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STATEMENT

The primary aim of the work described in this thesis is
 £¢ study the behaviour of charged particles in magnetic field
1th spatial variations. The work describes the experiments

'conducted to study the single reflc ctlon of charged particles

_d plasma from a magnetic mirror as well as the leakage of
c arged particles due to nonadiabaticity from an adiabatic trap

dlfferent magnetic field scale lengths during confinement.

The escape of particles from the mirror traps 1s regarded

's,belng due to departure of the magnetic moment from adiabaticity.

”s a consequence of this departure, the value of the magnetic

oment changes as the particle traverses certain region of
thé magnetic field variation. The expression for such a change

‘has been obtained in literature. From the expressions it is seen

;fhat even for a single reflection the change in magnetic moment,

:Z%%L? depends on various paramcters of the system. The

oﬁadiabatic escape of particles from magnetic trap is usually

explalned as a consequence of the cumulative change. in /\Ai

ne and escape..

that makes the particles fall in the loss co

*Ih a +theoretical work by Varma nonadiabatic leakage of

pétticles have been studied and it is shown that there exist

fmﬁltiple e-folding times in the leakage of the particles having

same energy and initial value of the magnetic moment. &

1iterature survey of the earlier theoretical, numerical and



bberiméntél works pertinent to the problem, described in the
'esfé; is done and presented in Chapter T.

' with an aim to investigate the possible existence of
multlple llfe times in the leakage of the charged particlesg,

an éxperlmental system was set up. The design considerations of
ffferent subsystems and their integration along with the
;dlfferent diagnostics used are described in Chapter IT.

A 51ngle reflection experiment was conducted for a low
éﬁérgy clectron beam at high vacuum conditions. The experiment
repeated with a simple plasma gun. Chapter III describes the
\ffimental techniques and results obtained from the single
lection experiment. It is observed that the reflectivity
offéhe'mirror goes through a minimum, as the nonadiabaticity
parémeter is increased, and attains a value less than the value
féf an‘adiabatic mirror configuration. Based on the experimental

dbéerVations, it is concluded that nonadiabatic mirror traps

can be as effective as the adiabatic mirror trap for

sgfficiently high density electron beams and plasma streamsS.

Charged particle confinement in magnetic mirror and the
 §wtime measurements for charged particles of different
ﬁergies under various different conditions are described
n Chapter IV. Along with other experimental techniques,
anerical analysis of the data is described in detail. The main

SQltiobtained from the sets of experiments performed is the



observation of two life times'for particles with specified
energy and initial magnetic moment, léaking out of the magnetic
mirror. Most of the results concerning the variation of the life
times with different parameters of the system can be explained

Mwmth the help of the theoretical work of Varma47

The results obtained from the experimental works are

 recapitulated in Chapter V.
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CHAPTER 1

INTRODUCTION

fl;l_ Magnetic Mirrors:

| Confinement of plasma for sufficient time is one of the

‘méjor problems in the field of plasma research. The schemes fof
 ﬁétiC confinement of plasma are conveniently grouped:as having

sed or open magnetic lines of force. As candidates far fusion

~;eé¢£brs, each type of device possesses different advantages
énd disadvantages.

| As the name suggests, in closed‘line 5ystems, the
magnetic lines of force do not leave the.volqme/and are confined
yté a family of mested, toroidal flux surfaces. Cénfinement‘is
yachieved as the plasma loaded surfaces are‘isolated‘ffém‘the
‘material wall. However, the particle or energy loss are:duéﬁtb
Jﬁhgwmechanisms which transpért them across the magnetic lines.
,hérefore, this loss,is:aSSociated\with transport in space and
cdﬁfiﬁemént time can be increased by increasing the physical
}dimensibn of the Systém;'Thé principai toroidal confinement
 device at the presént°£iﬁe is the Tokamak.

Magnetic Mirror trap is one of the examples of the
fdpen~fie1d line systems. These open line systéms_present,an
k eﬁtirely different picture,; although the basic aim is the Same.
‘Thé magnetic lines of force leave the plasma volume to pass
ﬁﬁ?pugh‘the material walls. The axial confinement of the

articles is achieved either because they are mirror trapped by
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1rtue of the adiabatic invariance of the magnetic moment or in

case of long, straight reactor concept 81mply because of the

;lme of fllohc. The life time of a particle in a mirror trap
:s*llmlted by the time for velocity space scattering from
eélons where a particle is trapped to one where it is not.
Therefore by increasing the physical dimeénsions, no dlrect

iife time advantage 1S gained. Many examples of mirror effect
‘ﬁ confinement of particles can be cited in nature also. One
Luch example is the particle confinement in tre Van Allen belts.
'ﬁe magnetic field of the earth being strong at the poles and
weak at the equator forms a natural mirror. In rest of this
£1on,\we w1ll dlSCuss the basic features of this conflnement
-mechanlsm.

The particle confinement in a magnetic mlrror field is

fbaséd upon the conservation of the magnetic moment, f4 . It 18
defined as
- 9— ‘
A= my, /op (1.1.1)
where M  1s the mass of the charged particle, V; 1is

thexcomponent of the velocity perpendlcular to the magnetic

field llnes. The constancy of the magnetic moment 1s an

_mégnetic field in the frame of the particle‘s motion. Thus,

7While calculating the change in the magnetic moment ﬁk., a
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smallness parameter is ofﬁen defined in relation to the felative
hange of the magnetic field over a dlstance of the order of ‘
rmor radius (rh/R) where £ is the Larmor radius of the
fticle and R is the radius of curvature of the magnetic iines
;orce, Therefore in a static inhomogeneous magnetic field,

adlabatlclty condltlon is expressed in the following way

2 N7 T g ! i | 1.1.2 -
| LS \/uB/B<<§: ( )
The motion of charged particles in static magnetic field has
4,6,40 ‘

been studied exten51vely

In a mirror trap, the magnetlc field conflguratlon haS a
inimum at the midplane of the system and the two field values

”atwthe ends are maximum. In such a static, inhomogeneous magnetic

.fleld the total energy of partlcles is an invariant. Some of the

articles injected into a magnetlc mlrror have trajectories

,ch encircle the magnetlc axis of 5ymmetry while other
fpartlcles have trajectories which do not encompass the axis.
:Tne nature of trajectories is determined not only by the radlal

posltlon of 1njectlon but by the particle energy, the angle of

‘partlcle in jection and the field value at the point of 1n3ect10n.i
In a cyllndrlcally symmetric system, the canonlcal angular
ﬁmomentum is an absolute invariant of the motlon. As argued belowa
akpartlcle that encircles the magnetic axis can be permanently
onflned 1f 1ts energy and canonlcal angular momentum are

’tably chosen. In cyllndrlcal coordlnates (r,B8,2), the
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Hamiltbﬁién for a charged particle in an axially symmetric

irror field is given by®®

(1.1.3)

 p ::ngé—re/cx“A@. is a constant of motion in the axis
field.

ff’From the expression (1.1.3) it is seen that if Pe.,-the
aﬁbniéal angular mémentum, could be negative, then the last
erm in the Hamiltopian would be large. When Ré_~is sufficiently
:Qative, it follows that in some regions the last term in the
lamiltogian may be larger than the total energy of the particle,
bﬁhefparticle is trapped regardless of the conservation of
mé@qetic moment .
~Ffom the expression of the canonical angular momentum, it
”$ ¢1ear that for @ »(). the canonical momentum can be negative
5§ﬁly through the term mrzé with é)(i(} . In the cylindrical
:ééqrdinétes {§<fC) implies that the particles encircle the axis
,@f:Symmetry. Thus, particles can be permanently trapped/if‘they
'héﬁe‘the appropriate energy and circle the axis of symmetry. It

also follows that greater the energy of the particle, the more

gative will be the canonical momentum needed to trap it and

~

rger will be the Larmor radius of the particle.
If the particles have small Larmor radius, the Pﬂ itself

Vanishes as A4r2 and the term involving P@ in the Hamiltonian
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shés_aslawrz and therefore provides a well of vanishing depth

'r~*? O. This means that permanent trapping becomes unimportant
as Larmor radius becomes small.
Apart from the special case of absolute confinement in the

‘akisymmetric systems, the confinement is usually adiabatic in

néture and occurs in consequence of the adiabatic invariance
fofhe magnetic moment and the constancy of the total energy in
a’étgtiq_magnetic field. By wvirtue of the fact that the magnetic
méﬁ£ éf the particle remains constant, the perpendicular
}gébef the particle increases at the expense of the parallel
kinetic‘energy as the particle moves from a weak field region
,iﬁtc‘a stronger field region. Thus at a sufficiently strong
‘mégnetic field, the particle looses its parallel eﬁergy/
ccmpletely and because of the parallel force Fll = ~3ﬁx§Z‘B
’Jx‘B is the magnetic field gradient along the direction of
lmbtion), the particle is reflected back towards the weaker field°
T , the particles can be reflectéd baék and forth between the
Jé ﬁtfbng magnetic field regions seperated by a weaker field in
_étﬁéen. The iwo points of reflection in strong field regions
ére known as the mirror points. Particles injected into the
;minimum field region with a total kinetic energy W can be made
ffo travel to and fro between the mirror points provided the

following condition is satisfied:

\/\//\/\/L <\ ”{Qm | (1.1.4)

Here Wl is the perpendicular energy of the particle at the
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uﬁaof the magnetic field and R.m is the mirror ratio

(1.1.5)

n o
‘ \ m . (“Y\OX’/ D\’Y‘HH
This constraint on the relative magnjtude of perpendicular

e:gy'and total energy for confinement, can alternately be

[

_expressed as

1

’L/sin o < J R (1.1.6)

nere the pitch angle () is the angle that the velocity vector

the particlesmakes with the lines of force at the minimum of

‘hé magnetic field Bmin This pitch angle [ , has a critical
.1ue@m determined by $in Qm = Rm”l/2 , such that particles
av:mg B< B, Wil not be reflected back from the mirror point
éﬁ@?will therefore, escape the trap. The equation (1.1.6) above
fﬁhﬁs defines a boundary in the velocity space in the form of a
~cone which iS known as the loss cone. Fig.l(a) depicts the loss
5?9ne in the velocity space. GLT‘iS known as the "loss cone
ﬁgle" and particles having velocity vector within this "loss
ecéné" are not trapped in the magnetic mirror where as those
!;th velocity vectors outside the cone are trapped. Fig. 1{b}
huws th@ motion of a charged particle in a magnetic mirror.
Such a picture of trapping can also be visualized in

erms of the particles residing in a potential well of height
kg'Bmax' so that those particles with total energy less than

the well height are confined and those with higher values of

_energy manage to escape from the well.
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Pige lae Schematic representation of the Joss cone in the
velocity space configuration. CLndﬁfines the
boundary of the loss cone.

Fige .-1bs Particle motion in a magnetic wirror.
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Tﬁé parficles;‘tﬁét do.hot ehédmpasé the axis also can
iaépea/perpetually under certain conditions. In an axially
i‘rié‘trap, which is a non-linear system, the magnetic

't oscillates about a ConStan‘t value with such a small

am l;tude that the partlcles do not fall on to the loss cone,

‘v1ded that the magnetlc field scale length is large. ThlS :
‘ypbthesisz was postulated by Arnold and according to thls,\the\\

netic moment remains an invariant for ever.

Loss Processes:

'The pafticles injected into the mirror with parameters.
atiSfying the trapping condition do not in general get trapped
?éﬁually. For low particle densities, there are primarily
 @§_§?ocessés which may lead to the particlé leakage from the
-£rép° i) Collisions between particles; ii) Departure‘from the

adiabatic invariance of the magnetic moment.

}é.l,Collisions between particles: In case of low particle
'dénsitiés, the predominant collisions are between the ¢ harged
p@rfic1es and the background neﬁtralS. These collisions can
i%ﬁérrbe elastic or inelastic. In elastic collisions, due to
ltlple scattering, the velocity vector of the charged
artlcles may enter the loss cone and the partlcles may be lost
‘ﬁhrough the mirrors. The life time of the electrons trapped in

a magnetic mirror before they enter the loss cone may be written

<LV

(S U7 (1.2.1)
scakb R A _ ) Ve
81 N(J(\Z—fz) \A{ C Q‘h 5 X 24/.5'6«2




a1

T ; 2
A 1/ ‘. '»
— a e S{ L/ - 7 4 i
where X __2,:& “ Cogk%(ﬁ<n‘) ()] , 2 is the*atomlc
number and Ny is the number density of the gas, r is the
'ciassical’electron radius, é} is the initial pitch angle at the
midplane of the mirror system, V is the velocity of the electrons

* : :
and o« is the fine structure consStant. When the background gas

is air, this equation reduces to

e g
(AT ) X10 ————— (1.2.2)
; sea Pin(2.7€)
Here 71 - is expressed in seconds, E in kev and P, the

scat

residual gas pressure, in Torr.
From (1.2.2) one can observe that the scattering time
\increasesﬁas the residual gas pressure in the working volumé
reduces and the,enefgy of the particles is increased.»By reducing
the pressure and increasing the energy, it is thus possi ble

to confine the particles for longer time provided the nonadiabatic
effects are negligible.

’ Tnelastic collisions affect the life time of the

particles in the trap to a much lesser extent as Compared to
elastic collisions, As the atomic number Z of the gas
'increases, the elastic collision cross SeCtioncrélast,

increases as Zz, where as the inelastic collision cross section
Gﬂ;nelast. is directly proportional to the ‘atomic nunber Z.
Moreover, the ratio of the differential cross section for
inelastic collisions to those for gelastic collisions through a

given angle falls sharply as the scattering angle increases.
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_Therefore, the probability of any marked change in the direction
of motion of the particles due to inelastic collisions is small
compared to the probability of a change in the direction of

motion as a result of elastic collisions.

1.2.2. Departure from the adiabatic_invariance of the magnetic

moment: In the absence of collisions, particles which satisfy
méﬁé:trapping condition initially should remain trapped for
aéVef. However, this does not happen, as the magnetic moment is
only an approximate constant of motion valid only uﬁder the
condition for the adiabaticity. Whenever the condition (1.1.2)
is violated, variations in the magnetic moment are likely to
‘,occur as the particles travel to and fro in the inhomogeneous
’magnetic mirror field. Whether these vafiations in magnetic
_moment accumulate over long periods of particle residence in
the mirror or whether there are limits to the wvariations so

_that the magnetic moment oscillates about some mean value are

questions which have not been understood very well so far. These
questions have been the subjects of many theoretical, numerical
and experimental studies, some of which are summarised in the

following sections.
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3. Theorutlcgl Studies Related_to_the Nonadiabatic Behaviour

of charged particles in Magnetic Mirror traps:

The escape of particles frbm a magnetic mirror trap in
the absence of collisioné can be regarded as being due to the
epéfture from adiabaticity. There have been various approaches
to calculations of nonadiabatic changes in the magnetic moment
and the related phenomn_na° Classical theoretical calculatlonsl’33’34
as well as quantum mechanical tra,atments18 have been uSed to
estimate the departure from adiabaticity. Following another
}iﬁe, resonance theorylo of energy transfér between different
degrees of freedom has bsen also invoked to explain the
gdh4adiabatic effects. |
| Following the treatment used by Dykhnelg, change in thé
.,maghetic mdment,éﬁ/J,, for a spatially nonuniform magnetic field
,Can-be written as
Af‘“"//““ = A ixe[exp: /j OU d) (1.3.1)

V(o)
:Where (U is the Lorsor frequency and Vy, is the particle
velocity parallel to the lines of force S. The pre exponentiai
factor A is weakly dependent on the adiabaticiy parameter.
Unlike the analysis of Kulsrud>?, the work of Dykhne18
_has established a relation between the finite value of the
:"Smallness parameter (*1w/& ) and ALAL/OM,. With the help of
- (1.3.1), the change in the adiabatic invariant can be investigated

as a function of pitch angle, mirror width etc.
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. .10 , .
In another approach invoking resonance energy transfer

among different degrees of freedom of particles, the redistri-
 bution of energy has baen explaiﬁed in the following way: the

» éharged pafticles, which are trapped in a magnetic mirror,
oscillate between the two mirror poiﬁts. Resonance can océur
ibefween the Larmor gyration of the particles and the slow
oscillations (or its harmonics), depending upon the prevailing
éonditions in a mirror trap. In the vicinity of the separatrix
éf each resonance there appears the so called stochaétiC'layer;\
 which constitutes a certain region of unstable motion. If the
SmallneSS parameter increases, the resonance layer broadens to
the dimensions of their resonances as a result of which
_neighbouring resonances overlap in phase space and strong

stdchastic instability result528

. The magnetic moment, therefore,
can change and it can allow a redistribution of energy among the

 longitudinal and transverse degrees of freedom of the particles.

As a consequence, the particles can fall into the loss cone and
thus leak out of the magnetic trap. Following this argument

Chirikov;o calculated the systematic change in\ﬂx,and its

spread. For different values of A B/B, the number of

reflections for the particles was calculated. The draw back in

this theory is that it has been given only in the approximation
_of straicht lines of force and thus deals only with systems

having infinite scale sizes for magnetic field variations.
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It is possible to determine the lifé time uéing ZSAA‘
by solving the Fokker-Planck equation in the magnetic moment
space. This would give the evolution of the particle density
as a function ofﬁx,and timei However, in another formalism,

7,11 has been used to study

Fokker-Planck diffusion treatment
vthe diffusion in velocity space associated with the nonadiabatic
’:changes in the magnetic moment of a particle. This formalism
describes the temporal behaviour of the distribution function
and therefore leads to a diffusion rate due to nonadiabaticity.

. o
The diffusion coefficient 4;(%%AL)/>9which has been

calculated is given by

2 - - o
(i(_\/\/(, >l _/:\_":_’ e KPL—* e L“‘ ) J (1.3.2)

¥ o

ﬂlf AA.B

where A is a slowly varying function of pitch angle with a
-_vmagnitude' of order 5, g is another slowly varying function
of pitch angles less than f1/4, r; is the particle Larmor
radius calculated in terms of the thermal energy E*H of the
particles. i

The "diffusion" due to nonadiabaticity can be compared
with the classical diffusion constant. It is observed that the
nonadiabatic effects are dominant for large values of E/Eﬂw'
Because of the pitch angle dependence of g, small pitch angle
particles are most susceptible to nonadiabatic diffusion.

These are some of the approaches made to understand the

nonadiabatic behaviour of charged particles in an inhomogeneous
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magnetié field. However, so far in these works, the question of
the determination of the life time in a magnetic trap has no

where been explicitly discussed, and as a consequence no
specific relationships between the time of residence of the
particles in the mirror trap to various parameters of the

particles and the mirror trap have been obtained.
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1.4. Numerical Calculations of Particle Trajectories_in

Magnetic Mirrors:

One of the problems requiring greater understanding is
_the extent to which particles obey predictions of the adiabatic
theory. Particle trajectories have been followed numerically:
and the results have been compared with the adiabatic predi-
ction521’25'4o. The magnetic moment (/U) and the chance in it
‘pér reflection (AAL) is calculated in these numerical works as
va function of the different parameters of the systém.

In one of these workSZl, the effeét of different
parameters like velocity, the initial phase angle etc,, on the
changelﬂﬂLA&Lhas been extensively studied. The dependence on
the velocity can be well approximated by a function‘of the form
aexp (-b/y ), where A and b are constants. |

| The variations inlﬁL was investigated for different
orbit sizes. This was found to be large in case of the large
orbit sizes. The magnetic moment oscillates at the gyration
frequency about a fixed value until the particle crosses the
median plane in magnetic mirror, near Whinl}LSufferS a large
transient change. Thenfi,osclllatus about a new mean value; the\
residual change 1n}4 betwben successive reflections, depends on
the various parameters that define the orbit.

Cumulative effect on the change Ayuﬂaftar many traversals
in the machine have also been investigated. To investigate this

effect, such orbits have been computed for which the particle
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made many reflection321’4o. At each traversal of the median
plane, the pitch angle (&) is plotted as a function of the phase
angle A . Fig.2 shows the plot of'qg as a function of )\40.
In fact, instead of § , é; or ﬁt.g which ever is smaller is

plotted. In this phase plot the numbered points represent the

successive travel through median plane. Zero indicates the initial

v;point. From the plot it is quite evident that there are two
fypes of particle behaviour. One of the behaviours can be
termed as stable where the successive traversals of the median
plane can be connected by smooth curve of the type A or B. The
other can be termed as unstable and the successive traversals
are shown by X. The pitch angle é; of the stable particles
may undergo severe variations. It is seen that the variations
are larger for larger gyro radius. Howevef, these variations
are highly self cancelling and the phase points alwayS appear
to fall on a well defined curve such as A or B.

In contrast to the stable particles, the unstable par-
ticles do not fall on a well defined curve. Successive points
in the phase plot meander in a rather erratic way and after
>;a few reflections the parﬁicles escape through the loss cone.

The constancy of the magnetic moment is an asymptotic
result as a consequence of the slow variation of the magnetic
field in the frame of the particle's motion. The stable
~ curves of the phase plot can be gqualitatively predicted with the

help of the first two terms of the magnetic moment series.
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Fige. 2« Phase plots for a particle in a mirror
geometry.
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Fig.2 can be plotted as a polar diagrale, in which case the
curves A would be closed curves. One can probably state that
these smooth curves represent the intersection with the median
plane of two dimensional surfaces, which are invariant. They are
invariant in the sense that all particles on such surfaces st any
time would stay on them for ever. It is possible to have among
vcurves of type A, which appear numerically to be invariant,
some curves that are not really invariant, but the deviation
is much less than the numerical errors.

In an azimuthally asymmetric system, the invariant
curves cannot "seal off" non invariant curves from the loss
cone. As a consequence of not "sealing off" of the surfaces, the

particles are lost at a faster rate than in the azimuthally

symmetric case.

From the results of these numerical experiments, one can
conclude that even beyond the adiabatic loss cone, there exists
a region where the particle motion is not stable and the
particles in this region are lost after a few reflections, thus
the residence time for such particles is considerably reduced.
There lies a line of demarcation between the stable and the
unstable region which can be termed as the effective loss cone
which is slightly larger than the adiabatic loss cone.

Usually in the numerical calculations, the charged
particles can be followed only for a limited number of

reflections. As the number of reflections increases, the
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Kcomputétional error creeps in and the calculations become
unreliable. Therefore, it is difficult to follow the charged
icles for very many reflections before they are lost through

part

the loss cone.
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1.5; Experiments in Magnetic Mirror Traps:

The behaviour of charged particles in ap adiabatic
ﬁirror trap has also been a topié of experimental studies sincé
ibng. Onevof the possible consequences of the nonadiabatic
behaviour is the leakage of charged particles from adiabatic
:confinement in the mirror traps. This will result in the
particles having a finite life time in the trap. The earlier

22,23, 44

experiments were mainly conducted with the motivation

of studying the life time as a function of different parameters
such as mirror ratio, residual gas pressure etc. and these
:results were compared with the predictions of scattering
£heories. Experiment8 has also been conducted to study the
éffect of local perturbation of the magnetic field on the life
time. In the more recent experiment55’16'4l, the critical value
of the adiabaticity parameter has also been investigated.

There has been another approach to study the transition from
adiabatic to nonadiabatic motion of charged particles42’43.

These studies have been done experimeéntally and numerically

Simultaneously.

~ 1.5.1. Nonadiabatic behaviour_ with single reflection: Experimental

studies of a single interaction of a beam of charged particles

with a magnetic barrier under steady state conditions were
2 n . .
conducted4 . An ion beam was used during the experiment.

It was possible to detect
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,éxﬁerimentally the transition from adiabatic to nonadiabatic
kréflection of the ion beam and these resﬁlts were compared
%With the results of numerical computation. The percentage of
;particles,vwhich were adiabatic, was plotted és a function of
 thé mirror ratio R = and <(RLEV/;ZC> for the average radius
_about which the particle gyrated during its reflection or
’egcape,oCi/. Here R = IS]min/BmaX s <:RL>> is the average Larmor
radius, based on the constant speed of the particle and average
v magneﬁic field, ZO is the distance from the midplane to one end
;oﬁ the mirrof. It was observed that the percentage of nonadiabatié

particles increased with larger orbit sizes.

_Source of the charged particles in the confinement experlments
were dlfferent in different cases. In most of the experiments,
_ the charged particles were produced over a large volume of the
 experimental chamber. For instance, in one of the earliest
 experiment, Rodionov44 studied the motion of ﬁb particles from
the radio active decay of tritium in an adiabatic trap. In

another set of experlments Glbson et al22 23 studied the

:conflnement of energetlc p051trons emitted from Ne19

isotropically and uniformly in a mirror geometry .
In these experiments, the life time Qas measured as a

function of different parameters of the system and the

particles themselves. Variation of the life time on the minimum

of the magnetic field was also investigated by Rodionov and

1.5.2. Particle confinement experiments in Magnetic Mirrors: The\‘\\
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for a fixed maximum magnetic field, a maximum of life time was
observed. In the works of Gibson et a1?2’23 very large contain-
ment time was observed. The life‘time in the symmetric as well
as in the asymmetric magnetic mirrors was measured as a
'fQﬂCtion of different parameters. In these experiments the loss
’5f particles was entirely collisional.

The draw back of these experiments were that the pitch
rangle and the mirror ratio for all the particles were not
identical since the particles were produced at different
regions of the system as mentioned in the begining of this
discussion.

Localized introduction of charged particles was done in
 a machine called "Ogryonok", where Brevnov and Tomashchuk8
Q%tudied the effect of local perturbations of the magnetic field
'“oh the life time. &n ion beam was led into the injection |
radius with the help of a magnetic channel. The magnetic
_channel gave rise to the non uniformities in the magnetic
field of the mirror machine. Controlled local perturbations
also could be produced with the help of a magnetic dipole.lt
was observed that the life time was shortened drastically due
to the perturbations in the magnetic field. These perturbations
could shift the centre of gyration of the ions across the

Q\magnetic field by a distance of the order of magnitude of the

. Larmor radius also.
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5,16, 41

There have been a‘few_more refined egperiments
. to study the nonadiabatic behaviour of charged particles in a
magnetic mirror. The methodology in all these experiments
were conceptually similar. Charged particles, all having
“specified energy and initial value of the magnetic moment were
1injected of f axis into a magnetic mirror trap and confined in
‘ it adiabatically. The particles escaping the trap were collected
at one end and the leakage current was measured as a function
of time. The current signals were then analysed to determine
characteristic leakage time for the particles. Besides
vdetermining the leakage time, the spectra were taken after
different intervals of time after the particles wgre captured
in the trap for different magnetic field streng ths and differeht
field configurationS%l.

The ratmalgk&yj,was calculated from the experiﬁentally
obtained inflection points on the curves ‘é?(Hﬁax), where
Hmax = Hcr' This ratio of change in the magnetic moment to the
magnetic moment exhibited a functional dependence of the form
exp <~;X’Hﬁax)4l' The maximum value of the nonadiabaticity

parameter at the critical magnetic field H was

critical
calculated and was found to depend on the magnetic field confi-
guration. Thus, the behaviour of nonadiabatic process appeared

to depend not only on the nonadiabaticity parameter but also on

the field geometry.



36

The effect of nonadiabaticity is manifested as an exponential

decrease of the life time with the reduction of the magnetic
field for fixed residual gas pressure and beam energys. As the
magnetic field is decreased the larmor radius of charged particles
increases .Therefore after a certain critical magnetic field, it
'is possible to have such Larmor radius for the particles that
they would encircle the axis of symmetry of the system. This
éould happen even for initially of f axis particles. In such
cases, large confinement times at lower magnetic field values
’would be expected as were observed by Balebanov and Semashko5.
The mechanism for such large confinement times has been already
discussed in the begining of the chapter.

Besides the effect of nonadiabaticity on particles, some

more interesting results were obtained during the course of

1 ’ : ,
these experiments. Ponomarenko et al% observed that the leakage
current as a function of time indicated two characteristic life

times . However this was interpreted as due to particles in the

trap with different magnetic moments. Those with magnetic
‘moments in the neighbourhood of the critical value of the

magnetic. moment for confinement would leave the trap in a

short time; while those with larger magnetic moment would

leave the trap after a longer time.

Another interesting result was the observation of very large

confinement times of the order of a few minutes by Dubinina

et a1l®. QHWz,Vs B curve showed an abrupt steepening signifying
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this fact. Authors explained this with the help of the
2
Arnold's hypothesis™, which has been discussed briefly in
the begining of this chapter.

14,15%,26,27,28

There have been many other experiments which

_ were conducted basically to study the critical value of the
vadiabaticity parameter. Since near the midplane, the dipole
_trap is very much similar to an ordinary mirror trap, one€ can
just mention about the study of nonadiabatic loss 26, 27,28 in
such a trap. It has been observed that at large values of the
:1 adiabaticity parameter, escape of particles, due to nonadiabaticity
of tﬁe magnetic moment,loss from the dipole trap enhances and
the containment time reduces.

From all these experiments, one can conclude that beyond a
critical value of the adiabaticity parameter, the nonadiabatic
loss of particles occur from a magnetic mirror. The decrease in
lifetime as a consequence of the increase in nonadiabaticity
follows an exponential behaviours. The nonadiabatic behaviour not
only depends on the nonadiabaticity parameter but also depends on
 ‘the field geometry.

'11;6, Wave Mechanical Model for Nonadiabatic loss from Magnetic

Mirror.
Most of the theories and the models that have been used to

interpret the experimental results are based on the adiabatic

5,16,10

loss cone concept. A suggestion usually made for the

mechanism of nonadiabatic escape of particles from magnetic



38

traps is that they suffer a cumulative change-in theif action
invariant until they finally fall into the loss conée and
escape .

- Therefore, discarding the adiabatic loss cone concept,
waﬁe mechanical model for the nonadiabatic loss of particies
ifrom magnetic mirror traps was considered by Varma47n The
inbnédiabatic loss 1is a consequence of the exact equations of
:mofién and these equations constitute the only mechanism of
escape. Since the adiabatic concept is discarded, one can work
in terms of the exact trajectories of the particles. To describe
 ﬁhe distribution of particles, the adiabatic action }i::cqyg/éi?
is introduced as a variable, which is nothing but the time
integral of the adiabatic Lagrangian. Here<§2 is the'eléctron
~gyro frequency. Even though the exact trajectories are very
cbmplicated, the distribution in action has some simple‘prOperties

which are fully utilized in the theory. The slight nonadiabaticity

_that is considered guarantees that the distribution in/gk at any
subsequent time will be centered around the initial value/AL ‘
The trap is considered axi-symmetric and the particles are

'injected away from the axis of symmetry.

The guiding centre equation of motion

(j} V . — 7 -
{ini (,ﬂ:,i - \/"“ K/%LJ) (1.6.1)

can be obtained by minimising theaction S.Action S can be

written in the following fashion.
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Q (ﬂf& f’H\z */u Q) (1.6.2)

where L is the Lagrangian. The magnitude of the action S at a

given time as calculated for an exact trajectory will be in
general different from the adiabatic value S, at that space
,point ¥ at a time t. But as/u,~e(} the action S will\apprdéch\
the latter if the changes in action S are infinitesimal. At

an adiabatically accessible point (X, t), the distribution of
 ;partic1eS in S would peak around the adiabatic wvalue 5,. Thus
it can be noted that the &ction appears as a very significant

~ label because for a trajectory to end up outside the trap at
vthe end of a time t, it must have its action different from the
minimum for that time.

The problem of determining the probability of nonadiébatic\
 escape of particles then reduces to finding the fraction of
_trajectories labeled by the action that end up outside the trap

‘at each instant of time. The action phase é) is introduced: as
a variable, instead of the action, which is dpflned as

Q?’ S&I q94~373“‘v dsCAL. Density of the trajectory end

points are given by f ,C{t, t) at the time interval t per

unit interval Ax at x and with their action phases in[&dbcﬁ-@%.
'

The particle density at (x, t) is given by

:[ dﬂ ](\{K;(Dt 9(7) (1.6.3)

(,—’ <’X 5 t\) -




’I;Iilr\é\following equation for r&-can be written down
HXNPW' b4z )= (d KAI) ()1; -AX (l i) X
PQ{ Sxe ‘T L Ax?dp ) (1.6.4)

where p represents the probability that a particle at (x- AX, t),
with action phase «;C goes to the point (x, t + & ) with action

phase (PL‘ . For infinitesimal changes

(ﬂ 7,: CPE + LT /@1 . (1.6.5)
47

It can be mentioned that ~ in the adiabatic limit /(J(.:‘«,(u) , the
equation (1.6.4) yields the equation of continuity.
A very useful and natural choice for P with this property

emerges if we write for £ a positive definite expression;

‘S/ (Y 7 ((b('f ? t) - V) *\-(;X ’CB_—’ }’) K’)(X )ﬂ 3(:) (1.6.6)

v,;sinc':e f as a function of C’u £ peaks around the value ’P (y t)9

_one can write in the adiabatically accessible region.

)\{j :Z g(_yﬁﬂw{_> QX’JSZ (_f"l[,)f—g/ﬁ()’,[j)}//lj (»1 .6;7)
P I .

_ Por an arbitrary space point, Fourier analysis of \F/ is carried

out with respect to Cpt as

(y CPE,L )*“ { (Y n; r)exlo@\ Jf/ ) (1.6.8)
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Theé follOW1nq differential equatlon is obtained for ﬂ)(}"[ L)

/l] /H e
L ’7F ( )l”t" ; 9 ‘1’(/1 )kf( 0, t) (1.6.9)

The relation between the density and the solutions \{ (x,n,t)

of the above equation is

<j<¥ k) j;JQL (1 q ) /> 9D<Yl‘L)gy<y k) (1.6. 10) 
o h o

It is seen that the form of the solution for gy resembles
Schrodinger theory in quantun mechanics. Here the ggle of'ﬁ is
’played by the first action invariant (ﬂi/}} ), /u is the wvalue
at injectionyﬁL;) that occurs in place of the potential is
precisely the potential which describes the adiabatic motion-.
The nonadiabatic escape of particles from the adiabatic traps,
which can be calculated from these equations, then appears to
 \be of the nature of the "tunneling effect” in quantum
- mechanics.
If the potential /&Q is of the form/ﬁu,( () /LLO LSQ(‘%(JX)}

in the region of the mirrors along a certain field line, then

the probability of transmission per unit time across the

potential hill is given by

BE /([ > () €<95 (m\) ‘””(/(”mx)’/%\/f._"‘ﬂ

VA ,
" /Ty 7 0 expl-ml ) OO
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where 1(10 the effective bounce period between two adiabatic

{
turning points and c(n) are appropriate constants. The

dominant contribution comes from n = 1. But the presence of other
‘values of n shows that there exist various e-folding times in
thé decay of the particle density.

The life time corresponding to this probability can be

written as

qum xp%\@m) Q/W ((/l Qrmx) ] ? (1.6712)

Since the Schrodinger-like equations are uncoupled linear

_equations, the probability coefficients are related to the
initial COnditions49.

The exponent in the expression for Z:H gives the Slope'hW(n) .
of qu?jh variation with magnetic field. The expression for ?fh

predicts following featuresof dependence of an on various

_parameters.

Vot
ﬁr)éﬁh vs B curve would be straight line with a slope
Voad
of rY\n which would be §) times the slope of grLLw;¥S B.

2) The magnitude of the slope would decrease with

L

increasing energy as B and increase with increasing magnetic

=1
field scale length /[ .

These predictions can be subjected to eXperimental veri-

v 4
fications. These theoretical pred1ct10n57 were infact compared

5 le, 4l

with some of the experimental results from The
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experimental values g€ the exponents were obtained from the

. {H’W
steepest section of Lh vs B curve for n = 1. In most of
the cases the theoretical values were in good agreement with the
_experimentally observed values. Thus the experimentally observed VAr-
iptions of lifetime could be compared with theoretical values.

1.7. Motivation of the Present Exnerimental Work:

In the previous sections of this chapter, we have reviewed
_the theoretical, numerical and experimental works on particle
confinement in, and leakage out of mirror traps. From this
 overview one can observe that these works have led to important
observations and conceptual informati ons on particle interaction
Jwith inhomogeneous magnetic fields. However, inspite of all
 £hese efforts, there remains a number of significant questions
_about the particle behaviour in such confinement devices. The
_prediction of multiple life times in such devices is another
interesting and fascinating aspect of the problem.

From the theoretical consideration$, it 15 apparent that the
conventional life time measurements cannot be directly compared
with the theories, barring the theory described in the previous
section. Therefore, the possibility of observing multiple lifetimes
for particles with same initial pitch angle and enérgy as |
postulated by Varma47 was considered to be a challenging
problem, well worth the design and construction of a complex
experiment. Main motivation behind the experiments has been

the effort to observe multiple e-folding times for particles



with specific energy and initial value of the magnetic moment.

Oother behaviour of charged particles, such as the motion of
charged particles in highly nonadiabatic mirror configurations
‘has also been studied. The same experimental system waS also
wused to study plasma reflection from a nonadiabatic mirror
with the necessary modifications demanded by the particular

experiment.



CHAPTER II

EXPERIMENTAL ARRANGEMENT

The specific objective of the experiment, as defined
_earlier was the study of single particle behaviour in magnetic.
mirror geometry, with slow spatial variation. The particle
field interaction manifests .itself in modification of particle
trajectories and ultimately in loss of particles from the trap.
Hence, the processes such as interparticle collision, which
would also result in particle loss have to be minimiéed in. this
experiment. The primary experimental recquirements could thus be
defined as low particle densities, ultra high vacuum, high
particle energy, adiabatic mirror magnetic field and fast
electronics.

This chapter describes an experimental system designed and
constructed to fulfill the parameter constraints as defined above.

The experimental set up can be broadly divided into the following

sub systems:

i) Vacuum system

ii) Magnetic field system
iii) Source of charged particles (Electron gun)

iv) Diagnostics and data acquisition system

2.1. Vacuum System :

Withia mirror seperation of 120 cm and an additional

length of 30 cm for diagnostic instruments etc a vacuum chamber

of 150 cm in length and 15 cm diameter is used for the experiment.
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The vacdum system is conStructed entirely from 304 stainless
steel. The vacuum system aloﬁg with the magnetic field system
is depicted schematically in fig;B. The main experimental region
of the chamber was made up of a seamless stainless steel tube.
The whole system was evacuated with‘the help of a LN2 trapped
0il diffusion pump upto a pressure of ~10"° torr. After
mﬁattaining this pressure, the system was further evacuated to a

8 torr with the help of a sputter ion

pressure of ~5 x 107
punp which has a speed of 300 liters/sec. wWhile pum@ing was
vcontinued with the help of the sputter ion pumnp, the oil
diffusion pump along with the backing system was isolated from
the experimental chamber with the help of a mechanical valve.

An isolation valve of 4" diameter was designed and
fabricated for use between the ion pump and the experimental
apparatus. The isolation valve consisted of a piston placed at
45° with a spring attached to it. The piston was pulled out with
the help of a solenoid, thus connecting the pump to the system.
Thig was possible since the stem of the piston was constructed
out of magnetic stainless steel.

To attain ultra high vacuum (UHV) the system was baked
to a temperature of 150°C for a period of 10-12 hrs. This was
done with the help of tape heater wrapped on the main experi-
mental system. The ion pump wa$ also baked at the same time.

For any modifications necessitating the opening of wvacuum

system, the system was filled with nitrogen by continuously
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;.ﬁshing dry nitrogen gas through the sy stem at a pressure
iightly higher than the atmospheric pressure. During this
eriod the ion pump was isolated with the help of the isolation
élve. This helped greatly in regaining the UHV conditions in
he system within a’short time.

2. Magnetic Field System :

For electron energy of ~6 KeV and a midplane magnetic field
of 200 gauss, the electron Larmor radius turns out to be A+ 1 cm.
?For a minimum angle of injection of 30° the required mirror
ifield was 800 gauss. For flexibility in the experiment, a maximum
field of 1000 gauss was desired.

The required magnetic field profile was obtained with the
held of a set of 12 pancake coils, placed symmetrically on either
éide of the -mentral plane. The pancake coils were made of 8 mm
0.D and 5 mm I.D.copper tubing and all the coils had inner
-fadius of 10 cm. Maximum constant current of 260 amps could be
fed into them. To dissipate the heat generated, cold water was
circulated through the coils. Five different magnetic field
configurations were generated by varying the axial positions of
the coils.For certain cases, current was also varied to obtain

the desired field configurations. In these cases, to reduce the

_current through certain coils, shunts of low resistance and high

current rating in the form of stainless steel strips of different

‘thickness, width and length were used. The field configurations

were numerically calculated following the method outlined in

Appendix A.
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A reétified power supply-(BOO Vv, 300 Amp), which could be
operated in constant current or constant voltage mode with ripple
content of 0.03 % was used to feed the coils for generating |
{he desired static magnetic field.

For effective confinement of thé charged particles, the
injected particles must be made to feel some change in the
parameters of the experimental system. For this purpose, the
magnetic field value at the mirror throat near the injection
point wes lowered during injection. After travelling along the
_mirror system, the charged particles (electrons) were reflected
from the opposite mirror and approached the first mirror. To
 cohfine the electrons, the magnetic field value at the mirror
throat at injection end was raised to its initial value equal
to the value at the other mirror point. This was achieved by
means of a pulsed magnetic field superimposed on the static
magnetic field at the mirror throat. Pulsed current was fed to
a four turn stainless steel coil of 4 cm diameter. Stainless
steel was chosen for its UHV compatibility. Since the fast
magnetic field pulse could not penetrate through the 3 mm thick
vacuum chamber wall, the small coil was placed inside the

vacuum chamber and was fed through high voltage vacuum

feed through.

The required pulse duration and the magnitude of the field
value used were dependent on the energy of the electron beam.

Since minimum dispersion in the beam energy was desired,
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sufficient care was taken whiie constructing the pulse forming
net work. The pulse fo;ming network used for this purpose is

~ described in section 2.4 of this chapter. The fall time of the
pﬁlse should be less than twice the transit time of the beam
pulse through the system. Since the magnetic moment of the
_electrons was kept constant, the pulsed magnetic field should

be homogeneocus. For this purpose, the current pulse used to
produce the magnetic field had to be made ripple free and with

a short fall time. Thus a 100 amp current pulse of 150 nsec
duration with a fall time of 30 nsec was used to produce the
pulsed magnetic field. The value of the pulsed magnetic field
_was directly proportional to the current. By varying the current
amplitude, the magnetic field value required for the experiment
was selected. Fig. 7(1) shows the trace from an oscillogram éf
the current pulse registered with the help of a current |
transformer (Pearson model No.411). The magnetic field produced
by this current was measured with the help of a magnetic probe,
Special%y constructed for this purpose. The constructioﬁ and the
characteristics of the magnetic probe are described in section 2.5
of this chapter.

2.3. Electron Gun

A low current electron gun was used during the experiment.
The maximum beam current used was ~6 ﬁLA during the single
‘reflection experiment with an energy of 250 - 300 ev. While

conducting the confinement experiments, the beam energy was
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:varied>upto 5 kev with a beam.currenﬁrof O.2~O.4ﬁxA. Since the
experiments dealt with single particle phenomenon, the
density of the beam was kept low, typically of the order of
lO4 particles/cc. The beam pulse duration was SOlL&sec during
 ‘the single reflection experiment, while the pulse widths used
’for the confinement experiments were 30 nsec & 500 nsec.
Since a distribution in the electron energy leads to a
.distribution in the magnetic moment; one should try to have a
beam with as small an energy spread as possible. As it was
difficult to define a critical parameter for this, the effort
was to reduce the major causés which gave rise to beam
dispersion. Some of the major causes are the followingB:

a) the velocity distribution with which electrons are
- thermionically emitted.

b) Fluctuations in the accelerating voltage in time
scales short compared to the beam switching time.

c¢) Beam forming optics.

d) Geometric factors: Finite dimensions of the filament
and anode Caﬁses the space charge cloud to have potential
gradients especially when the beam switching takes place in
a short time.

Therefore, an electrostatic electron gun was designed to
give a well focussed beam. Strong focussing i.e. the use of
distribution of electrostatic einzellinsen, was used. Three

cylindrical electrodes were used to focus. and accelerate
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the beam; The central eléétfode was kept at a lower voltage than
the other two electrodes. In certain region®' of small ratios of
a/L, the gap region of the system would be a lens with a long
focal length37, Here 2a is the diameter of the cylindrical lense
and L is the total length of two consSecutive lenses along with
the gap between them. The ratio of the diameters and voltages
were calculated from the perveance for the particular speci -

fications. For simple multielectrode systems, the perveance

is approximated by

- V, 20
P=elx (\/\/0>( ]j (2.3.1)

Perveance P is expressed in micropervs. & gun with a perveance
of one microperv gives.lﬁLﬁxat 1o kv ; In the above formula
v, = VHigh - Vi and vV =(Vyy + VL)/Z,Vi<< v, and 2a L. In
the derivation, the charge density was aSSumed uniform as it
should be when the beam originates from a well designed gun.

A grid was placed infront of the cathode aperture at a
distance of 3 mm. Both the cathode and the grid were kept at
negative potential with respect to the accelerating electrode.
A-300 V pﬁlse with desired pulse duration was applied to the
cathode making the grid 300 V positive with respect @o the
cathode. During this time a pulse of electrons escaped
through the grid and was accelerated through the cylindrical

electrodes. It should be noted that, for the short pulse width
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operation, care had to bé taken in the elécfrical connections
to the cathode. The connecting cablerleﬁgth etc were minimized gg
stray inductance and capacitance affected the pulse shape‘
considerably. The pulse forming net work is discussed in a
subsection later in this chapter.

| Focussing of the keam was considerably simplified as the
gun was placed in a magnetic field. Besides, the electrostatic
focussing, the magnetic field also gave a focussing effect. A
zinc sulphide coated screen was employed to estimate the beam
diameter along the 1ength of the system. The pencil beam that
was formed gave a spot size of 2 - 4 mm on the screen.

2.4. Pulse Forming Network for Trapping B-field:

To form a high current rectangular pulse, a transmission
line (coaxial cable) terminated with its characteristic
~ impedance Zé was used. Schematic of the line is shown in fig.4.
An open ended length of coaxial cable was charged through a
high resistance to a dc potential V. The line was discharged
into a load resistance RL, equal to the characteristic
impedance Zo (50 {2 ) of the cable, through an air spark gap.
The spark gap opened after each closure +to allow the line to
recharge, thus enabling repetitive pulses to be produced. The
pulse repetition rate could be adjusted by changing the value
of the charging resistors.

Let the voltage be written as a function of time in the

form Eyj = V [l}0 , the spark gap being operated at time
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Fige 4e Coaxial pulse forming line to generate 100 amp.
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Fig. 5e Schematic of the magnetic probe circults
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20

On looking into the line A a certain impedance Zin was seen.
The signal voltage VB which appeared across the load 2 was

given by the simple potential divider formula as

— 7 _
\1/R = B Z;g [\/j (2.4.1)

Since the line was open circuited at the end remote from A,

it followed

S e - (2.4.2)
- €

Where T was the transit time of the pulse and 1 was the length

of the line. For the case % = 2o, this reduced to

v, =(1-e 2Tyl

and when the inverse laplace transform was taken, it was found
that the output pulse was rectangular in shape, had an
amplitude V/2 and lasted for a time 2T i.e. twice the transit
time of the pulse in the line.
To form a pulse of 150 nsec, the length of the coaxial

cable needed was

L:\/t/Q 5 where ::-—@;;——~

4 mtbs. 1€

¢ = 0%, The laplace transform of this voltage was then [V] = V/,.
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where éa is the dielectric coﬁstant of fhe medium. To get a
current amplitude of 100 amp, the voltage required to charge
the cable was 10 KV. The four turn coil to produce the
magnetic field was put in series with 50 () resistance. The
current pulse was picked up by a current transformer and is
shown in fig. 7 (1). Tne magnetic field pulse shape was
monitored and the magnitude was measured with the help of
magnetic probe, described in the next section.

2.5. Fast_Response_Magnetic Probe+

Fig.5 shows the schematic of the magnetic probe used for
measuring time varying magnetic field. When a coil of effective
area Aeff was placed in a time varying magnetic field B,

induced voltage V, (t) across the terminals was

dB
\/ <) /\(,,1{ C” (2.5.1)

where Aeff = nS; n is the number of turms in the probe and 5
is the cross section 1/Z.fTCi? .

From eqguation (2.5.1), it is seen that magnetic field B
is directly proportional to 5:Vi(t) dt. This integral could be
directly measured by coupling the probe to an integrating
circuit as shown in fig.5. For pulse duration smaller than the
integration time RC, the following relation could be easily

obtainedl3.
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D ASRE -
1__% — R o (j — jo f_.,, i L%sts_l (2.5.2)
A el A eif

it is clear from (2.5.2) that the magnetic field was directly

proportional to the voltage drop U across the capacitor C, which
‘~could be measured directly on the oscilloscope.
The main requirements for such a probe were @
i) Minimum size to obtain good resolution in time and
FSpace.

ii) Fast electrical response ﬁé 10 nsec.

iii) Correct matching of the circuit impedance, particularly
between the cables connecting the coil to the scope, thus
avoiding ringing.

iv) Alignment of the probe coil with respect to the field
componéent to be measured.

v) Shielding of the probe against electrostatic noise.

When there was no integrating element, resistance R, = 50{1
was connected in series with the probe to match its impedance
with the characteristic impedance of the coaxial cable.

The frequency response of the coil was given by the ratio
L/Ro, L was the inductance of the coil and Ro was the resistance
across it. The inductance value was found to be 152 n Henry

and the corresponding response time T was .152 nsec for a total

resistance value of 1000 ) .
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The constructed coil had,2o turns with a diameter d = 16 mm ,

:length 1 = 4 mm and K % = 3 where K was a damping constant.

The capacitance value used was 5 pf. However, the total
capacitance of the circuit was 175 pf. This value included

the 20 pf input capacitance of the oscilloscope and 150 pf was

_ the approximate capacitance of the coaxial cable having a length
of 1.5 m. Therefore, the integrating time RC was found to be

175 nsec. Since the pulse duration was 150 nsec, the magnetic
field could be related to the observed voltagé,with the help

of (2.5.2).

Fig.6 shows the construction of the probe. The glass cover
over the probe coil was coated with a thin layer of silver to

avoid electrostatic pick up during the measurements..Fig.7 shows

the simultaneous traces of the magnetic probe and the Curfent
pulse from the current transformer. For calibration of the
magnetic probe, the current through the magnetic field production
coil was varied by varying the input voltage, used for charéing
the pulse forming line. The probe output voltage as a function
of the magnetic field is shown in fig. 8.

2.6. Electron Beam ~ Pulse forming Network:

It has been already mentioned that the shape of the electron
beam pulse was very importamt. Therefore to form a 30 nsec, - 300 V

rectangular pulse, a thres stage lumped IC circuit was used.
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Fige 7e Curve 1 represents the current transformer outpute
Curve 2 = The magnetic field produced by
the same current pulse as registered by
the magnetic probe.
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Thé final shape of fhe pulse obtained with the help of
a lumped circuit is made up of the sﬁm of the individual currents
in the resonant circuitsl7, As suggested by Guillemin24, the
~fourier series representation of an alternating current with
the wave shape of each half period approaching that of the

desired pulse was calculated. The alternating current could be

_written in the form of

=

‘L,“:g; L (ﬂ - 1
&) h
where L= Ry ToinWyl 5 w, = rm/T , T is the

total pulse duration.

i

;3;5' ) (2.6:1)

Because of symmetry the even harmonigs of the fourier
series do not contribute to the total current {,. From the
equivalent form of Guillemin Voltage fed networkzo, the In and
Cn were calculated. The values of the inductances of the ‘
equivalent form were multiplied by Zo T and the values of the
capacitances by T/Zo. Zo was the characteristic impedance of
the network, given by the ratio of the initial capacitor voltage
to the current amplitude I. The discharge current of the circuit
was very similar to L of eq. (2.6.1) and switched by SCRs,
it was similar to the single pulse of the desired shape. In
such a lumped circuit, the shape generally depends on the
nunber of elements and losses in the circuit. As the pulse'width

was increased, to form a better pulse,the number of lumped
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circuits needed increased. Fof a very short»pulse, the wiring
of the circuit had to be carefully done to reduce losses in
the circuit and also to reduce the effect of str=ay capacitance
and induétance on the pulse shape. |

In practice, to form the pulse, the capacitors of the
storage network were charged upto the required voltage of -300 V.
Then the charging unit was disconnected and the storage network
‘was discharged through a series of SCRs. Fast response SCRs
( GB 30 1 &) were used for producing the short duration fast’
rising pulse. Since each of these 3CRs could accomodate a
voltage of 150 V, three 3CRs in series were used. The SCRs were
triggered with the help of a voltage pulse derived from the
current pulse for the production of the pulsed magﬁetic field.
The triggering of the SCRs was dslayed by 100 nsec with respect
to the magnetic field pulse, so as to synchronize the entrance
of the electron beam with the applied magnetic field.

As shown in fig 9, in series connection of SCRs, difference
in delay and fall time could result in voltage imbalance during
the turn on period. This would mean that if all the devices
have different time delay in turning on, then the full voltage
drop would appear across the device which has the largest delay.
The trigger pulse was applied to SCRi,it turned on and the
voltage across it dropped from 100 V to 0.8 volts. Then Cl

discharged through SCR2 gate and it turned on. Similarly SCR3
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was also turned on. The 1-5 M§1 resiétances were uéed to ensure
similar voltage drop across the three SCRs. The final voltage
vdrop across the load due to the current pulse gave the voltage

_ pulse which was fed to the cathode of the electron gun as
described earlier in this chapter.

Longer duration pulse (500 nsec) was also used during the
experiment. In that case, care was taken to synchronize the
magnetic field pulse with the voltage pulse in such a way that
the field pulse was always within the voltage pulse duration.

The number of electrons trapped in the system did not change as
only a part of the electrons would see the change in the magnetic
field. The electrons, not trapped in the system, anyway, did not
contributé to the decay current14.

2.7 .Diagnostics and Data acguisition system:

The conventional diagnostic methods applied in the
experiments are as follows:

2.7.1. Blectrostatic Retarding Potential Analyser (RPA) : To

measure the parallel energy of the charged particles, an
electrostatic retarding potential analyser was used. The
schematic of the device is depicted in fig.lO. It consisted of
three grids and a collector housed in a cylindrical casing with

an aperture whose area could be varied. To measure the energy

of the electrons, retarding potential was applied to thecentral
grid. The remaining two grids on either side of the central

grid were kept at the ground potential. This was done to reduce
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the effect of the retarding potential on the electrons, which
passed through the grids and were collected by the collector. The
current due to the collected elecﬁrons gave a voltage drop

across a resistance and could be displayed on the oscilloscope
screen.

While designing the RPA, the field distortions such as
capacitor fringe fields, field leakage through the aperture and
retarding field perturbations from the grid were minimised
and therefore assumed to be ynimportant. There exist éeveral
mechanisms for electrons to be emitted from a surface, although
mést of the mechanisms involve only a small percentage of the
electrons emitted46, Since the effect of secondary emission was
not significant on the observed signal, secondaries from particles
with large incident angles were also ignored. The material used
for the construction of the analyser was sStainless steel.

Fig.ll shows a typical curve of the collector current
as a function of the retarding voltage. For a monoenergetic‘beam,
the fall in the current value was abrupt near the cut off value
of the retarding voltage. However, for certain values of applied

voltage, small dips were observed probably due to small secondary

emission. But, since these dips were never more than 5%, they were
approximated by the dotted curve for all practical purposes,
Fig. 12 shows the cut off retarding voltage as a function of

the beam voltage. It is seen that the experimental curve falls

slightly above the unit slope.




——-——’

RETARDING VOLTAGE ON GRID

L
o
- O
O

( [v]
i i

H 0)) @

Q O O

O O C

U
n
O
o

68

| ]

|

|

1

a—t

-200

~-400

-600

m-b

POTENTIAL ACROSS GUN [V]

-800

~-1000

Fig; 12, Galibration curve for retarding potential
-analyser, Solid line shows the unit slope
which is below the experimental curve,



69

'While‘performing expérihenfs withvplasma stream, the same
retarding potential analyser was used with one more grid on it
to measure the directed ion energy. This grid was used to
select the particles to be analysed. During the experiment, the
number density was reduced with the help of a 30 % transparent
grid to avoid electrical break down. between the grids in the
presence of the plasma.

2.7.2. BElectrostatic Probes: In one of the experiments, the

reflected beam was measured at the mid plane of the system.

For this purpose a single faced electrostatic probe in the form
of a collector, made out of stainless steel was used. But it was
observed, that when the beam impinged on the insulated surface
of the collector, a small amplitude spurious signal due to
capacitive coupling appeared. To avoid this, the collector was
modified slightly. Two collectors with their insulated surfaces
facing each other were employed to serve the purpose. Electrostatic
Langmuir probes9 were employed to measure the directed velocity
by measuring the time of flight of the pulsed plasma stream.
For the measurement of the floating potential, high Jimpedance
electrostatic probes were used.

2.7.3. Data Acquisition System: During the trapping experiment,

the RPA was placed outside the mirror throat and the current due
to electrons leaking out of the mirror was measured. The data was
digitized and recorded on a magnetic tape. Fig. 13 shows a block

diagram of the system used for data acquisition.
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Tre signal from the éollector of the RPA was fed to the

current to voltage converter. Op. amp. 8007 with high input
. P
_impedance and low bias current (~10 1 amp) was used, sirce

6 amp) . The collector

the signal level itself was small (£ 107
signal was fed to the inverting end of the op. amp..Thus the
Output signal from the converter was inverted.

The signal from the current to. voltage converter was fed
to a log amplifier. Fig. 14 shows the circuit diagram of the
‘log amplifier. The ratio 82'-._—R%L~-B'2‘was chosen such that the output
voltage gain was 2.5 V/decade. It is wellknown, that a
log amplifier, unlike an operational amplifier, cannot be
’adjusted by simply grounding the input. This 1s simply because
the log of zero approaches minus infinity. It was therefore
necessary to zero the off set voltage of Al and A2 seperately
and then to adjust the scale factogg.

To check the response of the log amplifier, the output
voltage was plotted as a function of known input voltage.
Fig. 15 shows the response of the circuit as a log amplifier;

The signal from log—amplifier was digitised by means of  an
A/D converter and was recorded on a digital tape recorder.
Recorded data was analysed with the help of IBM 360 computer.

The digitisation error for the signal was ~1%. A detailed

discussion of the data analysis method is given in chapter IV.
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CHAPTER TIT

ELECTRON AND PLASMA REFLECTION FROM ADIABATIC

AND STRONGLY NONADIABATIC MIRROR S

As we have noticed from»the earlier workSS’lB, the

finite bounds of the motion of a charged particle in a trap
depends upon’the conservation of the adiabatic invariant.
fburihg a singlé reflection also, the change in the value of the
mégnetic moment depends on the half width of the mirror,

initial Larmor radius of the particles in the midplane of the
magnetic mirror and on the magnetic field gradient scale length.
, fherefore, it 1s worthwhile to experimentally investigate the
‘behaviour of charged particles in a magnetic mirror during a
single reflection. Here, in this chapter we describe such an
"experimental study and the results obtained. Plasma reflegﬁiqn 1,
\iS also studied under similar conditions. .

3.1. Experimental Method:

For reflection from a magnetic mirror, the particles have

to posses transverse velocity such that xﬁﬁ/&ﬁm,:}ri/qﬁz;

at the midplane of the mirror system. Here Vie and V110

are the perpendicular and the parallel velocity components
respectively at the midplane of the mirror and Rm is the mirror
ratio. This demanded imparting additional perpendicular energy

to particles which was achieved by allowing the particles to

pass through a region of transverse electric field.
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To see the effect‘of.the particle‘trawersal thr§ugh a
region of transverse electric field, one could write the
eguation of a charged particle in such a field in presence of
a magnetic field. The region of transverée electric field extended
only over a small distance (~2 cms) and therefore, the magnetic
field'was considered homogeneous over this distance. Let the
axjial magnetic field be in the % direction. Then the equation

of motion could be written simply as

_;% —> [ > —3r '
mv = ek + €4 VXEB, (3.1.1)
~The three components of this equation are
My, = O
. . 0 . Ty
ﬂq'\/y - /é N&’t%o (3.1.2)

mv, = ek, +&/cV,B
Here the electric field was in the X direction and BO was the
magnetic field value.

It could easily be seen that the axial velocity along the

Z axis was constant.

Vy = const = V_. (3.1,3)
The two perpendicular components of the velocity could be
written in the following manner :

(i/x+l\]y), s £ "y%'"c L(\/X+i.\/Y>B()

m = x

- 2g -1 Q(Vriv)

(3.,1.4)
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where [ ) was the particle (electron)gyrofrequency. Eqg. (3.1.4)

could be rewritten as

. ek . ' , B ; _ '
:%J WLQ? 5 where ffC\/x*L\/v) (3.1.5)

This equation could also be written in the following way

%(? ei,Qt) _ t%%( Q‘LQt

. el ot : NN
? e |t E‘f‘n% QLQt“r 5)06 (Ot

O

(3.1.6)

The second term in the equation came from the fact that the
particle had initial perpendicular velocity before entering

the reglon of transverse electric field. Then

- ek -
g GQ‘:Q f) 0 LELE
. 2
) ‘:2 6[-:)( ’ “LQt
H’i”{ﬁﬁ +9, ¢ k (3.1.7)

Put t = Z/VO, then the above expression transformed into

2 el L “LQZ\/G{Q
94 "}Lmﬂ i e |

If we assume that the electric field was inclined to the

(3.1.8)

magnetic field, then
' -« €
Vv, =& [, 3
. _ 1 <“, - ) (3.1.9)
v Z"Z‘o“‘ \/O‘: +_/2 %ﬂ EZ t
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Given (2-Z, ) = A2, we could solve for the residence time

of the particle. |

Q 7 ~

Yo Ab"+VE —AZ = 0O
- Ve £V V2 +2A(07)

; l"l_ A — é [
3 where A = //m -

A
Vo= 49 Eray
VZ ~ Ve T £ ﬂq'z (\AZ") (3.1.10)
The time ‘t' might be used in the expression for { QIQ
/ 2
P [t (8 +5,en Qe ]
° _- (3.1.11)
. L \/O 1 " A\
with {, - ”‘7:\“ JFK\/VO*QA(AZ)
Hence %‘ "’-—Z\—- +/'\ L*\ﬂ‘«’<pA >l
. AZ (‘") 15‘7
> —"\70‘ + (2/\ )
/\,,.A. / g
\/ ) \/ (3.1.12)

To a first approximation

L= AZ/\/
oy -Lvm if_é”»o cin() 42 ( )j

f[\/yf‘ 2\/ X sin() S /\Z Jr(p /0) ? (3.1.13)

It could be seen from the above equation that if \/( , Was zero

= =
then the maximum energy gained was the 8 X B i.e. the drift
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energy . This energy gain'occured because the particles passing

through transverse static electric field felt a time varying

field by virtue of their motion along‘the magnetic field line.
The maximum value of sin.f)ﬂégé = 1. Therefore the

\o

maximum transverse energy would be proporti%pal to V, given by

2 "B\ )T
\/,!‘ (max> - gL\/lC) T < B, )% (3.1.14)

Thus it is seen that by applying proper electric and

magnetic field one could give the recguired pitch ahgle to the
charged particle which could result in reflection f rom the

mirror.

3.2. Experimental Results and Discussion?

3.2.1 Reflection_of an Electron_ Beam: The reflection experiment

was conducted for 5 different mirror configurations and the
magnetic field profiles are shown in fig. 16. A low energy beam
(250 ev) of electrons with a beam current of 6 fAA, was
injected into the system paraxially from one end of the system.
The local magnetic field wvalue at tle injection point was
3/4th the maximum magnetic field value. Since the experiment
dealt with single reflection of particles, the gun was
placed inside the mirror system. The location of the beam was
two centimeters off the axis at the point of injection. The
diagnostics have been described already in the previous
chapter.

The parallel energy of the electron beam was measured

by applying retarding voltage on the central grid «of the RPA, When
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this VQLtage nearé the‘electrOn parallel energy, the collector
current falls to zero, tﬁus determining the parallel energy of
the beam. The slope of these curves give the dispersion in the
parallel beam energy as shown in fig. 17.

<
since To< V1 (C) = g {»(g) dg (3.2.1)

e
where I is the current collected, which 18 proportional to Mq

the number density, the distribution function £ (&) can be

0G (%)
e

also can be written as a function of the pitch angle . Thus

written as , where G (£) is a function of energy and

the slope of the curve gives the dispersion in the parallel
energy . The dispersion for different cases was measured and
was estimated to be not more than 10-12%.

The axial wvariation of electron parallel eénergy in a
slowly varying magnetic field was determined and was found
to decrease linearly as the field value increased. Experimentally
obtained U11 (parallel energy) as a function of magnetic field
at different axial positions for magnetic field configuration
I is shown in fig. 18. The linear decrease of the parallel
energy with the increase in the magnetic field could be
explained easily in the following manner.

In a slowly varying magnetic field, the parallel component
of the energy of the particles is converted to the perpendicular
component of the energy of the particles as they move towards

a stronger magnetic field region. This is simply because the
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Fige 184 Parallel energy of the electrons as a
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energy of the particles is conserved. From the energy conser-

vation law, one can write the following simple relation.

U-MaB = [-IH ‘ (3.2.2)

where[j’[jH are the total and parallel particle energy,ﬁj_nw
magnetic moment of the charged pérticle and B is the static
magnetic field. 1t can be notad that on the left hand side of the
equation, except B all the other quantities are constants. One
can therefore predict a linear relation between <ETH and B and
the linearity speaks of the constancy of the magnetié momeént .
The incident beam current and the reflected beam current
were measured with the help of the directional probes near the
mid plane. Both the currents were simultaneously displayaﬂ on
the scope. The signal on the probe surface facing the electron
gun was made zero So as to let the whole besam cross the probe
undisturbed and the maximum reflection current on the other
probe surface facing the mirror opposite to the electron gun
was measured. Because of the azimuthal drift of the beam, it was
possible to measure the reflected beam current at a different
space point. The drift velocity was Al1l0 7cm/sec, for the beam
energy, magnetic field and the scale length of the magnetic
field used during the experiment. The ratio of the reflected
current to the incident current was defined as the reflection
coefficient. The effect of the mirror ratio and the adiabaticity

parameter on the reflection coefficient was measured. For this
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purpose, the reflectionbcoefficient was measured for all the five
different mirror field configurations. Fig. 19 and fig. 20
depict the variation of the reflection coefficient as a
function of the mirror ratio and the adiabaticity parameter.
The adiabaticity parameter was defined as g :;YL 7/E§ o VA

.
However, as ry (Larmor radius) of a particle depends on the
perpendicular velocity andgggﬁg is the scale length in the

> dZ

parallel direction, éb should be multiplied by a factor Ml/&i.
This would reduce the v alue of gL which is shown in fig. 20.

But the functional dependence would still remain unchange. In
both these curves, it is observed that the reflection
coefficient goes through a minimum and then saturates at a
slightly lower level than the value for the most adiabatic
mirror case.

To support the reflection measurements, floating potential
measurements were conducted at the mid plane of the system. A
high impedance probe was inserted into the system at the
midplane. During the course of work the electron energy was
Z200-300 ev and the pulse duration was pu50/¢sec. Since the
transit time for the electrons through the system waSrvlzf“,sec
the experiment could be considered as a steady state experiment.
Therefore, after the reflection of the electrons one could
expect an accumulation of electrons in the 5ystem45, Depending
on the reflectivity of the mirror, the accumulation would vary

and floating potential would change from one mirror configuration



or-n
0-8

0-6

0-4

40 60 80 100 Ry

I Buma
7n--REE | Rp= —MAX
IINC BMIN

Fig; 19, Dependence of the reflection coefficient
(Q) on the mirror ratio R

-0 7
0-8 -

06 -

0-4 | \ | |
o4 03 05 O7 '3

£=7 Y8 9B4z

Fige 20. The reflection coefficient as a function
of the adiabaticity parameter g .

84



85

to anothéf. The floating.potential was measured and plotted

as a function of mirror ratio, whichris shown in fig.21. It

is observed that the value of the mirror ratio where the minimum
of this curve occured, coincided with the minimum on the
reflectivity curve. The value of the floating potential
Saturated after passing through the minimum. This suggested that
the reflectivity of the mirror became more effective for higher
mirror ratios (highly nonadiabatic case).

The effect of the magnetic field value on the reflectivity
of the mirror was also investigated. The base value of the
magnetic field was increased keeping the pitch angle constant.
As the base value of the magnetic field was increased, the
Larmor radius of the particle decreased. The magnetic field
gradient scale length would remain constant for a given field
configuration. This amounts to a decrease in the nonadiabaticity
in the system. The maximum field value was limited by the
current passing through- the magnetic field producing coils.
This set of experiments was conducted for the configuration V.
Fig. 22 shows the effect of the magnetic field on the reflection
coefficient. Here, the magnetic field values correspond to the
values at the mid plane of the system. The value of the refle-
ction coefficient decreased as the magnetic field was ircreased.

The reflection coefficient was measured as a function of

the beam current. For this, the emissi on current was increased
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and thereby the beam density was incréased; The reflection
coefficient as a function of the beam current was measured

for the configuration V. It is shown in fig. 23. It was observed
that the reflection coefficient increased abruptly as the beam
current was increased. However at higher values of the beam
current, the increase in the value of reflection coefficient

was very small and flatened out thereby remaining almost steady
Since the increase in the reflection coefficient occured after
a critical particle density, it could be attributed to the
collective behaviour of particles.

However, from fig. 22, it was observed that even the
adiabaticity effected the reflection. When the system was
relatively less nonadiabatic, the reflection coefficient had
fallen to 45 %. Therefore, it was not only collective behaviour
which played a role in increasing the reflection coefficient but
the strong nonadiabaticity also played a role in this case.

3.2.2. Plasma Reflection from the Magnetic Mirror: Similar

experiments were conducted with a plasma pulse also. For this
purpose a plasma gun was placed instead of the electron gun in
the system. The plasma gun was of a very simple construction.

A discharge was initiated due to overvoltage breakdown over the
surface of a nylon rod. Because of the magnetic field pressure
on the plasma (hydrogen), that was formed, it was accelerated
away from the gun. To initiate the discharge a SﬁxF condenser

was charged upto a voltage of 5 KV. Since the discharge current
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pulse was of oSciilatory'type; it was critically damped by
introducing a resistance in the circuit. Fig. 24 shows the
schematic of the arrangement. The discharge current was measured
with the help of a Rogowskii coil and is shown in fig.25

(curve 1). The critically damped discharged current was

~~+8 K Amp. and the pulse duration was typically rx«lSFLsec.

The parameters of the plasma pulse were measured with the

help of conventional diagnostic techniques. To find out the
directed velocity, time of flight measurements were. conducted.
The plasma signal was collected by a probe at two different
axial positions away from the plasma gun. Knowing the time delay
between the two 8ignals, the velocity could be calculated.
To make sure that the plasma pulses were indentical, the
discharge current signal was monitored for each shot. Fig. 25
(curve 2,3) are two different signals from the probe placed at
two different positions. The axial distance between the two
points of observation was 30 cm. Knowing the time delay
between the two peaks one can calculate the directed velocity
and it was ~7 x 10° cm/sec. Fig. 25 (curve 1)as mentioned
earlier shows the discharge current pulse. Actually, they are
two traces, superimposed on each other. This, im a way, demonstrates
the repeat ibility of the pulse. While measuring the ion
current the collector was biased at —50 V.

To measure the directed ion energy, the electrostatic

analyser was used. The existing analyser with three grids was
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Fige R5e Oscilloscope display of the plasma slgnals.
1) Superposition of discharge currents
corresponding to the traces 2 and 3,
2) Ion current registered by the electrom
gbatic probe inside the mirror system,
3) Ionic component of the plasma lost
through the mirror,
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modified'aﬁd a fourth grid was. added to analyse the plasma. The
’first and the third grid were kept at groundvpotential and a
negative potential was appliéd to fhe second grid to cut off
the electrons. Thus, only the ions could enter into the
analyser. The retarding voltage to analyse the ions was applied
on the fourth grid. The cut off of the signal at the collector
for a particular voltagé on the grid gave the value for ion
energy. The dirccted ion energy measured in this way was 30 - 40 ev.
The plasma density was also measured during the experiment and

lOl'l cm—3.

was b, ==
To find the reflectivity of the mirror, the incident
current and the transmitted current were measured. The
collector at the midplane was not employed during the experiment
with an idea of eliminating the perturbations caused by #he
presence of the collector. Since the discharge current pulse
duration was »vlS/J,sec, the plasma column length exceeded
half the system length. The incident end the transmitted
currents were measured with the help of a movable collector,
which was placed infront of and after the mirror point from one
end ¢f the sgsystem. Knowing the transmission coefficient one
could calculate the reflectivity of the mirror. This exercise
was carried out for all the five mirror configurations and the
respective reflection coefficients were calculated. Fig. 26
shows the reflection coefficient as a function of the mirror

ratio. It was observed that the fumctional dependence in this
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case was. similar to that of.thé electron beém. Howe&er, the
absolute value of the reflection coefficient was much lower in
this case. Since the plasma produced was isotropic, one would
exgect the reflection coefficient to be much smaller than in the
case of the electrons where the pitch angle of the particles

was controlled externally.

The effect of adiabaticity parameter on the reflection
coefficient was measured for field configuration III. For this
purpose the collector was enclosed in a 6 cm long cylinder
with a variable aperture. The aperture of the cylinder decides
the maximum Larmor radius of the ions that contributes to tﬂe
collector current. The aperture of the cylinder was varied
from 4)3.5 cm to ¢)O.4 cm, thus selecting the ions with |
different Larmor radii.The adiabaticity parameter was calcula-
ted. The variation of the reflection coefficient on the
adiabaticity parameter is shown in fig. 27. During the measurements
the magnetic field value at the centre of the trap was kept
at 50 gauss.

The floating potential during the plasma experiment was
measured along the axis on either side of the mirror point.

The successive shots from the gun were tried to be kept

identical by keeping the discharge voltage constant. Numerous
shots were used for each point of measurement. Slight fluctua-
tions of the values were observed. The measurements were conducted

for configurations III and V. The plots are shown in fig.28.
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Fige 28, Axial profile of the floating potential
around the mirror point for the magnetic
field configurations ITI and V during the
plasma experiments., 2 denotes the
mirror point, max
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In the'diagram the mirror’system is to the left of Zmax' For
the most nonadiabatic mirror configuration, the curve shows a
sharp negative peak. This could bg because of the localized
accumulation of the electrons near the turning point.

The experiments were conducted at a pressure range of
| 2—4 X 10_5 torr and the time for collisional scattering for
_electrons of the given energy during the electron beam experi-
j ment was /M50/LS€C, where as the single transit time for the
electrons was never more than 12 ﬁLsec. So for single reflection .,
 theoretically one should expect total reflection as the energy
dispersion was small for the electron beam. The corresponding
pitch angle dispersion due to the interaction of the
particle with the transverse electric field was calculated. In
the adiabatic case the loss due to scattering by the micro-
inhomogeneities in the static magnetic field was possible but
has not been estimated. &s the system becomes inc reasingly
nonadiabatic (by increasing the magnetic field gradient scale
length i.e. by decreasing the mirror width), the L&va//bb

ratio increases and the reflection coefficient decreases and goes

through a minimum. The increase in the reflectivity when
the system becomes strongly nonadiabatic can be explained in the
following way using the results from the plasma experiment.

The normal mirror reflection was enhanced by the additional
electrostatic reflection due to the potential hill for the

electrons, thus increasing the effective reflection coefficient.
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'3.3. Conclusions s

Thus from the above experiment one dould conc lude thét the
mirror reflectivity reduces as the nonadiabaticity parameter
increases. However, the electrostatic layer formation at steep
magnetic field gradients when the beam densities go above some
critical value causes enhanced reflection; making the nonadiabatic
mirror as effective in plasma confinemént as the conventional

mirror.




CHAPTER IV

SINGLE PARTICLE CONFINﬁMENT IN MAGNETIC MIRROR

To study the behaviour of charged particle motion in a

:slowly varying magnetic field, an experiment was conducted in
kthe device described earlier with some modifications demanded
’by the experiment. The major motivation in performing the

| experiment was to look for the theoretically predicted multiple
lifé times during the nonadiabatic escape ofvparticles from the
adiabatic mirror. To observe the life time determined by the
nonadiabatic effects, it was necessary to r educe collision-
induced particle loss to a minimum. This was achievedz‘i) by
increasing the beam energy {thereby decreasing the collision

crossection for the charged particles) and ii) by reducing the

8 Torr. The

residual gas pressure in the system to ~/5 x 10~
latter required the addition of a sputter ion pump to the
system.,

The  electron gun was placed 3 cm off axis on one end of
the system, 14 cm away from the mirror throat. The gun could
be moved radially with the help of a radial motion feed-through.
The magnetic field at the injection point was 3.5 times less
than the maximum magnetic field. Normally the cathode and grid
were held at the same dc potential. For generating the

electron beam, the cathode was made negative relative to the

grid by applying a rectangular pulse of appropriate voltage
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- of a-given duratioﬁ° Two types'of pulses were used during the
- experiment, one of duration rQSOO nsec, and other of much
smaller duration ~30 nsec, the later being generated by means
of a pulse forming line as describad earlier in the chapter
on instrumentation. The beam energy could be varied from

0.2 to 5 kev.

For trapping the particles in the system the magnetic field
at the mirror throat was reduced to facilitate the entry of the
particles into the system during the injection of the particles.
A rectangular current pulse of appropriate amplitude ( £ 100 amp)
and of 150 nsec duration was applied to a four turn coil situated
at the maximum of the static magnetic field.Usually the
amplitude of the pulsed magnetic field was about one fifth or
less of the static magnetic field value at the mirror throat.
This resulted in reduction of the magnetic field in the mirror
region near injection point thus allowing electrons to enter the
mirror trap. The current pulse was synchronised with the
electron beam pulse such that part of the electron beam always
saw the increased field on its way back after the reflection
from the opposite mirror and thas got trapped.

4.1 Experimental Measurements.

Observations were directed primarily towards measuring
the decay current from the trap for particles injected with a
particular value of the energy and the pitch angle. The observa-

tions were taken for different values of the static magnetic
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field for same values of particle energy éni pitch éngle.
Three different magnetic field configufatidns were used during
the experiment.Although the magnetic field configuration was
changed, the mirror ratio for all the three cases was same and
had a value of 4. The field configurations are shown in fig.Z29.
Different sets of observations were taken for different values
of the particle energy and for different scale lengths of
spatial variation of the magnetic field.

The particle energy was measured with the help of an
electrostatic retarding potential analyser and the dispersion
was found go be 10 - 12 % for the parallel componéent of the
energy of the electrons. The density of the injcted electronS in'
the trap was typically Ple4 particles/cm3. Since no collective
effects were bbserved at this density, it was considered’
satisfactory at such low pressures.

The magnetic moment of the particles was to be kept constant
as far ag possible.Therefore the dispersion in the pitch angle
was avery important factor to be measured. In the determination
of the pitch angle the following method was adopted: The pulsed
magnetic field was kept at a definite wvalue and the static
magnetic field was varied. The magnetic field ratio bEtweeﬂ
the value at the point of injection and the reduced value at the
mirror was calculated. The particles which would be trapped in
the main mirror system should have a pitch angle value greater

than 30° at the mid plane, since the mirror ratio was four.
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For smaller pitch ahgles,'the particles, that enter the sy stem 3 w.
would enter the loss cone énd would be lost. The particles,to
enter the main experimental chamber,must fall in the loss cone

of the local mirror formed between the point of injction and

the mirror throat. While entering the system electrons see a lower
magnetic field. Therefore, those electrons whose velocity

vector made an angle of more than 30° with the static magnetic
field lines at the mid plane of the experimental system could

be trapped in the system. The upper limit of the pitch angle

was determined by the lowest value of the magnetic field used
during the experiment and the corresponding value of the

pulsed magnetic field. The lower limit was given by the loss

cone for the mirror. Finally the pitch angle was determined

by the relative position of gun axis and the magnetic field lines
near the gun. Measurements on béam width yielded an_upper limit

of 30' for the dispersion in pitch angle around the mean value

of 33° and 352 for the two different pitch angles used during

the experiment.

To measure the life time of the electrons, the electrostatic
analyser was placed outside the mirror throat opposite the
injection side, to sample particles leaking out of the trap.

The signal, obtained due to the leakage of particles, on the
collector was fed into a current to voltage converter and the
inverted signal from the output was fed to a log amplifier.aAs

mentioned earlier the log amplifier had a gain of 2.5 V per decade
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over a range of four decadeS.The output sigﬁal from.thé~log
amplifier was fed into an A/Q converter and the digitized data
was recorded on a magnetic tape.  The digitization rate was
Z)/Lksec, With the help of proper conversion factors, the input
signal proportional to the collector current was obtained.

4.2. Data &Acguisition and Analysis:

When only one life time characterized the exponential
decay current, the life time could be obtained from the
semilog plot of the decay signal as a function of time. In
general, however, the semilog plot was not lirear (fig. 30)
and it Sugges£ed the existence of more than one life times
characterising the decay curve. To see if this was indeed the
case and todetermine the life times,the decay signal was
analysed in terms of a sum of exponéentials with different
e~-folding times and amplitude. If Ii represents the current
at the time ti’ then Ii may be written as a sum of N eXponentiai

functions as

N
<, :Z Ak EXP <*t;/(;k> | (4.2.1)
R=l :

where Zi;are the different life times and Ak are the
corresponding amplitudes, Ii could be rearrangced in the

following form:

:tg— mk yﬂﬂf) (4.2.2)
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Fige 30s The voltage proportional to the experimentally

observed leakage current on a semilog scale as
a function of time, Apparent fitting of a
straight line through them is not possible,.
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The values of the parameters am and )) were obtained by
' 28]

fitting the function Ii(t) defined by equation (4.2.3) to the

experimentally obtained current decay curve. The fitting was done
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by minimisation of the_fdnction"?é_defined as

3]
s

L
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where Si (ti) was the observatinnal data at a time ty. I,

was the fitting function with amplitude normalized to the

initial amplitude at t = O and Wi was the weight factor for

data at t..
= )
The minimisation of ?C was carried out with respect to the
coefficients Q. z%ﬁ , m = 1 to N. Without loss of generality
i
the life times could be numbered so that they could be ordered

as

allD A e
& N o Ty é('ﬂm (4.2.5)

1 5

e

From the theory, it is expected that the corresponding amplitudes

Ak: would be in the following order.
/'\4 />/ A2,>/A;3 Co ">/Aﬂ (4.2.6)

These physically meaningful inecqualities lead to the

following limits on values of ) and CL
o m
) > O
}m &O 2 m}@ A

which in turn helped in the minimisation of the ;{ function,
with respect to‘%%,am, m = 1,"N.

Since the function I (ti) was not linear in the parameter

77 , neither minimisation nor maximisation could be optimized

K
by analytical differcentiation and inversion (except in the trivial
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case where only single exponential characterizes the decay
curve, in wnich case the logarithmic signal ‘could be linearly

fitted) . During the initial stage of the search, different

(83
sl

programmes” ~, based on Monte Carlo technique, minimisation
programme using a simplex method by Nelder and Mead39 were used

before using the method of steepest descent3o in the final

stage. &11 these programmes were used to supplement each other
during an efficient search. Bach of these techniques had a-. .=
characteristic efficiency which depended upon the proximity: to
minimisation. However, if a true minimum could be achieved, the
resulting fitting parameters would be independent of how the
minimum was located and the various programmes should differ
only in the time and number of iterati ons required for convergence.
Although, in general, the fits should be independent of the
specific search programme, they could often be sensitive to the
waights chosen. For convenience, the weights were based on the
measured data and included a number of different sources of
uncertainity. Since the decay curves begin with relatively
high signal and end when the signal becomes comparable with
fluctuations in the background, the local accuracies over the
decay curve were expected to vary greatly. Statistical
fluctuations, at times, might not be sufficient to account for
the observed spread of data points. The uncertainities in the
individual parameters could be estimated by examining )CZ as a

function of each parameter in the neighbourhood of the minimum.
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In our case the error on the data points was mainly because of
the digitization error. The digitizati on error was same at all
data points. However, the minimiiation calculations were done with
the statistical fluctuations also. The calculated values for the
unknown parameters did not change cohsiderably.

Lanczos35 studiaed the numerical dimplications of the
exceedingly non-orthogonal properties of the exbonential
functions, and noted the extraordinary sensitivity of the fitted
parameters to small changes in data. This causes difficulties
in applications to physical problems, where the aim of the fits
is not merely to approximate the data closely by a mathematical
function, but also to determine accurately the physically
meaningful parameters. To examine the effect of the changes, of
the order of standard deviation, in data points on the_fit£ed
parameters the following method was adopted.

For a given minimisation, the standard deviatdd ons on the
data points were calculated and the data points were modified
by random addition or subtraction of thrice the standard deviat-
ions from them. Uniformly distributed random numbers
between + 1 and -1 were used for this purpose. A new ;{2
minimisation was-carried out using the modified data. New fitted
parameters were compared with the original fitted parameters. The
difference in two sets was & 5%, thus indicating the good fit

to the experimental data.
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The errors on the fitted parameters were also calculated
. . 31 '
with the help of the error matrlx3 . The error matrix, also

called the covariance matrix, is the inverse of the s econd

derivative matrix of the function with respect to its free
parameters which were evaluated at the function minimum. The
diagonal elements of the error matrix were the squares of the

individual parameter errors, including the effects of the

correlations with the other parameters.

The appearance of the correlationsS could be understood as

follows. The inverse of the error matrix, the second derivative
matrix, contained the second partial derivatives with respect
to one parameter at a time. These diagonal elements were not
coupled therefore to any other parameters, but when the matrix
was inverted, the diagonal elements of the inverse contained
contribution from all the elements of the second derivative
matrix.

The covariance matrix was required to be a positive
definite matrix, for the step size to make sense, since only
then would the quadratic form have a minimum. If the second

derivative matrix was singular, the predicted minimum was not

unigque.

The second derivative matrix for ;ﬁ 2 could be expressed as:

21 |
o/ = 52 0V

00 Y 9L 0 24

DX ‘;{./,é *{“2}(’9&1@){(/. (4.2.7)
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In case of the non linear least squares the linearization

approximation consisted in taking

K g Th

R

' A ,
00, 0 Y g;)C;,.L O ))dL | (4.2.8)

This had the advantage of being easy to calculate and,

moreover, it was always positive-definite. The covariance matrix

obtained by inverting this approximate matrix did not in general
converge to the true covariance matrix even though the |
minimization based on it converged to the true minimum.

The‘efror matrix was calculated with help of the progfammes
mentioned earlier and based on this matrix, both the individual
correlation coefficients and the global correlation coefficient

for each variable parzmeter were printed out. Typical

correlation coefficients were ~.0.35. From the errors on the
amplitudes 3 and l/})j ., the partial errors were calculated

in the following fashion.
N

(SQ. = 7 d, C ,_tigl),_‘"wgyi
T4 oG, an 8)3)‘2— =/ 7 T, (4.2.9)

where 7  — 1// \)
LJ /2

The maximum error on the parameters was not more than 15 %.

4.3. Results and Discussion

4.3.1. Existence of Multiple Life times: As mentioned earlieg

1ife time measurements were carried out under different
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experimental conditions. The decay curves wﬁiie plotted in the
semilog scale, did not represent one life.time. This indicated
the possible existence of multiple life times. Therefore, the
least square fitting technigue was adopted as described in the
previous section. Fig. 31 shows a comparison of the experimental
data with the fitted curve for a typical case. In most of the
cases two exponeéntials could be fitted through the data points.
For a few cases, even three exponéentials could be fitted
indicating three life times. But the amplitude of the signal for
the third 1life time fell within the digitization'erra;Therefore
no analysis was possible on the third life time.

4.3.2. Relationships of life time C, and _Amplitude A with

Magnetic Field: For a given pitch angle and energy of the

particles, the life time was measured as a function of magnetic
field strength at the mirror throat. The life times obtained are
tabulated in table I for one of the sets of observation. Along
with the life times, the amplitude values are a1lso tabulated.
The amplitude values for the different life times showed the
contribution of the particles with different life times to the
total amplitude of the signal. From table I, it is seen that

for a range of magnetic field values, two life times distirc tly
exist. Since both the energy and pitch angle had small but
continuous spread, the two 1life times could not be attributéd

to distinct groups of particles having either two distinct

energies, pitch anglés or both,
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THE VARIATION OF LIFE TIMES &ND THEIR AMPLITUDES AS
A FUNCTION OF THE MAXIMUM MAGNETIC FIELD VALUES AT
THE MIRROR THROAT: '

B
(Gauss)

(E=2.2 kev;

-1

L = 13 cm ; ) = 33°9)

(msec)

530

595

660

0.196+0.02
0.207+0.03
0.234+0.03
0.246+0.037
0.25+0.02
0.256+0.03

0.261+0.028

Amp litude-~1 T2 Amplitude-2
(msec)
0.304+0.03 0.229+40.02

0.7540.025
0.705+0.08
0.745+0.03
0.769+0.023
0.792+0.01
0.82+0.03

0.87+0.03

0.33+0.041
0.40140.024

0.45+0.05

0.492+0.05

0.43+40.03

0.42840.04

0.2140,05
0.215+0.013
0.22940.013
0.21+0.008
0.18+0.02

0.11+0.02

. ———— e,
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The effect of the pﬁlsed.magnetic field on the;:harged
particles while entering into the eXperimental space could
also be investigated, although it was negligible. The time
varying magnetic field produced an electric field in the
perpendicular direction. The magnitude of this electric field,
even for the maximum magnetic field was extremely small
(few volts/cm), therefore the effect on the particles was
negligible. The rise or the fall time of the magnetic field
pulse ( ~~30 nsec) was always more than the Larmor period <
( > 3 nsec) or the transit time ( ;5 5 nsec) through the region
under the influence of the pulsed magnetic field. Therefore, the
pulsed magnetic field change was still an adiabatic change as
far as the particles under considerati on were concerned.

From table I, it was observed that at higher magnetic field
values, the second amplitude (AZ) value decreased to véry
small value where as the fractional amplitude &; (fig. 32)
increased with increasing magnetic field.

Logarithms of experimentally observed lifetimes for
different sets were plotted as a function of magnetic field
B (fig 33a-d). Straight lines were fitted through the different
experimental points. It was observed that for both the life
times straight lines could be fitted with a correlation
coefficient of 0.9 or more for all the cases, The ratio of the
slope for thesecond life time to that for the first were

calculated and it was found to be in the range of 1.8 to 2.3.
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The experiments_were'conductedgat two different pitch angles
=~ 330 and 35° for threé‘different magnetic field ééhfigufaﬁioﬁs
as shown in fig.29. Unlike in the first case, the source was
11 cm away from the mirror throat in the second case. The scale
lengths in the three different cases were different although
the mirror ratio was kept constant. This was done by varying

the coil positions with respect to the midplane symmetrically on

either side. The charged particle energy was also varied by
varying the accelerating voltage. Fig.33 a,b depict the experi-

mental results with different magnetic field scale length (o/\"l> :

while fig.33 c¢,d depict the results obtained by varying the
energy of the injected electrons. The values of the two Slbpes
are tabulated in table II for different cases. Along with the
two slopes the ratio of the second slope to the first is also
given. From the table, one can observe that the slope values

increase as the scale length of the magnetic field is increased.

However, the slope value decreases as the energy of the charged
particles is increased. A more cuantitative comparison with energy
and C%2~l can be attempted at, which is given in the next
subsection. From the table it is observed that the ratio of the
two slopes vary between 1.8 to 2.2 in the experiments with @ % 33°
while,it lies close to 2.1 except in one case for the experiments
with @~ 3s°,

It would have been very interesting to take observations

at still higher pitch angles and to see the effect on the ratio



CTABLK-TT

a) VARIATION OF THE SLOPES mq HND m, AS

4 FUNCTION OF TOTAL ENERGY E for oc-lz 13

1ig

cmy
0 ~ 33° |
E(keV) m_L B —.—.—’m”-——‘;ﬂ—:——i—_ o mz/ml \\‘\ Y
2.2 (0.9740.11)10"2  (1.98+0.16)107° 2\.02_+_o.25’
2.9 (0.9540.06)107°  (1.7+0.06)1073 1.8240.14
3.7 (0.65+0.027)107>  (1.31140.207)107° 2.01+0.16
b) VARIATION OF THE 3LOPES my AND m, &S

A FUNCTION OFo/ ~% FOR TOT4L ENERGY
E = 2.2 kev; @ 33°

-1 ‘
L (cm) my m, m,/m
8 (2.88+0.18)10"%  (6.3840.43)107%  2.240.2
11 (6.14+0.52)107%  (1.16+0.14)107°  1.88+0.26
13 (0.9740.11)107°  (1.98+0.16)107> 2.0240.25
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c) VARIATION OF THi SLOPES mq AND m, AS A
8

2

FUNCTTON OF TOTAL «NERGY E for 7 =8 cm;

O = 35°

E (kev) my m, m,/my
2.2 (5.5640.18) 107 (11.9040.5)107>  2.1440.03
2.9 (4.940.24)1073 (10.4640.7)107>  2.1240.04
3.7 (4.54+0.3)107° (9.95+0.68)107°  2.1540.06
4.5 (3.9640.42)107° (9.1540.7)107°  2.3140.1

d) VARIATION OF TH# SLOPES m., AND m. AS A

"2 My 2
FUNCTION OFCL_l FOR TOTAL ENERGY E=2.9 kev;
O~ 35°
J\_l(cm) m M m,/m

~ 1 2 2/ ™M1

8 (4°9¢o,24>1o“3 (10.4610.,7)10”3 2.1240.04

11 (6.16+0.18) 107> (12.6240.62)107>  2.0540.03

13 (8.2440.3)107° (17.240.53)107°  2.09+0.038
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‘of the two slopes. But unfortunately, in the present experimental
set up, particles with higher pitch ang les could not be in jected
into the system. This was mainly du€ to the physical dimension

of the charged particle source and the radial dimension of the

system with the neck as shown in the schematic of the experimental

system in fig.3.

4.3.3. Comparison with Theory?zs. We may now recall some of the

results of the thec)ry47, that was reviewed briefly in the first
chapter. Following the analysis in the theory47, if the-
adiabatic potential/htg} in the regions of the mirrors along a

certain field line be modelled by

/U,Q :/L"’{-' _Qo‘i'(/l,LQWX /MLZ)CC\S}X ’7/ L g3.)

where [ -1 is the magnetic field scale length in the mirror
region and _{20 is the cyclotron frequency at the minimum of the
well, then the probability of transmission across the potential
. . v { .
< 2 otal energy B~ acc: (
hill for a particle of total energy fi';%ax according to

the nth Schrodinger-like mode47 could be expressed as

Pa = exp[ '(2”“)1/;9;2 %(N .o l> b
| ___-' N Yo - e
S

a4 . . N Pyt
whence the cerresponding life time (;n is given as

4/ 20TneR "Bm L/o /2 o
(4 Té’s—\ tprQm n/\fo/Jr— B Sin (4.3.3)

~(t-sin" B/w )1/2 $
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Where T represents some effective bounce time. B is the

eff
value of the magnetic field at the point .of dnjeotion. Bo is
the magnetic field at the minimum of the well and Bmax that

at the maximum; & - the value of the pitch angle at the point
of injection. .The total probability of escape per unit time, t hen,
could be written down as

/\ “% < (P, ft a
p Z n o :Z = e " - (4.3.4).
n

where aAn are appropriate coefficients.

Since the Schroainger—like equations47 were uncoupled
linear ecquations, the probability coefficients were relatéd to
the initial c»onditions at the time of injection and in particular
to the initial distribution function. in the Larmor phase49.

The exponent in the expression for f:hgave the slope Of{q@%}
variation with magnetic field and could be written in terms of
total energy and pitch angle as follows:

| honen c/pn g2 L2 B2
rﬂ (2(’}'7) WCV/\\/‘-3 51!14'@*)»1“19@) .

(4.3.5)
. e

that m_ is n times my ., the slope for ' g4 vs B curve.

From the expression (4.3.3) one could observe that i) gpquﬂvs

B curve would be a straight line with a slope m. which would

be n times the slope of erzij vs B
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ii) The magnitude of the slopé would decrease with increééing
energy as E'L and increase with increéasing magnetic field scale
length O(f~1.

The experimental results, described in the previous
subsection agree with these theoretical predictions. The ratio
of the slope for second life time to that for the first was found
to be in the range of 1.8 to 2.3 for different sets of observa-
tions. This could be considered to be in duite a good‘agreement
with the theoretical value of 2 as seen from relation (4.3.5).
The results tabulated in Table II are also in qualitative
agreement with the theoretical predictions. Since the variation
of the slopes with E and dfﬁl is known, some quaﬁtitative
comparison was done. The product of the different measurements
of the slopes for different energies with respective E';i should
be constant if all other parameters are assumed to be cénstﬂnt.
Similarly the product of the slopes with respective values ofol
would be constant for a fixed value of energy. The valuexni\f?;
for O ~ 33° and 35° was found out to be (4.413 + .202) lO—3
and (8.33 + .44) 1073 respectively where as the value m;& was
found to be (0.054 + 0.018) 1073 and (0.602 + 0.04) 1073
respectively. From these values it is observed that although
there is qualitative agreement between the theoretical and
experimental results, the theoretical slope values corresponding
to (9::330 differ by a great measure. At pitch angle values

of ﬁv350, the agreement between the theoretical and experimental

values is better than in the previous case.
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However it could be noted that the theoretical value for m_
became very sensitive to the value ofré) when the latter lay
close to the adiabatic loss cone angle. During the first set

of obscrvations, the angle of injection was estimated to be 33°

at the position of the electron gun outside the trap (where the

magnetic field was 3.5 times smaller than theé maximum magnetic
field), where as the adiabatic loss cone angle at the same‘
posSition was 329 1g8' 40". Therefore it was clear that the
gneertainity in the specification of the pitch angle was quite
large, for any meaningful comparison between the observed and’
calculated values of m - However, one could calculate. the pitch
angle from the observed values of the slope using the values
of the energy and /C_l,

Table III gives the values of the pitch ang le correéponding
t» the various observed slopes.The slope values used hére were
calculated for the magnetic field values at the point of
injection. We see that all these wvalues of pitch angle lie
within two narrow intervals for the two pitch angle values,
namely 32021'49" - 32°26'48" and 34°18'22" - 34921 112", Tt is
observed that the interval corresponding to the experimentally
measured 6311350 is smaller than the interval for the case of the
pitch angle 6)2:330. Thus, it eould be noted that the comparison
e stable

between theoretical and experimental results became mor

as one moved away from the adiabatic loss cone.



TABLE-IIT

THEORETICALLY CALCULATED VALUES OF ) CORRESPONDING
TO THE EXPERIMENTAL VALUES OF THE FIRST SLOPE my
FOR DIFFERENT TOTAL ENERGIES E &AND MAGNETIC FIELD

SCALE LENGTHS &£ -1
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o

S N E '-lf'/\“:\ "-l ml
2eno (kev) (cm) (experimental) (Theoretical)
-3 o) W
1 2.2 8 0.91 x 10 327 21" 49
- -2 o) N1
2 2.2 11 0.213 x 10 327 24" 10
-2 o] ' 1}
3 2.2 13 0.339 x 10 327 25" 53
B -2 o) ' G
4 2.9 13 0.332 x 10 327 26' 48
-2 o . '
5 3.7 13 0.227 x 10 327 24' 56
-2 O ' 1
6 2.2 8 1.779 x 10 347 19' 57
-2 ) i N
7 2.9 8 1.568 x 10 347 2012
-2 o)
8 3.7 8 1.453 x 10 347 21 12"
-2 -O‘ i n:
9 4.5 8 1.267 x 10 347 20! 20
-2 o i 1
10 2.9 11 1.971 x 10 347 184122
-2 O [ "
11 2.9 13 2.637 x 10 347 20' 56
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4.3.4. Effective Bounce Time, Teff : The form of expression for

Q:h showed that its dependence on the magnetic field contained

entirely in the exponential factor. The multiplying factor
Teffaﬁ then représents an "effective bounce time" such that
the probability of escape per bounce could be given by Pn of
equation (4.3.2). Table IV gives the values of T .. 1,2Ain the
various cases. The adiabatic bounce period, Tb' was calculated
in each case. The number of adiabatic bounce periods in a Teff
ranged between 18 to 42 for the cases where 69:3330 and

varied from 7 to 36 in the cases with () % 35”. This represented
the number of bounces that particle would make on the average
before it escaped with a probability Eﬁ. However, no theoretical
estimate of N = Teff/Tb has been made yet.

4.3.5. Dependence_on_ the Shape of the Potential Hill: The

magnetic field configurations used till now in the experiment have
been approximated near the mirror region by the potential of the
forn“ﬁigjzmax sech® (X 2C). The field configuration was

changed and the new field configurati »n is depicted in fig.34.

The (lr‘E:rNVS B curve for this particular configuration is
plotted in fig.35 for E = 2.2 kev, dc-l = 9 cm and Ga ~ 339,
The experimental slope values for such a potential were’ compared
with the slope wvalues for E = 2.2 kev and €£}~l = 8 cm for the
previous field configuration and were found to be larger by a
factor of about four. However, there was a small difference

in the value of the magnetic field scale length. The ratio of
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the slope for the second life time to ﬁhe slope for the firét iife
time was 2.3. '

The transmission probability and therefore the slope m
could be calculated for different configurations of the
potential hill (e.g. see 36). For instance, one could calculate
the slope values for a square potential and compare it with the
previous slope values for a given value of particle energy and
pitch angle. Slope values for a square potential were found to‘
be larger than the previous values. The present field configu-
ration, however, could not be exactly approskimated by the square
potential. Following the trend of the slope values for different
shapes of field configurations, one could expect higher slope
values for the present configuration with a flat top in
comparison to the previous field configuration .

4.3.6. Comparison_with Other Theories: It was difficult £0

compare the experimental results wi th the theories discussed in

the first chapter. No expressim for life time was obtained

in these works. For instance, one€ of the earlier works of

Chirikovlo and recent work of Bernstein and Rowland7 regarded

the nonadiabatic escape of particles as arising dge to

diffusion of particles in the /u space and into the adiabatic

loss cone with a step size,ﬁ%j, the nonadiabatic change in the
magnetic moment of the particle.
Bernstein and'Rowland6 derived a Fokker-Planck equation

to describe-this process while Cohen, Rowlands and Footell gave
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expressions for‘A/J,in anmirror méchine; Howevef, no expression
for the life time was obtained using this approach. It must bé A
noted that such an approach cannot give more than one life time
for a given value of the energy and the pitch angle at injection
and must therefore be considered as inadequate to describe th@
existence of two life times that the present experimentéi? -
:8311ts have established.

4.4. Conclusions:

We thus found that the experimental results did\COnfirm the
predictions of the theory47 in some Very essential aspécté, .
namely the existence of more than one decay times, their
dependence on magn&tic field, the scale size of the magnetic
field and the energy of the particles. The variations cf the’ |
amplitudes of the decay currents corresponding to two life times,
with the magnetic field was also found to be at least ’

: : 49
qualitatively in accordance with the expected behaviour




CHAPTER V

SUMMARY

The work described in the préviOus chapters can be divided
into two main sections. The first deals with the effect of
nonadiabaticity on charged particles‘and plasma during a single
refléction. The second section deals with the study of

nonadiabatic loss of charged particles trapped in a mirror trap.

S.l, Results from the Single Reflection Expe riment:

Effect of nonadiabaticity was considered on;a beam of
electrons of low energy as well as on a plasma stream. bufing
the. course of this experiment, five different mirror configu-
rations with different mirror ratios and different magnetic
field scale lengths were used. The reflection coefficient was
measured as the ratio of reflected current to inCident‘current
on’the_collectdr placed near the midplane of the system.
These reflection measurements were supplemented with the
floating potential measurements once again near the central
’plag? with the help of a high impedance probe. The effect of
mégg@tic\field on the reflection coefficient was observed by
increasingvthe base value of the magnetic field. Thus by varying
~the magnetic field the Larmor radius was changed while the
magnetic field scale length remained same for a given field
configuration. This amounted to changing the édiabaticity
parameter. Reflection coefficient was measured as a function

of the beam current (particle density) also.
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A simple plasma gun was used to study the nonadiabatic
effects on plasma during a siﬁgle reflection. The plasma
parameters were measured using cdnventional diagnostics. To
measure the reflection coefficient, the collector near the
midplane was not used znd instead the transmission eff;ciehcy,g\
was measured from which the reflectivity of the mirror i'was
calculated assuming that the plasma loss was only through the
mirror throats. This was to avoid the perturbations on the
plasma by the collector at the midplane during its trével in: the
system. During the reflection, floating potential was measured
around the mirror point on either side of it along the axis-:

From all the observations made on the reflection
coefficient for the plasma as well as the electron beam, we can
conclude that the nonadiabatic mirror can also become as
effective as an adiabatic mirror for electron beams, when the
beam density goes above some critical value. From the plasma
floating potential measurements near the mirror poinﬁ, we ' 'see
the formation of strong electrostatic potential at steep
magnetic field gradients. Then the normal reflection is
enhanced by additional electrostatic reflection due to the
potential hill for the electrons, thus increasing the
effective reflection coefficient; making the nonadiabatic mirror
as effective in plasma confinement as the conventional

mirrors.
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5.2, Results from the Confinement Experiment .

The second part of the work (chapter IV) deals with the
study of nonadiabatic particle leékage from an adiabatic mirror.
The leakage current through the mirrar throat was measured as
a function of time for different values of particle energy
and different magnetic field congigurations. The semi~log
plot of the decay current as a function of time could not be
approximated by single exponential decay. Therefore, numerical
analysis for a least scuare fit was carried out. In mbst of the
cases the experimental results were best approximated by twbr

exponential decay times. Fractional amplitudes of the signal

corresponding to the two decay times were also estimated. From
grf2;1vs B curves, it was observed that the variations - were
linear and the ratio of the slope for the second life time to
the first life time was between 1.8 to 2.3. This could be
considered in good agreement with the theoretical prediction
of 2. Table II shows the slope variation as a function of
particle energy and magnetic field scale length. The slgpe
values decreased as the energy of particles increased. Whereas,
the slope wvalue incréased with an increaée in the magnetic
field scale length. This behaviour is in qualitative agreement
with the theoretical predicitions47. However, for consistency
check, the pitch angle was calculated using the experimental
slope values. The pitch angle variatinm for the two different

cases were between 32°21'49"-32°26'48" and 34°18'22"-34921 112",
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This shOWs that as the pitch angle is shifted éWay from the
adiabatic loss cone, the variations in caléulated pitch angle
decrease. For better quantitative agreement, the experimént
should be performed for larger pitch angles. But without major
modifications in the experimental system, this is not possible'
as mentioned earlier.

Bffective bounce time, Teff’ was experimentally obtained.
‘This represented an "effective bounce period’" such that the
probability of escape per bounce was given by equation (4.3.2).
The number of adiabatic bounce periods Tb in a Teff was also
calculated. This represented the number of bounces that a
particle would make on the average before it escaped with a
probability Pn' However, theoretical estimation of this number
has not yet been done.

The effect of the shape of the magnetic ;eld profile on
the slope values was also investigated. Thus, the conclusions
that can be made from this experimental work are : 1) The
leakage of particles of a given energy E and initial value of
the actionyinvariant/{L is characterised by more than one‘
life times. 2) The two lifetimes are Hund to be exponential
functions of confining maghetic fields, with the ratio of the
exponents lying in the range of 1.8 to 2.3, which can be
considered to be in good agreement with the theoretical

value of 2. 3) The values of exponents, arc found to vary with
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energy £ and magnetic'fieid éqaie length‘ﬂf'l,‘which ié“in
qualitative agreement with theory. This agreement becomes more
cquantitative for larger valuesof the pitch angle. 4) Amplitude
corresponding to life time Qi; , is found to increase with'the
magnetic field while that corresponding to ‘@:2 decreases until
it becomes vanishingly small for sufficiently large magnetic

fi elds.

5.3 Future Experimental Programme.

The present work described in this thesis can be considered
as the basis for more experimental studies to have a betteftand
complete understanding of the pheénomenon. Continuing in thé'same
line of experimental work, on& can do the experiment ‘at iargef
pitch angles. Since, it was not possible to attain highéf pitch
angle. in the present set up, some modifications in the source
région would be necessary. with the reyired modificatioﬁs‘ one
would be able to investigate the slopes corresponding to
different life times at higher pitch angles and seek for better
quantitative comparison with the theory.

It can be noted that the theory mentions multiple life
times for particles with same energy and initial value of the
magnetic moment. It would be highly interesting, therefore, to
see if there exists at least a third life time. For this, one
has to increase the signal amplitude to avoid contamination

of the data due to digitisation error.
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From the observations made in subsection 4.3.5, it is
seen that any change in the shape of the magnetic fleld
configuration near the magnetic mirror changed the slope values
for the two observed life times., To have a thorough understanding
of this behaviour, experiments can be conducted in different
field configurations of different shapes, keeping the field
écale length constant to Have a better comparison among the
élope values for different field configuraﬁions of different
shapes. With all these further experimentations, one would be
able to study many more interesting aspects of the problem

discussed in this thesis.
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APPENDIX ~A

MIRROR MAGNETIC FIELD DsSIGN PROCEDURE

The design procedures were based on the minimisation of
a weighteﬂlsum of the squared deviations from the desired field
profile and the power dissipated in the coils for a given’field
configuration. Such a minimisation yielded a set of simultaneous
equations, which in certain cases happened to be linear, depending
upon the parameters with respect to which the minimisation was
carried out. These simultaneous equations were then solved to
obtain the desired parameters. |

A system with N coaxial coils was considered and M points
along the axis of these coils were chosen where the.desired field
strength was specified. In the analysis, the coils carried an
index n and the points at which the desired field was specified,
carried on index m. If the desired field at point m was designated

by Bm, then the deviation dm could be written as38

d > )

! -L‘m 2,_ Ln Y prim (a.1).
r= th

where iy was the current in amperes through the n coil and

bnm was the geometrical factor which gave the magnetic field

produced at point m by nth coil from a unit current flowing

through it. bnm could be writtén in the following way38
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Here r_ represented the distance between point m and centre

th

of the n coil along the axis. TZM was the number of tums

in the coil and a, - the radius of the coil. However, if the
width and depth of the coils were not very small incomparison to

its radius, me, could be expressed as
§
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. “ C
Here >< " :L"' n//) was the ratio of outer radius anto the
9 . ) :
4
inner radius (O " and r{:‘?)h et %n/a,m was the ratio of the half
l {
width hy to the inner radius. If ft’l represented the resistance

of the nth coil, the power dissipated in the nth coil was given

by

2
A function /X/ was defined as

0}
L

al 2 f:’_ .2 : '
)k/ :2, V\/mdm +.2, .Wg"lm fn (A.5)

1y = 1=
12, thus represented a weighted sum of the squared
deviations from the specified field configuration at all
test points andlthe power dissipated in all the coils. When

the function )(, was minimised with respect to a set of

parameters, the resulting values of those parameters yielded a
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configuration giving best fit to the specified field profile
and the procedure also resuited in optimising the power
dissipation.

During the course of the experiments, different field con-
figurations were used. To design these field configurations,
j{z was either minimised with tespect to currents in different
coils or with respect to axial positions of the coils for a
fixed value of current.

Minimisation with respect to currents i. (n = 1,N), lead

n

to a set of equations
A
Y4 + VA

which could be solved to obtain currents in different coils

(A.6)

placed at known axial positions. Using egs (A.l) and(A.5) the

set of equations represented by (A.6) could be rewritten as
| , , (2
) Lphin LA s e (8.7)
n=1 ) - .
n¥d

where M

(A.8)
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“All the equations in the set of simultaneous equations

J

solved to obtain values of currents for different coils. The

represented by (A.7) were linear in currents L and could be

set (A.7) could be represented in the form of a matrix as
{Aj x LI] = [CJ : (A.9)
where LA:]represented N X N matrix  and }ic:}, the N element
column vector, having elements given by (aA.8), while [IJ :
represented a N element column vector having currents ij’
j =1, N as its elements. Equation (A.9) then could be solved
to obtain [IJ as follows:
[1:3 = [c ] [A‘ll (A.10)
where LAfl} is the inverse of matrix [A:}.

The minimisation was carried out using a Fortran programme,
based on the logic outlined above and developed for désigning
axi-symmetric magnetic field systems. The desired fieid profile
was achieved by an iterative procedure which involved adjustment
of the coil currents. The deviations at test points were all
given equal weights and similarly all the power turns were
given equal weights. However, the weights Wp were always chosen
smaller than the weights ﬂn and a certain amount of optimisation
was necessary in the ratio of Wé to ﬂn to obtain the desired
fit with optimal power dissipation.

Minimisation with respect to coil positions, keeping

the current fixed, lead to a set of equations

9 . ,
E)/K‘/K =0 =1,2,--+N
T /OX, O 4 =17 (A.11)



147

where the function }{2 couldrbe defined as

/\, Z W, (l" J(h(‘b)) (A.12)

[ =

Qe o

Here & <9wt> rppreSLnt@d the geometrlcdl factor for the
¢ =

field value. 9/ - X. X L) ><J waa the axial distance
of the point from thec:entre of the system while Xi was the
axial distance of the coil from the ¢ entre of the system.

However the set of equations (A.l11) were non linear and
the solutions were not as simple as in the previous case.
Therefore to solve these equations the method of "Steepest
descent" was used. The parameters Xj could be considered as
coordinates of a N - element vector j;

—> —> .
)\ = A <x‘>X29 i -"XN) (Aa.13).
2 2 7
Then the surface X% = X ( %) would have a valley in the
neighbourhood of the best fit values of the parameters such that
equation (A.11) was satisfied. For achieving minimisation, an
initial estimate of the vector‘was made. Then, quantised

vector increments, in the direction of — V7)L were given

—
to the wvector )v , the maqnltude of the increments belng
ad justed in binary approx1matlon._éynew value of )&a+i was

obtained from the previous value ,x}, using the following

relation



and the process of interation was repeated till the minimum was
approached thus satisfying the criterion for the approach to
the mlnlmwﬂ. 6' is the small increment mentioned above.

d i

Based on the above 1ded, Fortran procramme was developed

for )C mlnlmlsatlon using the btbepest deScent method . As
in the'previouScjase, the deviations at the test points were
all‘given equal weights and similarly all the power terms\wére;
given equal weights. | | \

Asg mentioned in chapter 2.2, all the coi%s had equal
ﬁumber of turns with equalAraﬂii. Therefore the constant
current mode of operation was more economical for the given set
of coils. Because, to operate in the variable current mode,
different shunts of different values had to be incorporated
with the coils to obtain the desired field configurations,
thus dissipating a part of the power consumed. The discripancy
between the éaiculated and measured values at different axial

positions was :@ 5%«



