variation is
L
§Wo = const [ [h(w, 2)éo” + g(4, 2)E2]dz (4.31)
-L
if we calculate the variation in the variation of energy then

ASW = 6W — 6W,

L
=2 const [ [h(1,2)/6¢! + g(, 2)&6€]dz
L
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— const / (1,22 2% 1 g(3, 2)6osEldz

E

—const/ (B(,2)= + g(w, 2)6o)dz6E  (4.32)

Having substituted h(%,z) and g(v, z) for radius r/rq, of
Eq.(4.22) we get our differential equation as follows

dii(:) — (N7)2B[A(1 + Beos(zN)]*Ccos(zN7)é(z) = 0

(4.33)
Notice A,B and C was depending upon mirror ratio €. The
analyses of this differential equation for boundary conditions,
£(0) = 1 and &/(0) = 0, is carried out by Mathematica in
a way that, Mathematica draws the solution of differential
equation for different values of N and e. The best profile was
searched from these graphs, actually the result of this analy-
ses is exactly confirming our previous approach. For example
for N=5 and € = 1/2 we tried some 8 values. At 0.18 the
profile became the best fitting one with our expectations as

shown in Figure 4.3.
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Figure 4.3. Best fitting sinusoidal profile at 8 = 0.18.

Through the same method we investigated 3 values
for different € as shown in below table It is apparent that the
results in Table 4.3. that is inferred by differential equation

is quite close to those of direct integration in Table 4.2.

Table 4.3 B values for different € at N=5 by differential

equation.

N |e=1/2|e=1/5|e=1/100

5 | 18.52 | 10.35 8.51
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Indeed these two approaches were giving the same results at
the same numbers through different methods. Actually sim-
ulation of the profiles of the mirror cells by such a sinusoidal
function is not perfect. There is a better profile satisfied by

the square-root function.

4.2.2 Trial of a square-root profile of field line

Square-root function is the best choice for simulating
the confinement cells, however it has a problem as well. The
second derivative of this function is not zero at the contact
points of the cells as seen in Figure 4.4. That is why it does
not satisfy the continuity of the simulation for more than one

cells.

0.2 0.4 0.6 0.8 1 2z/1

Figure 4.4. Square-root profile of field line.
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We modified this profile by introducing some param-
eters to arrange the second derivative at the boundary and at
the same time satisfying the boundary conditions as well. So

the radius becomes

+ufz-1) |1~ (ul-{-zz)g
r=¢e4 (1 —¢)ertH/* — (4.34)
1-(33)

where € = Tpin/Tmaz is mirror ratio, z = z/L, u is the local
scale of magnetic field variation at point z = 0, v is the local
scale of magnetic field variation at point z = L and o is the
variation of parameter for the width of curve. We tried dif-
ferent values for these parameters to find the best simulation
profile. Table 4.4. shows the corresponding numerical values
of below integral.
d*r

1
I = !Tsd—,zz-dz (435)

Table 4.4. I values at ¢ = 1/1000 and v = 0.01 for different u

and o values.

o | p=0.001|p = 0.0001

0.3 0.7845 0.7834
0.4| 0.7734 0.7726
0.5| 0.7816 0.7811
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The integral I is the coefficient of 3, that is why the minimum
value of integral corresponds to the maximum stability as it
can be seen from Eq.(4.24). Notice r/ryq, refers to r here.

The profile for the most stable simulation is shown in Figure

4.5.

1 0.5 0.5 122/1

0.9¢

Figure 4.5. Modified square-root profile of field line

for the most stable situation.

If we focus on the vicinity of z = L, the second
derivative is zero as seen in Figure 4.6. so that the conti-

nuity of the cells would be satisfied.
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Figure 4.6. Modified square-root profile of field line

for the maximum stable situation zoomed at z=L.

Table 4.4. showed that smaller x values give less I,
so in order to be more precise we decreased p and v values
as much as possible. Effect of mirror ratio is also studied for
e = 1/10 and e = 1/1000. Table 4.5. and Table 4.6. shows I

values for these € values respectively.
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Table 4.5. I values at € = 1/10 and v = p = 0.0001 for

different o values.

o I

0.2 | 1.04809
0.3 0.77335
0.4 10.77334
0.5 | 0.78001

Table 4.6. I values at ¢ = 1/1000 and v = g = 0.0001 for

different o values.

0.4 {0.7750
0.510.7532
0.6 | 0.7749

As it is seen from these tables, mirror ratio has a little effect.
For larger values of ¢ we get less I values. And at ¢ = 0.5
we get our minimum I value as 0.7532 as in consistency with
previous studies that means our simulation is appropriate for

ballooning modes.
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4.3 3 analysis with average equation

As a last approach we have investigated the profile
function in another way that we derived another integral play-
ing role in the value of . We multiply Eq.(4.32) by 1/! and
equate it to zero so that we obtain G, (critical B)

1/2 2 1/2 2
1 d*“€ 1 d“r 0P dz

1_1/2 112 rfdz? 0y
left hand side is the definition of derivation so
dz — df(— d?
/)b D)y

By introducing r/7Tme, as r and determining (3, as 8w P,/ B2,

Eq.(4.36) becomes

d?¢ 9 g . d2r
5 +E(2) ) 42 ri~—5dz(n) = 0 (4.38)
second term is evaluated by parts yielding
e 31 P dr
et [ () =0 (4.39)
maz _j/

From the Eq.(4.39) we determine the critical value of 8 as

follows

BEEHE) < x2qSUE) N2 T (4.40)
where ¢(°) = 1, ¢(F) = e , n is the configuration factor and I

is

/2
3l dr
I' = 7‘4 d.ZT(Z)Z(-d;)2 (441)
maz _1/2
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We numerically calculated I’ and then from this By %

for different € as follows

Table 4.7. By values for different € at N=>5 by differential

equation.
€ Bo% for Sq.-root | By% for Sinusoidal
1/2 23.16 18.44
1/3 15.48 12.68
1/100 11.76 8.60
1/1000 11.68 8.52

As it is seen in Table 4.7. square-root function gives the max-
imum %/ value while the sinusoidal one is in consistancy with
what we found out in our other approaches.

The better simulation of the square-root over the si-

nusoidal one is shown in Figure 4.7.

o7



r/rmax

2z/1

Figure 4.7. Multible-mirror field lines (dashed curves
refers to sinusoidal profile and full curves to optimal square-

root profile).

If we increase the number of cells we face with a less
stable situation as we predicted. Table 4.7. and Table 4.8.
demonstrate this in a way that for a larger value of N we get

[ values less, indicating a less stable situation.
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Table 4.8 B, values for different ¢ at N=10 by differential

equation.
€ Bo% for Sq.-root | By% for Sinusoidal
1/2 5.79 4.61
1/3 3.87 3.17
1/100 2.94 2.15
1/1000 2.92 2.13
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CHAPTER 5
CONCLUSION

In this thesis, the profile of the confinement shells in
the multiple-mirror trap was simulated by using the theory
of energy principle. An important result was obtained
that there is a very strong limit on 8 value in ax-
isymetric magnetic field. In previous experiments either
low temperature Q-machine plasma was studied or plasma
has been confined in min 8 multiple mirror configuration. As
a further step in experimental activity a high 8 programe is
planned to be developed at Novosibirsk. It is based on ax-
isymetric multiple-mirror configuration. The results obtained
shows that ballooning instability can prevent from reaching
high B values in these future experiments. Through our
study an upper limit was established for 3, in a way
that, for large number of cells N, a very low ballooning
margin was predicted in line-tying stabilized multiple
mirror trap(fBy =~ 5% for N = 10). This limit is valid even

if the mirror ratio is not too high. This interesting result is



supposed to be directly concerned in the future experiments
of this kind.

Actually the best simulating function was determined
with all its parameters for the profile, among many of the
other trials. The theory of energy principle and the trial func-
tion determining the boundaries of the confinement were used
to establish the most stable configuration which is predicted
by the § value that configuration gives. Greater 8 value corre-
sponds to a more stable situation. Indeed the most succesfull
simulation was by the modified square-root function that is

presented one more here

r/rmax
~ ! . ; 2z/1

Figure 5.1. Profile of the modified square root function.

Throughout the study a contemporary method was

developed not only for theoratical estimates of complicated
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configurations but also for the arrangements of the physical
parameters of the experimental installations. Because of the
high expenses of these experiments it is crucial to make a
trustable simulation before experiments, that is why the de-
velopment of such studies are supposed to be encouraged by
those interested in the confinement.

It seems good to indicate that even if we theoritically
satisfy the stability, our technological limits are not permiting
to practise this theory at this stage. But the researchs are ad-
vancing the situation and one day the stability is supposed to
be satisfied for maintaining fusion reaction in lab conditions.

This is the common expectation of all experts of this research.
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