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STATEMENT

The primary aim of the work described in this thesis is
to study the mofion of charged particles in spatially
periodic magnetic fields as that of a multimirror system
and to look for effects predicted by Schroedinger-1like
equations for the non-adiabatic behaviour of an ensemble of
charged particles in inhomogenous magnetic fields.

The theory,wherein the Schroedinger-like equations have
been obtained, some important predictions arising out of it
along with a survey of other theoretical,numerical and
experimental investigations of the motion of charged
particles in a spatially periodic magnetic field are
discussed in Chapter I.

The experimental device, designed and set up for
“verifying the occurence of Bragg-like reflections 1is
described in Chapter II.

Details of the experiments carried out with the
abovementioned objective in mind are discussed in Chapter
ITI. Consequent observations and analysié are also presented
therein.

A summary with conclusions and scope for future work is

presented in Chapter IV.
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CHAPTER I

Introduction

The study of motion of charged particles in
inhomogeneous magnetic fields such as that of a magnetic
mirror 1is important from the point of view of its various
applications to laboratory as well as space and
miFrophysical plasmas 1like mirror plasmas and Van Allen
raaiation belts. Since the equations of motion 1in such
fields are highly nonlinear,it is in general,not possible
to solve for the motion analytically; only numerical
solutions can be obtained by wusing a .computer.One has,
therefore, to invoke approximations. Guiding centre
approximation 1is one such approximation,which results when
the fields wvary slowly, that is,the fractional change of
magnetic field over a gyroradius or gyroperiod is very

small compared to unity i.e.,

A
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L_ 9B
and B >t <§ L (1.2)

where L =eB/m is the cyclotron frequency;r; = V&/fl is the
Larmbr radius; V| being the perpendiéular component of the
velocity of the particle and L, the scale length of the
inhomogeneity of magnetic field.In this approximation the
adiabatic action AL =1/2mVL?/j1 is invariant. As a
consequence of the invariance of/L ,the motion along the
field line reduces to a motion in an effective potential V

=/151.The adiabatic equation of motion is given by1

dVh _ v cuLn
m._._t' - H( )
(1.3)

\Eince the adiabatic potentialxkjl is proportional to the
strength of the magnetic field, this equation of motion
offers the possibility of trapping charged particles in an
adiabatic potential well, that 1is, in a region of weaker
magnetic field bounded on either side by regions of
stronger magnetic field, provided the energy E of the

particles is less than the height of the potentialALflmax

€ B max
[ S
v l

E—</U_ QNC\* 'Q‘max’:
(1.4)

Such a scheme for trapping of charged particles is the
basis for one of the primary schemes for plasma confinement,

the magnetic mirror trap2 (Fig. 1.la,b).



13

 If_ 6%3 denotes'_the pitch‘angle of thé particle in the
mid plane of the mirrér trap,where the magnetic field is BO,
so that V; =V sin & ~and E | =E Sinze%,then for trapping

Bo

Bmax (1.5)

S]nzf}oj>‘

The ratio, Bmax/Bo is an important parameter for magnetic

mirror trap and 1is called 'mirror vratio', RM. All such
. . . . 2

particles, which satisfy E <1szmax or Sin GB)iBO/BmaX,are

trapped adiabatically. Conversely, particles which do not

satisfy these inequalities will not be present in the trap.

Smallest € ,(Gm),of a trapped particle is given by

7 Be {
. 9 —_ - —
Sin6y, = 3~ - R,

(1.6)

t&is equation defines the boundary of a region in velocity
space in the shape of a cone,called a loss cone (Fig. 1.1c).
As the particles with velocity vectors inside the loss cone
do not exist 1in the trap,trapping is never isotropic in a
mirror.

If the 1invariance of (L were exact,the trapping of the
charged particles would be perpetual.Since,as we have noted
earlier, the invariance 1is only approximate,any departure
from it would lead to particle losses from the adiabatic
potential well. This phenomenon of escape of charged
pgrticles has been observed in many experimentsa’5 and has
been the subject matter of investigation by many authors

using different approaches™’

In the first section of this chapter we have reproduced
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Fig. 1.1 (a) Magnetic mirror field configuration

(b) Schematic representation of the
adiabatic potential as a function of
the co-ordinate x along a field line

oo N of the mirror configuration.

(¢) Schematic representation of the loss
cone in the velocity space configu-
ration.
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in detail the quantum- like theory proposed by R.K. Varma8’9

for the non-adiabatic behaviour of charged particles in
inhomogeneous magnétic fields. In this formulation the
non-adiabatic escape of particles from the adiabatic
potential well turns out to be in the nature of tunnelling
in quantum mechanics. This detailed description 1is
necessitated by the fact that,as we shall see further in
section (1.3), this theory predicts certain important
consequences, the experimental verification of which has

been the subject matter of the present work.

1.1. Quantumlike Theory for the Motion of Charged Particles

in Inhomogeneous Magnetic Fields

As mentioned earlier,the motion of charged particles in
ighomogeneous magnetic fields is nonlinear. Initial
conditions in such a motion are very important.Evolution of
particles' motion with different initial conditions will be
in general different.Adiabatic approximation which provides
the description of motion without taking the 1initial
conditions 1like different Larmor phases of the particles
into consideration,is thus incapable of describing the true
motion.

In the approach adopted by Varmag,the behaviour of this
motion is described through an ensemble viewpoint.As the
prejections of ensemble of exact motion on parallel
magnetic field 1lines are considered to be very close to
adiabatic motion, the non-adiabatic behaviour turns out to

be a statistical property of the neighbourhood of the
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adiabatic motion.

An ensemble of chargea particles with a given energy EO
and action AL is considered. The particles have a
distribution in Larmor phase angle QSO.These particles are
injected into an axisymmetric magnetic mirror trap.

The motion of particles in a magnetic field is

described by the Lagrangian

2 )_'z '
=4 m(x.,+% + A8 >+%A9’Ae'

(1.7)
Equivalent description of motion is given by the
Hamiltonian
2 2
H = b“ + ZLm T :>_rn/Ll Cm-% kR |

\ | (1.8)
where X, and X, are the co-ordinates along and
perpendicular to the magnetic field lines,pu and p, are

the corresponding momenta, A9 is vector potential and M is

the canonical angular momentum given by

(1.9)
From the Liouville equation,equations for the description
of the exact (non-adiabatic) behaviour of the ensemble of
charged particles are obtained.Liouville equation for the
evolution of density of the ensemble of particles in phase

space of canonical variables (x“ ,p“,xL,pL) is given by
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. . 'v v‘ " 's‘-
[P TS T Ui P W< S -

+bh = = O
OF 4 L :
S T m Sy T m % Rl g (1.10)

This equation expresses the . conservation of probability,
along exact trajectories.

The initial distribution function fo is taken to be a
§-function in energy E,the canonical angular momentum Pg
and in action JL . The distribution g(¢o) in the initial
phasegbo is,however not controllable in an experiment.

Hamilton-Jacobi equation for this sytem can be written

as

ds , 7 oS ¢ % x t| = O

= +H 5%, T ) T Ty ]
. (1.11)
where S=S(x“ X, ,t) is the Hamilton's principal function

anEEHamiltonian
e b LT s LR e (850D
(1.12)
Let S be a complete solution of the  Hamilton-Jacobi
equation. It 1is a function of constants of motion & ,whlch
are the momenta.So
§= SCxy, %) €1
(1.13)
For the initial values of the canonical co-ordinates /3 {2
following relation is given

oS

P g

BL= oKX ¢
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Any ‘arbitrary function f(&t,ﬂc) of the constants of motion

o ; and B¢ is a solution of the Liouville equation.For «

energy E, canonical angular ‘momentumzl?g and the initial
value  of the action M were chosen with & -function

distribution in each of them.
ﬁ3L is transformed to (xl(,gé ) resulting in a mixed
representation of variables (xl‘,¢5,t;°<i).The distribution
function f(x” s ¢ , t; ;) 1is the probability of finding a
particle at (x“, ¢ ) at time t,if particle has initial
momenta o ; (E, P g and/L ).Qﬁis the Larmor phase at time t

t s

defined by gé = QZ‘)o - SOD- d.c

The initial value of AL has a <§—function distribution.

Hence,
\ 6' ' ,/ n LL”B*)
e 4<xll)¢;t/’0<(:.>:_F(x\\)qslt/xLIILL) SC °
(1.15)
Liouville equation for the evolution of f is given by
af df ., Of
S +Vy o4 2L =0
ot ! 0%y o¢
(1.16)
- where V, and qﬁ are functions of (x“, ¢;¢<L).Liouville

equation contains all the information about the evolution

of the ensemble of charged particles. Exact details of

trajectories are not necessary, and the description of

non-adiabatic motion is sought in the neighbourhood of

adiabatic motion through a variable

4§= (§ﬁ+1/AA gzt(l/ZmV“ 2), which is a functional variable
o

and defines the neighbourhood of adiabatic motion through
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the stationarity of(ﬁ.'
Liouville equation in terms of wvariable (ﬁ can be

written as

5? GRS '_[:___é_i;:v(')
= *V 3y T 8%

(1.17)
where subscripts are dropped.Since f is the probability of
finding a particlé at (x, & ) at time t, it has to be

positive definite at all space-time point or

/R
f=v
(1.18)
where V¥ is real.
A finite time integral form of f is given by
< 14 L /,L t/v“./
(%, & 65k ) = £ 0% - [0V, & - (e, £
- v 2
(1.19)
Also, using (1.18) and taking the square root
J ¢ 4 td_t”l— ) t/‘o('/]_
Wr, & e k) =W e gt/dt v, ¢ - gt/ fu & 4
(1.20)

If V¥ is to be single valued,it must be periodic in larmor
phase (ﬁ and also in ¢ .Fourier series expansion of W

with respect of @ is written as

A g
Wiix &, t) = % V(% q,8) €

(1.21)

Fourier transorm with respect to @ gives
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b na G g e (v o

Qoexa,e) = erp[FCL Y A HuJwDx- g v 4 e
t

where S L dt" 1is evaluated along the projections of the

(1.22)

exact three-dimensional trajectories on the one-dimensional
' A

co-ordinate parallel to the magnetic field line. W (x',q,
t') at the space-time point (xj t) is propagated to a
space-time  point (x, t) connected by the trajectory
x=x"+ _%ydt”. The propagator exp(-iq §Edt”//L) is a
functional of trajectory. ¢

Fourier transform of Q} (x, q, t) with respect to x,

(position at time t) is given by

~ . A
WY(k, q,t) = ge)qo [+ kX1 (x}q,t) ch

(1.23)
or\k i
) ~ SN i _ I B ,
W (K )= exp [+ L St’ dt” [ KVH\V (k)
(1.24)
A function {p is defined as
— ~ (qm ¢ oo AK T
'\VCK,CL,t) =Y CK}LIC) exp E"]i T St’dt Y F?L] ]
(1.25)
In terms of W , Eq. (1.24) transforms to
- £ , - — .
YV (k,q t)= exrp{-tilug e [+, (‘%—{5—) +,UIL]§ W Ck, 9t
/ t/
(1.26)

Inverse Fourier transform of (1.26) with respect to k 1is given by
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- ‘ ,to('c/_/ ' (u-/ )L__,__ ii -f—/u_ﬂ[:x (t”)]]%
Y Cx,q t):exlp{“‘*%—;g, L-\U71) 2m 5%
’ &
X Y064, |
(1.27)
Expansion of both sides around t=t'+T, with T as an

infinitesimal time gives

N

' O +T 0 -4, ED
e fers ge s 1 1
% (&) dt”]
{f‘f‘[,‘Lq[S\ olt” L'U_/q- Q_m axl)+yt/ 'U‘Q‘C
} WOk, )
(1.28)
In the limit -0
£'4T
\ (" de” Qeren) = LT
t/
(1.29)
and the following differential equation is obtained
y AL
AL SL
L LL) 2m 0x: + >\P
(1.30)

The total probability density G(x,t) is then shown to

be related to Y (x,q,t) in following way

G (et d) = Z\V Of,4 o) Y06 e
(1.31)

/
This shows that the total probability density G(x,t;xt) is
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a'sﬁﬁ,of V)*(x,q,tgxiiqj(x,q,t;aé3bover all the hodes q=1,2,
---=-. In these equationsl (AL/q) appears in the role of h
and the adiabatic potential uLf). appears in place of the
potential in the Schroedinger equation in quantum mechénics.
The non-adiabatic effects thus appear in the nature of

quantum effects in this formulation.

1.2. Quantum-like Tunnelling and Multiple Lifetimes

The above Schroedinger-like equations (1.30) predict
quantum-1like effects for the non-adiabatic ensemble
behaviour of particles. In particular, these equations
describe the quantum-like tunnelling of particles,having
energy less than the maximum height of the adiabatic
potential. This is 1identified with the non-adiabatic decay
o%¥particles from magnetic-mirror traps.

Life-times of particles of energy E and action AL,
injected 1in a magnetic mirror trap may be calculated using
the standard techniques of quantum mechanics. Different
modes of the decay are predicted by the different equations
of the set corresponding to qg=1, 2, 3----- . Different
fractions of the particles would then decay with different
lifetimes corresponding to these different modes.

If the different modes of decay are considered from the
point of view of the motion of different particles
constituting the ensemble which correspond to the different
initial wvalues of Larmor phase, it is clear that these
particles would behave differently because of the

difference in initial conditions. But what 1is most
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interesting 1is that a continuous variation over the initial
phase should get mapped into distinct discrete macroscopic
ensemble modes of decay (q=1,2,----).

i

Experimental Observation of Multiple Life-times

Experimental investigations of the non-adiabatic
leakage of charged particles from a magnetic mirror by Bora
et al10 have shown that the leakage of particles of a given
energy E and initial value of the action invariant AL is
characterized by more than one lifetime. .

In their experiment,the electron current leaking out of
the mirror was measured as a function of time,for particles
trapped with a particular value of energy and pitch angle.
The observations were repeated for different values of
Amggnetic field with constant particle energy and pitch
angle.

The analysis of the signal was carried out with a view
to obtain estimates of amplitude and e-folding times of
exponentials which characterize a given decay curve.In
general, it was found that the semi-log plot of the current
versus time was not a straight line.To get estimates of the
life-time in such cases, the decay signal was fitted to a
sum of exponentials.

In general, two decay times with different fractional
amplitudes were fitted through the curves. The two
life-times observed were found to be exponential functions

of confining magnetic fields with the ratio of the

exponents lying in the range of 1.8 to 2.3 against the
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theoretically predicted . value of 2. The wvalues of the
- . ' . o oo L

exponents were found to wvary with magnetic length

(Fig. 1.2a).However,in certain cases,three decay times were

observed for some experimental parameters (Fig. 1.2b).The

error bars on the wvalues of the third decay time and

corresponding amplitudes are large.

1.3. Bragg-like Reflections of Charged Particles in a

Multimirror System

Another ensemble mode behaviour, which the
Schroedinger-like equations (1. 30), obtained in section
(1.1) predict, is one-dimensional interference-like effects
and consequent Bragg-like reflections of electrons moving

in a spatially periodic magnetic field as that of a

multimirror system (a large number of magnetic mirrors
joinea end to end).It is analogous to quantum interference
effect and Bragg reflections arising in the interaction of
electrons with the periodic potentials of a crystal
1attice9.

According to the Schroedinger-like equations, the
"quantum conditions" for the Bragg-like reflectins are

given by

(1.32)

where D is the periodic length of the spatially periodic

magnetic field,q and n are the different modes and orders.
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If these conditions ére satisfied theh one shoﬁld be
able to observe ﬁhese effects;However,for the reflections
to be observed the pitch angle of injection should
preferably, be close to the 1loss cone angle so that the
non-adiabatic effects are significant.

We mnow consider a beam (an ensemble) of particles of a

given energy I and action /L, injected at one. end of the
multimirror configuration. The pitch angle of the particles
is so chosen that the particles are inside the loss cone
initially. Particles with different initial values of the
Larmor phase would then in general behave differently.The
particles may first get trapped in one of the mirrors and
may eventually get reflected,or they may get transmitted.In
the ideal case, if. there is no dispersion in initial AL ,

according to qth mode of Eq. (1.32) reflection of particles,

analogous to the Bragg-reflection,would occur if

2
7 MV

2pD<Qme>:1UT% Iel

— 2.
DA J2E W &
( 4D =21 X {2Elm S —
q {L 4(_05 @>
G =1L, 35—
M = 1;Z,3,~*-~"
(1.33)
©, is initial pitch angle and <&s9>is given by
( D
(Lot Oy = 5 go ds Co4 O
(1.34)

Under conditions of small curvature of field lines, this

condition gets simplified into
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Ly = L2 J 2€/m Sin O fano
D = ; r (N n
T A . (1.35)

The equations (1.30) and (1.31) and the consequences (1.32)
and (1;33) thereof assume that the initial distribution in
Mois a d ~function.In a real experimental situation this
is not so.There is always an energy and angular dispersion
in the electron beam emerging from an electron gun.Hence,
one must examine how the conditions for the occurrence of
Bragg-like reflections are affected due to a dispersion in

energy and angular dispersion of the electrons.
The number of JYeflected particles, according to Eq.

(1.32), under the conditions of a ¢ ~function in Al,is given

by
N(BY= Ny § Scu—toy & (2 p,es = 2T us) duc

where Ak, is the initial value of action invariant and NO
is the total number of particles in the injected beam,

initially.This gives an integration of

‘ : _amn
NLB) - ND 5C2_ &P” Glg aQ LI\Q)L(:L(C

which precisely corresponds to the condition (1.32) for a
d -function distribution in AL -For examining the effect of
a dispersion in AL ,arising out of a dispersion in the pitch
angle - (still assuming no dispersion in the energy E),a

gaussian distribution is assumed instead of
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& ~distribution in JL .Now the above relation becomes

. Md(lJmUD)L _ o '
NOR) = Noge | jgﬁf 5(2_§p”clg-ur%uo)du
: .
— A =ly)
| du-lo)
. : . =3
= NQJ%: g - e Qgrz d¢-2m ]
el L: " LT,
No 47w
- A “:2 P ods ~ Zﬂ“ﬁu
JM "‘ S ! - _]L(:Ug
N e
S (LI I
M«
o [T
= ¢ _2nl
2L § CJT\/T; 1T
N, 147
) ﬁ[\-_?-ﬂ— - 2m b
fe Q
. o r . DdS , . e ) ,
where £ = 1/ Y'ﬁf is transit frequency which can be
"0

i

defined with the appropriate sign depending on the

direction of motion of the particles and L is cyclotron

frequency. We see from the above that the number of

reflected particles N(B) as a function of the magnetic

field strength "blows up" (that is,becomes very large) when

the following condition is satisfied

p|lal= 27 (2[4

2|0 = % |we | (=2 [f )
(1.36)

the approximation of small curvature of magnetic field
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1ines,the above condition can be rewritCen as

2b= ¢ 3L 25w Cose
(1.37)

Any dips observed in the transmitted currents as the magnetic
field is varied for a given energy of the beam and pitch angle
S
of injection could be identified with the relation (1.36) with

different values of orders (n) and modes (q).

1.4. Survey of Theoretical, Numerical and Experimental

Investigations of Motion of Charged Particles in

Spatially Periodic Magnetic Field

It is pertinent to note here that the transmission of
an electron beam through a periodic magnetic field
structure has been investigated by several other authors in
the past. The studies were mostly motivated by the
possibilities of using such structures in plasma
confinement, plasma stability and construction of high power

11-17
c .

masers et However, as we shall see below, the

approaches in all these investigations,both theoertical and
experimental, have been different from the one described in
para 1.3. There are theoretical studies of resonance
interaction of electron beams with periodic structures of

18, 19, 22, 2% experimental studies to verify

18,20,22,23,

magnetic field
the predictions following from the above studies
. and numerical simulation of the same phenomenonZL.In the

next few paragraphs we carry out a survey of some of the

earlier theoretical, numerical and experimental
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:investigations, which are relevant. to the investigations
éarried out by us in the present worl.

One of the earliest investigations,both theoretical and
experimental, of the behaviogz( of charged particles in a
periodic magnetic field structure has been carried out by
Fedorchenko and others in 1959 at the Acad. of UKSSRlB.In
this work the authors have found that during the motion of

electron in a magnetic field which is constant in time but

modulated weakly in the longitudinal direction, under

certaln conditions a 'resonance relation" exists between

the velocity of the electron, the fixed component of the
magnetic field and the period of the spatial modulation.As
a result of this resonant interaction the magnetic moment
of the electron 1is no more conserved and the longitudinal
energy gets converted into transverse energy.

The above effect has been regarded as a case of
parametric resonance. An axially symmetric system of

magnetic field is considered
Hy= ,..2‘.: hY % CoS (D 2E)
Hy S Pﬂ)\(f Cog (V7))
2
H%:L%«Hwﬁn@i)

(1.38)
where HO is the fixed component of the magnetic field,h is
the amplitude of the spatial wvariation and ¥ = 2T /L,L
being the spatial period of the field wvariation.It is
assumed that h << H_.

The equations of motion for the electron in this field
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are written as :
L Nl h vy Ces V]
e e 4 D E
=Ly O sieas) g BV

| , Ve - % (1+2 Q‘\D%)J
S Loy BT T

- =]
a2 hory-xy) P2
T My
(1.39)
Neglecting the change in the longitudinal velocity
(2=V“ =constant) and introducing the notation U=x+iy from

the above equations the authors obtain

S N hoyy e T
U+ .(L(:\+.%0§m ) U + 4 ﬁuﬁ)\/‘, Cod VE U= 0

2
, ( ARy
o 'J]‘/\IH § C’+ He S \)?;)di‘
Further using the substitution W= U € ©
a Mathieu's equation has been obtained for w, a quantity

proportional to the larmor radius of the electron.

(.
daw —r‘ﬂ" Ci+ %hq5n7ﬂ£> W= O
dzr 4> Ho

(1.40)

From the properties of the unstable solutions of this

equation it is predicted that, in the neighbourhood of
values of L[V, equal to Y ,2V ,37V ,----~ ,the transverse
energy of the electron would grow exponentially with
varying amplitudes. In contrast with the other known
resonances, where the time wvarying magnetic field chénges

25, 26,in the case of a

the total energy of the particle
spatially periodic field the total energy has to be
conserved and hence the energy of the transverse motion can

increase only at the expense of the longitudinal energy.
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S

The authorslS had also carried out experiments to

verify the above predictions. An electron beam was passed
through a spatially periodic structure. The period L was

. and the number of periods was equal to 5.5.

equal to 7 ems
The fixed magnetic field was about 200 oerst. and the
maximum value of h was 60 oerst.

The longitudinal energy of the electron beam,initially
with an energy equal to 2 KeV,was measured with a retarding
potential analyzer. The current versus retarding potential
plots as recorded by the detector at various wvalues éf the
modulating field are shown in fig. 1.3a.By a comparison of
these plots the authors conclude that the longitudinal
energy of electrons 1is actually reduced when they pass
through the modulated magnetic field.The above effect has
been observed only when the transit frequency Wy is equal
to L .

From the above current versus retarding voltage plots,
it was seen that as the modulating field h is increased the
velocity distribution over Vi exhibits maxima which are
displaced in the direction of lower Vi .Thé mean energy
associated with the transverse motion shows an increasing
tendency as h 1s increased (Fig. 1.3b).Experiments were
also done with a movable retarding potential analyzer,which
show the dependence of perpendicular energy on the number
of periods of the system n,traversed by the electrons (Fig.
1.3c).

It should however be added here that inspite of the

fact that the authors have carried out experiments in a
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Fig.1.3 (a) The analyzer current as a function of retarding
potential at an anode voltage V =2 kV and a
magnetic field H =136 oerst for various values
of the modl,llating field h,

(b) The transverse energy as a function of magnitude
of the modulating magnetic field h with VO=21«:V
and Ho=136 oerst. '

(c) The transverse energy as a function of the
number of periods n, traversed by the electron
with ‘\/022 kV and Ho:l,?() oerst.
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~wide range of modulation factofs,from 7% tb‘BOzgthey have
observed only one resonance i.e.,a)t - ,whereas with a
307 modulation factor one would- expect to register many
more orders,after the electron beam traverses 5.5 periods.

Sinelnikov, along with two of the authors of the above
mentioned paper has also carried out theoretical
investigations19 of the motion of a charged particle in a
~spatially modulated field.Nonlinear equations of motion of
the particle in such fields were obtained and wusing
asymptotic methods under the assumption that the modulation
factor 1is small,the equations are solved.It has been shown
that the magnetic moment of the particle moving in the
modulated field is not conserved,when the condition {1 =‘0t
is satisfied. The energy of the longitudinal motion goes
over into energy of the Larmor rotation,or vice versa,
depending wupon the relation of the phases of the Larmor
rotation and the external periodic action of the field on
the moving particles.

Experiments have been carried out by the same authors20
to verify the possibility of accumulating particles in a
mirror trap with its central region modulated spatially.The
authors have reported accumulation of electrons in such a
system accompanied with the formation of a negative space
charge 1in the volume of the trap when the condition 1 :(Jt
is satisfied.

Numerical simulation of the transit of charged
particles through a spatially modulated magnetic field has

4

. . : 21 . .
been carried out by Laing and Robson™ .A quantity & 1is
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defined = which is .equal to the'ratio of rotational to the
parallel energy of the cﬁarged particle.The dependence of
this quantity on various parameters like(Ot/jl,n the number
of mirrors traversed by the particle,etc.,are obtained.

The equations of motion are written 1in cylindrical
polar co-ordinates (r, © and z).The magnetic field is taken
to be H(Hr,O,HZ),where Hr = -1/2 r HO a‘/az and Hz = HO f(z).
The spatial wvariation in the magnetic field is f(z) = 1+h
Sinz. A /2T ( N being the mirror length) is taken as the
unit of length. A new variable T = 1/2ft is introduced

€Ho

where {1 = — and Pgis replaced by 1/2 mC.

The equations of motion under the above conditions thus

become
1
O‘z‘/‘L — C __A(,l
dr? A3
1 Jf
dZ _ <
- (e- h{)d&

- (g0
(1.41)

These equations have a first integral

o)+ (42) +( -4 ) -

(1.42)
where parameter\y is related to the total velocity v of the

particle by

L (1.43)

The condition for the resonanceil-itdt thus becomesV =2,
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Using the above equations a single equation is written

R 0 in dt
s CHED 0 G -6 S

T G )

(1.44)
The boundary conditions for the above equation are taken to
be
r = ro,dr/dz = 0 at z=0
The -equation 1is solved numerically and the energy
transfer efficiency ¥ is plotted against V for passage of

particle through different number (n) of wavelengths of

modulations. Some of the typiéal dependences obtained are

shown in figs. 1.4a, b. Fig. 1.4a shows details of the

resonance for values of n upto 10 and modulation
coefficient h = 0.05.Fig. 1.4b shows similar results for h

= 0.025.The main features as pointed out by the authors are

1. There is a pronounced resonance forV =2 i.e.~ﬂ-=b%.
2. As n is increased, the height of the resonance

increases at first rapidly (approximately as n”) and

then more slowly.

© 3. The effect of 1increasing n 1is to increase the
sharpness of the resonances and to shift the peak to a

value ofVv somewhat greater than 2.

The authors explain the shift in the resonance as that
due to the coupling between the transverse and axial
velocity components through the conservation of energy.The

axial wvelocity decreases as the particle moves through the
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"modulated field,and hence by taking U slightly greater than
2 this tends to draw the particle into resonance,and to
increase the total effect of n periods.

The .authors have also suggested that since it is not
possible to satisfy the resonance condition during passage
through a large number of mirrors,better efficiency could
be attained by progressively decreasing the wavelength of
the modulation, thus increasing the period of the resonance
interaction.

It is however necessary to point out here that neither
the theory nor the observations provide any satisfactory
explanation for the sharpening of the resonance and the
shifting of the resonance to higher values of V with the
increase in the number of mirrors traversed by the particle.

The results reproduced hereinabove raise yet another
question. The resonance interaction studied in this paper is
identical to the one investigated 1in the work of
FedorchenkolS, wherein it was found that the motion of
particles in such a system 1is described by Mathieu's
equation. It is also known that in such a case the solutions
are unstable whenever the conditions 11~=nwt are satisfied,
when the perpendicular energy should grow exponentially.
However, the numerical calculations yield no other
resonances apart from {L = wt'

Further even 1in this resonance fl:‘ot,it is known from
the theory of Mathieu's equations that the width of
resonance region increases proportional to h,the modulation

factor. A comparison of the plots,in figs. l.4a and 1.4D



> 39
wherein  the reéonance_ plots fér two different modulation
factors 0.05 and 0.025 are reproduced, reveal the opposite
character. The above 'controversial results only point out
the necessity for more exact theoretical investigations.

Some more theoretical and experimental investigations
have been carried out to study the motion of a charged
particle in spatially periodic helical magnetic fields.
These studies by Richard C.Wingerson22 and R.A. Demrikhanov
et 8123 have also wused the resonance growth. of the
transverse velocity at the expense of longitudingal energy
to trap electrons, injected from outside the mirror.These
experiment523 report observation of resonance interaction
at (L =‘0t and 2L - wt' The magnetic fields produced in
these systems have an azimuthal component also. The
resonance interactions were observed only in those cases in
which the direction of the Larmor gyration of the electrons
coincided with the direction of current in the helical
winding.

Recently Tetsu Mieno et 3124 have reported the results
of their 1investigations of the motion of an ion beam in a
multiple mirror configuration of magnetic field.The authors
Ahave carried out numerical simulation on a computer,and

experiments on a double plasma machine,incorporated with a

periodic magnetic field structure. Under conditions of
spatial ion cyclotron resonance 1i.e. ~Q—i =(0t,they have
observed a drastic transfer of the beam energy into

transverse direction both in the numerical simulations and

in the experiments.
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In an axially symmetric spatially periodic magnetic

field structure with ,
BY = bv"’/]_ Snyvz Bé:O ; GZ = B°+bco£ VZ

where V= IW/LQ , L, being the mirror length and b&(B_,the
equation of ion beam motion is reduced to the Mathieu's
equation as shown eérlier18,by introducing a new function

N (assuming that the variations of axial speed v, is

small).
J Tl 1b
o 4 C¢ E.|+_.__Cg$'9't‘]‘Y\:o
olz* B Bo
(1.45)
where
) ‘.'-" . \9
\= ¥ exp (CO+ Tiee g B%dz>
\/be’o O
(1.46)
£ is the 1ion cyclotron frequency corresponding to the

ci

constant magnetic field Bo'
Under. the condition
Nch = £cgtc (Np=1 2,8 - “">
(1.47)
the ion Larmor radius increases as a result of resonance.
The efficiency of energy transfer from axial to
transverse direction is defined as
g =
(1.48)
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o . ™,
where , \
7 2
Al TV W}o:_"li m My
(1.49)

For = carrying out numerical calculations of the ion

orbit the equations of motion are expressed by

1 L *
da Co A Bz
dtL ) A3 Bol
2 1 By 7 bY QnYa
di = "[CCNIL TZ_—] Bd’
7 Q
adt
S de + L&__E_ ~ ConstanT
¢ = A& L oz 2, ]
(1.50)
where T is the normalized time, © = T4 € . The
solutions of these equations obtained for LC = 10 cms, the

number of mirrors N=6,the mirror ratio Rm = 1.3,fCi (at BO
= 2.7 KGauss) = 107 KHz and the initial radial position T
= 1.0 cm. are shown in fig. 1.5a,b.The figures show the

radial position r of the beam, the efficiency of energy
dv
ch Z
respectively as functions of Z/LC.Fig. 1.5a corresponds to

transfer f and the axial derivative of’ﬂi s

the case of exact resonance conditions Vb = fci LC and Fig.

1.5b shows the same dependences when the resonance

condition 1is disturbed by nearly 127 i.e. V, ~~ 1.12 Fos L

From these figures it is seen that when the exact resonance
condition 1is satisfied,the resonance saturates at z = 4 LC
and beyond that point <' decreases spatially.In the other
case when there 1is a small mismatch i.e.,Vb,;,l.IZfCi LC
the saturation is mnot found and f increased upto 0.64 in

the range Z = 6 LC.The authors explain the results in the
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following manner.

When the exact resonance condition is satisfied at z=0,
VZ decreases with an increase in z,as a result of which the
beam does not remain in the resonance for long and henée™a
saturation is noticed at z = 4 LC.For Vb = 1._12fCi Lc,the
rate of growth of Mi ‘is smaller and hence no saturation is
noticed till the beam passes through 6 mirrors when g
increases upto 0.64.This is because a beam with Vi, a little
larger than fci LC remains around the resonance conditions
in a wider range of Z,being accompanied with an increase in

2 along the axial direction. However,the authors do not
provide an explanation for the decrease in g after the
saturation occurs.

The experimental investigations were carried out in a
double plasma type machine.A multiple mirror configuration
of magnetic field is produced by using 6 iron rings under a
uniform magnetic field.the mirror length LC was equal to 10
cms, mirror ratio equal to 1.2-2 depending on B (1-4
KGauss) .

The magnetic field BO is kept constant at 2.7 KGauss
and the beam energy 1is varied over the range 0-60€V.In
order to look for the spatial ion cyclotron resonance,the
ion beam current densities are measured with grided
analyzers in the regions of the entrance (Fig. 1.6a) and
exit (Fig. 1.6b) of the multiple mirror configuration.The
transverse current measured at exit is shown in Fig. 1.6c.
Around \V = 23 eV, the I is found to decrease

b c

drastically and correspondingly the transverse current ICL
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increases and peaks around the same value.

The ion energy distributions were obtained by
differentiating the collector current versus voltage
characteriétics of the analyzer. The axial energy
distributions F” (VC) are shown at the last mirror point
(Fig. 1.7a). For W o @ little above the resonance beam
energy 23 eV,which corresponds to the spatial ion cyclotron
resonance, F“ (VC) is found to be deformed from a shifted
Gaussian type distribution, producing a lower 'energy
component. Fig. 1.7b shows the transverse energy
distribution F, (VC) measured at the same position of the
analyzer. ForV¥ b @ little above 23 eV a high energy tail is
noticed in this plot. Around the resonance condition the
F‘((VC) is found to have two clear peaks.The peak on the
higher side of the energy corresponds to the non-resonant
part of the beam ions,which have almost the same energy as

the 1injected beam energy and the peak corresponding to the

lower energy is attributed to the resonant ions.

1.5. Discussion

In the previous sections of this chapter we have
reviewed the theoretical, numerical and experimental works
on the behaviour of charged particles in an inhomogeneous
magnetic field and also more specifically in a spatially
periodic magnetic field structure.From this overview it is
seen that these works have led to important observations
and conceptual information on particle interaction with

such magnetic field structures.However,inspite of all these
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efforts, we have also mnoticed that there remain many
unresolved questions.
In the theoretical considerations of a multimirror

system, reviewed in the previous section,the authors have

assumed the modulation factor to be very small compared
to unity and thereby obtain a Mathieu's equation  to
describe the motion of charged particles in a spatially
- periodic magnetic field. The wunstable solutions of this
equation are obtained under the fulfilment of the condition
4L = nw_. However, from the theory of nonlinear oscill;tory

t
. 27
systems we know that resonances can,in general,occur at

LL=mwe

(1.51)
where both L and n are integers.The Mathieu's equation
obtained wunder wvarious assumptions, as described earlier,
gives unstable solutions corresponding to £ = 1 only.The
experiments of Demirkhanov23 have recorded a resonance at
L= 2 also.

The theoretical considerations, described in section
(1.3) predict the occurence of Bragg-like reflections in a

periodic magnetic field under the conditions

2D =2mn A

¢ )
L Py
in the «case of monoenergetic electron beam with no angular

dispersion or at

in the case of a beam with an initial dispersion in A4 .

It is interesting to note that the relations 2qfl = nck
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Care rcentained in the relations f §L = nw, Correéponding to
the even values of [ |

The observation of the various orders and modes and
furfher checking the dependence of these interactions on
the experimental parameters like the magnetic field,beam
energy and the injection angles are the challenges which
have been accepted by us for which a multimirror machine

" was set up, the details of which are given in the next

chapter.



CHAPTER II

Experimental Arrangement

The objective of the present experimental work, as
described earlier, was to study the motion of charged
particles 1in a spatially periodic magnetic field and to see
whether the theoretically predicted Bragg-like reflections
of charged particles do indeed occur whenever the
corresponding "quantum' conditions are satisfied. The
occurrence of such reflections would result in a reduction
of the particle flux transmitted through the multimirror
system. The primary requirements for carrying out an
experiment to observe these effects are. high wvacuum,a
particle beam with a minimum energy and angular dispersion,
a periodic magnetic field with an appropriate periodic
length and a sensitive diagnostic system.

This chapter describes the experimental system designed
and constructed to fulfil the above objectives. The
experimental set up can be Dbroadly divided into the

following sections:



50

1. Vacuum System 2.Magnetic Field system 3.Electron Gun 4.
Diagﬁostics '
The photograph and the schematic of the experimental device

are shown in figs. 2.1 and 2.2 respectively.

2.1. Vacuum System

The wvacuum chamber of 310 cms in length and 27.0 cm in
diameter, accomodating 17 mirrors with a mirror length of 17
cms, was used for <carrying out the experiment.The vacuum
system was constructed entirely from 304 stainless steel.At
the ends of the experimental chamber there are two Tees
which form junctions to the vacuum pumps and end ports.In
order to obtain desired small mirror lengths,the internal
diameter of the field <coils was made close to the outer
diameter of the experimental chamber.For this purpose the
two ends of the experimental chamber were connected with
Tee junctions with the help of rotatable flanges,made in
two semicircles and fitted in place after the insertion of
the magnetic field coils. The gap available between the
adjacent coils is less than 15 mm,as a result of which no
provisions could be made for additional ports along the
.length of the chamber.The lower ports of the Tee junctions
were connected to Diffstak pumps,which have a pumping speed
of 700 litres per second and are capable of giving an
ultimate wvacuum equal to 3x10“8 torr. Two rotary pumps
EDM-20 with speeds 20.5 m3/hr were used in conjunction with

the Diffstak pumps.The baffle valves of the Diffstak pumps
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~and the backing and roughing ‘valves in ‘the'forevacuum
pumping line were operéted'pneumatically.The control panel,
the schematic of which 1is shown in fig. 2.3, using
electro-pneumatic valves was incorporated into the vacuunm
system for the automatic control of the pumping procedures
and also as a protection mechanism against power failures>
and thus enabled non-stop pumping of the system.The entire
system was pumped down to a pressure better than 3)(10—7
torr. The pressure in the chamber is measured with the help
of a JIonivac 1ionization gauge. The mean free path of the
electron neutral collision at this pressure is found to be
two orders of magnitude greater than the length of the
experimental chamber thus eliminating the possibilities of
beam losses due to collisions.The two end ports of the Tee
junctions carried flanges, on which were mounted viewing
ports, electrical feedthroughs for connections to the

electron gun and the diagnostics, vacuum gauge heads and

Wilson feedthroughs.

2.2. Magnetic Field Systenm

The design of the magnetic field coils becomes
complicated by the fact that for the.observations of the
lowest orders and modes of the Bragg-like reflection,the
mirror length will have to be comparable to the Larmor
radius of the electron. Initially . attempts were made to
produce the multimirror magnetic field configuration by
placing rings made of high permeability material inside a

homogenecous magnetic field, as has been attempted in some
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other experimentsl7’24

.In our experiments it was fbund that
in such a configuration the maximum obtainable mirror ratio
along the axis of the system was less than 1.1 whereas we
preferred to have a system that could produce mirror ratios
upto 1.3.

Initially the idea was to inject the electron beam with
such a pitch angle,that it lies just within the loss cone
in order to enhance the probability of non-adiabatic
interactions with the periodic magnetic field configiration.
A mirror ratio of 1.3 would thus necessitate injection of
the beam with a pitch angle = 60°,whereas a mirror ratio =
1.1 would need injection at angles near 75°.Such high pitch
angles severely 1limit the magnetic field range over which
the transmitted current can be investigated.With an outer
diameter of the vacuum chamber equal to 27 cms and a mirror
periodic length of about 17 cms,a mirror ratio 1.3 could
not be obtained with either 1iron rings or with coils
carrying currents 1in the same direction.It was therefore,
found necessary to wuse another set of coils numbering
seventeen, carrying current in the opposite direction and
placed midway between the adjacent even numbered coils
numbering 18.We thus have a system of 35 coils of radius 16
cms with alternate coils carrying currents in opposite
direction and of unequal amount.

The design of the magnetic field and hence of the
current carrying coils producing it was.}inalised with the
help of numerical <calculations carried out on a computer.

The magnetic field distribution along the axis of the
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system. with intercoil ~distaﬁce 17 cms,odd numbered coils
carrying 1 unit current and the even numbered coils
carrying current ~O.27;—O.5 and -0.8 in opposite directions
is reproduced in fig. 2.4. It is seen that by increasing
the current in the even numbered coils it is possible to
achieve higher mirror ratios,unlike the design with rings
of high permeability materials where it was not possible to
vary the mirror ratio.With an increase in current flowing
through the even numbered coils,the mirror ratio irncreases
significantly. At the same time the distortions in magnetic
field in the region of end coils become significant.
Corrections of . these distortions were done by making
appropriate changes in the currents flowing through the end
coils. The numerically obtained dependences of the mirror
ratio and magnetic field on the ratio of currents in the
even numbered to odd numbered coils and mirror length is
shown in table 2.1.

Using the above data it was decided that each of the 35
coils would be made of 112 turns of 12 gauge copper wire
wound in 7 layers of 16 turns each.Two power supplies of
0-24 volts capable of giving current upto 240 amperes were
used to feed the sets of odd and even numbered coils.Three
alternate coils are connected in series and six such
combinations were connected in parallel gg a system of bus
bars. In the case of 17 even nuiibered coils,an additional
resistance equivalent to the resistance of the coil was
connected at the end,to complete sets of 3 coils.In order

to obtain the necessary ratios of currents in the two sets
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of ‘coils,a resistance box was used in series in the circuit
of the even numbered coils.The resistance box contains 7
coils made of 6 mm dia stainless steel rod and immersed in
transformer oil. By choosing appropriate number of these
stainless steel shunts,it is possible to adjust the current
ratios and thereby ‘achieve different mirror ratios.The
electrical connections of the field coils are shown in fig.
2.5.

The distribution of magnetic field along the 35 coil
system was obtained experimentally in the following manner.
Alternating currents of known amplitudes and in opposite
phases were passed through the two sets of coils.A pick up
coil was moved around a guiding wire stretched along the
length of the system, with the help of a motor and pulley
system. The output from the pick up coil was rectified and
this wvoltage was plotted as a function of distance on an
X-Y chart recorder. Three different plots, for different
ratios of current flowing in the two sets of coils obtained
by the above method,are shown in fig. 2.6.The axisymmetry
of the magnetic field,produced by the system was tested by
moving the pick up coil at a radial distance of 9 cms from
the axis and repeating the experiment at differnt points
along the circumference of the system.Necessary corrections
in the positions of coils were made to minimize the
distortions in the axisymmetry of the magnetic field.
Similar plots were also obtained at different radial
distances from the axis in order to get the values of

mirror ratios at different radial distances.
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Using a digital gaussmeter, the actual values of the
magnetic field were measured at different points along the
axis in order to calibrate the above measurements.

For - .getting an experimental plot of the electron
current, transmitted through the multimirror system,as a
function of the amplitude of magnetic field the following
. procedure was adopted.The resistance box with the required
value was connected in series with the even numbered coils.
The autotransformers 1in the two DC power supplies;feeding
the two sets of «coils were rotated with two identical
motors. By operating a single switch,the currents in the odd
and even numbered coils were increased or decreased
simultaneously, maintaining the same current ratio and hence
the same mirror ratio in the system.The entire sweep of the
magnetic field while obtaining a single plot does not
exceed five seconds, thereby eliminating chances of any

variations in the currents due to heating of the coils.

2.3. Electron Gun

An electrostatically focussed electron gun serves as
the source of electrons in the experiment.The gun,having an
unipotential einzel lens was designed to function in a
range from 500-6000 eV.The gun is capable of giving a bean
current upto 50 AL A. The gun consists of a hollow
cylindrical cathode with a 4 mm dia hole for the outlet of
electrons. Electrons were emitted from a tungsten filament
mounted inside the hollow cylinder. The lens was made of

three cylindrical electrodes,placed in front of the cathode
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aperture. A schematic of therelectroh gun drawn to scale is
shown in fig. 2.7.

Two bridge rectified power supplies were used for the
filament (0-10 V) and the cathode (0-10 KV).The rectified
power supplies had a ripple factor not more than 0.37.The
potentials for the electrodes of the einzel lens were also
‘obtained from the cathode power supply using a voltage
divider.

In the initial stages, the gun was operated with the
first and the third electrodes (V1 and V3) maintained at
ground potential. The cathode and the filament inside it
were maintained at the required negative potential.The
potential on the second electrode, Vo, was 0.4 times the
cathode voltage.

With the help of a fluorescent screen the beam diameter
was estimated to be about 0.4 cm at a distance of 10 cm
away from the gun.By sweeping the analyzer grid voltage of
the retarding potential analyzer,the spread in the parallel
energy of a 1 KeV beam was found to be néarly 75 eV.The
current (I) wversus Voltage (V) characteristic and the

dﬁ[/(fv versus V plots are shown in fig. 2.8.

'After placing the gun in the magnetic field it was
observed that 1in the presence of magnetic field the ratios
of the wvoltages Vl,V2 and V3 did not affect the outcoming
beam significantly and hence in all the experiments,the
three electrodes of the lens were grounded and used as a
collimator.

The injection angle of the beam and the radial position
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of the injection point were varied with the help of a
system of gears without disturbing the vacuum in the system.
Mechanical connections to theigears were taken out of the
experimental chamber through Wilson feedthroughs for this
purpose. The injection angle of the electron beam could be
varied in the range. from 0° to 90° with an accuracy of
iZ.SO, While carrying out experiments with the multimirror
magnetic field configuration, the gun is situated in the
region of the minimum of the first mirror.The electfon gun
has an overall length of 35 mm and the accelerating region
itself is 8 mm in length.Therefore,with a mirror length =
17 cms., it was assumed that the magnetic field lines were
parallel to the axis of the system over a region,covered by
the length of the gun,and hence the angle made by the gun
with the axis of the system is taken to be equal to the
initial pitch angle and commonly referred to as injection
angle in the text.

The electron gun could be moved radially upto a
distance of 9 cms from the axis with an accﬁracy of better
than 1 mm. The electron gun along with the mechanisms for
the wvariation of its position is shown in the photograph in

fig. 2.9.

2.4. Diagnostics

The main diagnostic element used in the experiment was
a retarding potential analyzer. Since the experimental
observations were to be carried out at different axial

positions, for different beam energies, injection angles,
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magnetic fields and mirror ratios,it becomes difficult to
locate the position of the beam with the help of a small
detector, especially since thére are no radial ports.Hence
experimental observations were made with the help of a
single retarding potential analyéer large in comparison
with the beam dimensions,whose position could be controlled
from outside without disturbing the vacuum.The retarding
potential analyzer is made of a stainless steel disc 27 cms
in diameter and a stainless steel mesh placed in front of
it. The mesh has 11x11 wires per sq. cm and wire diameter is
equal to 0.018 cm. with a transparency of _ 60% and is
separated from the disc by 2 cms. using teflon spacers.

The analyzer is mounted on a trolley,movable along the
length of the experimental chamber.A system of two spools
rotated with the help of a common cylindrical rod from
outside the experimental chamber,a system of pulleys at the
two ends of the system and a stainless steel wire stretched
along the entire length of the system enabled a smooth
movement of the analyzer with the trolley.The analyzer
could be moved in the region between 1st and 15th mirrors,
i.e., a distance of nearly 250 cms with an accuracy of
better than 2 «cms. The electrical connections to the
analyzer are made through electrical feedthroughs mounted
on the end flange.A photograph of the retarding potential
analyzer mounted on the trolley is shown in fig. 2.10.

For recording the current transmitted through the
multimirror system, the analyzer grid was negatively biased

to about 50 wvolts to eliminate secondary emissions.The



Fig.2.10 Retarding potential analyzer mounted on the trolley
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eléctrdﬁ' current received by the detector was passed
through a 0.5 ML vesistor and the voltage across the
resistor was fed to the X axis of an X-Y recorder.The block
diagram of the «circuit used to obtain transmitted current
versus magnetic field plots 1is “shown in fig. 2.11.The
circuit wused to obtain I wvs. V plots for getting energy
spectrum using the same detector is shown in block diagram

in fig. 2.12.
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Table 2.1
Dependence of the mirror ratio and magnetic field on
the ratio of currents in the even numbered to odd

numbered coils and mirror length.

Radius of each coil = 16 cms Number of coils = 35
C1 = current through odd numbered coils,
C2 = current through even numbered coils,

L = Mirror length

CZ/Cl L 17 cms 16 cms 15 cms 14 cms
-0.80 1.3713 1.252 1.1641 1.1019
: (.0271) (.0271) (.0286) (.0298)

-0.85 1.55 1.36 1.23 1.14
(.0214) (.0216) (.0228)

-0.90 1.985 1.616 1.381 1.214
(.0157) (.0155) (.0155) (.0156)

-0.92 2.435 1.843 1.504 1.294
(.0134) (.0130) (.0128) (.0129)

-0.94 .327 1.738 1.417

— W
wn
(9]
O
N

0111) (.0105) (.0102) (.0101)

The wvalues shown in brackets, when multipled by a factor
2T NI/10 (where N is the number of turns in each coil and I
is the current, in amperes, flowing in the odd numbered
coils) give the value of maximum magnetic field (in gauss)
in the central region of the multimirror system.



CHAPTER III

Experiments,Observations and Analysis

The experiment was proposed to be conducted in the
following manner. A stream of monoenergetic electrons with
the appropriate pitch angle would be 1injected into a
multimirror systém= The pitch angle of the electrons would
be so chosen that the particles are initially inside the
adiabatic loss cone of the mirrors.If the particlés were
adiabatic, they would be completely transmitted across the
entire multimirror system. However,since the non-adiabatic
effects always occur to some extent,some of the particles
would get reflected from the system as a whole and the
particles which do not get reflected by any of the mirrors
would go out of the last mirror.Since it is difficult to
introduce a diagnostics to register the reflected particles
without disturbing the incident particles, the object of
study would be the transmitted particles rather than the
reflected particles. The transmitted current or the number
of particles escaping the system would be measured with the

‘help of a retarding potential analyzer.The energy of the
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electron beam or magnetic field would be varied during the
course of the experiment and whenever the necessary
conditions for the océurence of Bragg-like reflections are
satisfied, the transmitted current would go through a
minimum.

In the present experiment it was possible to study the
dependence of the transmitted currént on either the
magnetic field or the beam energy, maintaining other
parameters constant. In order to eliminate shot to shot
variations 1t was decided to use the magnetic field as the
variable retaining all other parameters including beanm
energy, injection angle and mirror ratio as constant during
a particular experiment. As explained in the previous
chapter the choice of magnetic field as the variable
parameter enables wus to obtain a plot of the transmitted
current versus magnetic field within a few seconds,during
which one can be sure about the constancy of all other

parameters.

3.1. Dependence of Transmitted Electron Current on the

Magnetic Field

In order to carry out a systematic study of the
behaviour of charged particles in the multiple mirror
configuration, the experiments were carried out with
different mirror ratios. The transmitted current versus
magnetic field plots were obtained in each case in a manner
as shown in fig. 2.11.

A nearly homogeneous magnetic field (mirror ratio {
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1.005). ~along the 1length of the multimirror system was
obtained by passing currents of equal amount and in the
same direction in botH sets of coils.A plot of the electron
current registered by the retarding potential analyzer,
placed in the region of the 9th mirror,as a function of the
magnetic field, maintaining the other parameters i.e.,
injection angle (= 32°),beam energy (= 800 eV) constant,is
shown as a continuous curve in fig. 3.1.The shape of the
transmitted electron current versus magnetic field plot is
explained by the fact that the gun is positioned with its
axis subtending an angle,equal to 32°,with the axis of the
chamber. At zero magnetic field the beam coming out of the
gun travels straight and hits the wall of the chamber in
the region of the first mirror.With an increase in magnetic
field the VxB force bends the trajectory of the particle.
Since there 1is a small dispersion in the beam energy.the
particles with the least perpendicular energy enter first
into the multimirror system.With a further increase in the
field the trajectories of more and more electrons are bent
and transmitted into the multimirror system. After the
current hits a saturation point a further increase in the
magnetic field reduces the total number of electrons coming
out of the gun, since the Larmor radius of the electrons
decreases to such an extent that they hit the walls of the
three cylindrical electrodes,placed in front of the cathode.
Thus at high values of magnetic fields the transmitted
current again becomes zero. Experiments carried out with

different injection angles and beam energies show that at
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loQ 'ihjection | angl,S' the transmitted current starts
appearing at lower wvalues and disappears at higher values
of magnetic field compared to the corresponding values for
higher ~injection angle.Similar behaviour is observed with a
change in beam energies,the transmitted current plots are
wider for lower beam energies in comparison with those
corresponding to higher energies.A fast rise and slow fall
of the transmittted current could probably be explained by
the fact that the Larmor radius is inversely propbrtional
to the wvalue of magnetic field and hence the dependence of
Larmor radius with the magnetic field is a hyperbolic
function.

A plot of the transmitted electron current versus
magnetic field, registered by the retarding potential

analyzer, with the grid biased to -475V and placed in the

I

9th mirror region maintaining injection angle 32° and
beam energy = 800 eV constant and a mirror ratio = 1.06 is
also shown in fig. 3.1 by a dotted curve.A comparison of
these two curves clearly shows that thé passage of the
electron beam through the 8 mirrors has caused dips in the
transmitted current at discrete values of magnetic field.
Similar results were obtained for other beam energies,
injection angles and mirror ratios.

In fig. 3.2,we have shown four plots df the transmitted
current versus magnetic field obtained in the cases of
different voltages applied to the analyzer grid. The
experimental parameters were; injection angle = 329, beam

energy = 1000 eV and mirror ratio = 1.06.It is clear from
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these plots that whén the grid voltagé is low cbmpared to
the parallel component of fhe beam energy,the plot contains
only two or three dips. An-increase in the bias voltage
does not affect the behaviour significantly till it becomes
comparable to the paraliel energy of the beam,when an
increase 1in the grid voltage reveals several other dips in
the plot. This phenomenon can probably be explained in the
following manner. The dips in the transmitted current plot,
when the grid voltage 1is equal to zero,correspond to the
resonance interactions, which have resulted in the
reflection of particles,before they reach the analyser.The
same is the nature of the dips,which remain unchanged till
the grid voltage becomes comparable to the parallel energy
of -the beam. After this, any further increase in the grid
voltage 1leads to a reduction in the transmitted current,
simultaneously revealing several more dips in the
transmitted current plot.These dips are associated with the
electrons, whose parallel energy has been partially
converted into the perpendicular energy ' because of the
resonances at the corresponding values of the magnetic
field. It should be noted that, unlike the reflection of
electrons causing dips at zero grid voltage,these electrons
have not transferred all their parallel energy to the
perpendicular energy. It may further be pointed cut here
that the mirror ratio 1.06 corresponds to a loss cone angle
equal to 85° and hence the injection (6 = 32°) in our case
is wvery much 1inside the 1loss cone.The orders and modes,

which have the highest growth rates, may result in
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v

reflection of the particleé and the other orders and modes
would result in just decreasing the parallel energy.An
injection at an angle lying just inside the loss cone,if
achieved, could probably lead to dips, corresponding to

reflections and not just a decrease in the parallel energy.

3.2. Dependence of the Position of dips on the Beam Energy

After prima-facie establishing that the passage of an
electron beam through a periodic magnetic field leads to
the appearance of several minima in the transmitted current
versus magnetic field plot, as would bé expected from the
predictions of the theory,it becomes necessary to carry oul
certain quantitative analysis to verify the theoretical
predictions. One such dependence, which could be easily
checked is the dependence of the position of a dip
corresponding to a particular mode and order as a function
of energy.As is seen in the relations (Eq. 1.35),(Eq. 1.37)
and (Eq. 1.51) from Chapter I, the dependence of fthe
position of a dip on the square root of beam energy 1is
linear. Figs. 3.3 a,b show the results of two experiments.
where the detector was positioned in the region of the
third mirror, and the dependence of the positicns of the
first and second dips are plotted against the square root
of beam energy. Fig. 3.3 a is obtained for the injection
angle = 42° and fig. 3.3b for injection angle = 129.The
theoretically expected dependences according to the
equations (1.37) and (1.51) are also plotted on the same

figures corresponding to 20 = 2o, and 2{l= 3W_.Many more
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such dependences; obtained for vériOus other initial pitch
angles and mirror ratios,héve shown that the dependence is
linear and close to the theoretically predicted Lline
corresponding to equations (1.37) and (1.51). It is
important to note here that the distance between the
adjacent dips in the‘transmitted current,when plotted as a
function of square root of beam energy also gives a linear
dependence, further confirming the theoretical prediction.
The deviations of the experimental wvalues from the
theoretical 1lines corresponding to different orders and
modes of equations (1.37) and (1.51) as seen in figs. 3.3a,
b, «could probably be attributed to an error in the
estimation of injection angle & . The possibility of an
error in the determination of & 1is discussed in Chapter IV.
A slight 1increase 1in the value of & would result in a
reduction of the slopes of the theoretical lines and bring

them closer to the experimental values.

3.3. Dependence of the Position of Dips on the Injection

Angle

A further wverification of the theory could be carried
out by checking the dependence of the positions of the dips
on the injection angle.For this purpose,several transmitted
current versus magnetic field plots were obtained placing
the retarding potential analyzer in the region of the third
mirror, and vepeating the experiments for different values
of injection angle. The position of the first and second

dips as a function of injection angle & was plotted.Such
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plots were obtained for different values of the beam‘energy.
Two typical cases for beam energies equal to 1250 eV and
625 eV are shown 1in fig. 3.4 a,b.In the same figures are
shown the theoretically predicted dependences which follow
from the equations (1.37) and (1.51),for beam energies 1250
eV and 625 eV.The dependence of the positions of the first
dip 1is found to be situated close to the theoretical curve
corresponding to 2l = ZMt and that of second dip is close
to the theoretical curve corresponding to 2f{L= 3wt.At low
values of injection angle, when the transmitted current
signal covers a wider range of magnetic field one could
also notice a new dip at a lower value of magnetic field,
the position of which is close to the theoretical curve for
251=h3t. We could not obtain the dependence of this dip on
the 1injection angle because the transmitted current becbmes
very small and wultimately zero at this wvalue of the

magnetic field with an ‘increase in €

3.4. Measurements Carried Out at Different Axial Positions

As we have seen earlier in fig. 3.1,the transmission of
the electron beam through the multimirror system leads to
the appearance of several dips in transmitted current.In
order to understand the genesis of the number of dips
observed, a series of such plots were obtained at more than
60 different positions along the multimirror system.In each
case the analyzer grid was maintained at a voltage slightly
less than the initial parallel energy of the beam.In figs.

3.5 a, b, ¢ are shown 30 such plots,obtained at various
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positions of the analyzer,starting from the regioh of the
second mirror and ending in.the region of seventh mirror.
Each consecutive plot was obtained after moving the
analyzer by a distance of 3 cms.A typical observation made
‘during these experiments is that as the electron beam
travels through more. and more mirrors the number of dips,
observed in the plot,increases from one,two,three and so on.
In this manner we have observed a maximum of 8 dips,when
the analyzer is moved to distances more than 8 mirrors away
from the gun. From the particular illustration shown in
figs. 3.5 a,b,c,it may appear that after passing through an
additional mirror a new dip appears. However, other
experiments carried out with lower mirror ratios show that
a new dip does not necessarily appear after the passage of
every mirror. Another point to be noted is that in the
experiments carried out by us,the number of dips was found
to be never greater than the number of mirrors travelled by
the electron beam.We have attempted to give an explanation
for the above phenomenon in Chapter IV.We have shown that

the relation £ QL -nw corresponding to the resonance

2
interaction taking place when the electron completes n
cyclotron rotations during the passage through { spatial
periods of the magnetic field, should give progressively
increasing number of dips in the transmitted current plot
with an 1increase in the number of mirrors travelled by the
beam.

A close observation of the plots in figs. 3.5a,b,c

shows that after the appearance of a particular dip in the
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plot, a movement of the detector away from the gun leads to
the shifting of the dip towards lower values of the
magnetic field. After the dip has thus moved to the left,a
further = movement of the detector away from the gun leads to
the appearance of a new dip at a higher value of magnetic
field.This observation is illustrated in fig. 3.6.

It 1is pertinent to note here that the description of
the shifting of the dip towards lower magnetic field values
as shown in fig. 3.6 is just a simplified picturé of the
experimental observations. Close to the gun the dip in the
transmitted current 1is wide and as the detector is moved
away more and more dips appear,which are narrower than the
dips, appearing close to the gun. Further 1in the plots
reproduced 1in figs. 3.5a,b,c we notice that as the detector
is moved away at times a kink appears first,disappears
later giving rise to a new dip.Hence the phenomenon is much
more complicated than the descfiption,which does not take
into account all these complexities.The above phenomenon of
shifting of the dips towards lower values of.magnetic field
as the analyzer 1is moved away from the gun could probably
be explained by the fact that as the beam travels through
the multimirror system, the parallel energy gets converted
into perpendicular energy because of the resonant
interaction. A decrease in the parallel velocity would in
turn lead to a reduced h)t and hence a resonance with a
particular order and mode would now take place at a lower
value of the magnetic field.

Energy analysis of the electrons reaching the analyzer,
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for thé magnetic fieid corresponding to the 1st dip was
carried out at different points along the axis of the
system. In fig. 3.7, the -energy spectrum obtainedv at
different distances from the electron gun is reproduced.
Fig. 3.8, which is the observed dependence of peak parallel
energy on the distance from the electron gun,shows that the
parallel energy of the beam at the magnetic field
corresponding to the dip shows a decreasing trend as the
electrons travel deeper into the multimirror system.This
result is 1in agreement with the observation of Fedorchenko

.18 who have shown a sharp 1increase in the

et al
perpendicular energy of the electrons as they travel
through an increasing number of mirrors (Fig. 1.3b).The
slower drop 1in the parallel energy in our observations at

fig. 3.7 may be due to the lower mirror ratio 1.06 in our

case as compared to the case with the ratio 1.25 in fig.

3.5. Energy Analysis at the Position of Dips and Peaks of

the Transmitted Current Plot

Experiments were carried out to measure the parallel
energy of the beam after it passes through the multimirror
system at different wvalues of magnetic field. For this
purpose a typical <case, as shown in fig. 3.11,was chosen.
This plot was obtained by placing the analyzer 10 mirrors
away from‘ the gun. The beam energy was equal to 600 eV,
mirror ratio was equal to 1.06 and the injection angle was

37°. The currents in the field coils were adjusted each time
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to prodﬁce different values of magnetic field covered in
this plot. In every case the voltage on the analyzer grid
was swept from 0-600 V and from these I vs. V plots the
energy spectra were obtained. The energy spectra obtained
at different values of magneticvfield are shown in figs.
3.9a, b. An analysis . of these spectra shows that in the
neighbourhood of the values of magnetic field,where the
dips occur, the spectrum of parallel energy of electrons
gets broadened and shifts towards lower values of-energy.
Further, the energy spectra obtained at 27 different values
of magnetic  field consistently show that at wvalues
corresponding to dips there 1is a decrease 1in parallel
energy and at values corresponding to peaks,the spectra
become sharp and narrow and shift to values,higher than the
initial parallel energy of the beam.The peak energy values
obtained from these spectra are plotted against the value
of the magnetic field in fig. 3.10.A comparison of this
curve with the transmitted current plot at fig. 3.11 shows
that every dip corresponds to a minimum in the plot at fig.
3.10. Further, a comparison of the wvalues of cyclotron
frequency at the point of occurrence of the dips with the

transit frequency W shows that the different dips in the

t
transmitted current plot of fig. 3.11, correspond to
0 - N= = Q= 4w (l- 5w 4= 6W .,
4 Zkbt, 4 Bh)t, 4 &lut, 4 SW and 4 6 t

Similar analyses were also carried out with the transmitted
current plots, obtained at different distances £from the

electron gun along the length of the system. The

correspondence of the observed dips in these cases can be
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tabulated as under:

Distance from Observed Relations
Electron Gun :

1 mirror fl=(ot

2 mirrors . 24l = 2&% and 24 = 3wt

4 mirrors 34 = 3, 341= 4L, and 341 - 50,

7 mirrors 40= 3w, 451 = 40, 401 - 50,
441 = 6wt and 441 = 7wt

10 mirrors 440 = 20, 442 3ut, 451 - 4wt§
4oL = Swt and 441= 6wt‘



CHAPTER IV

Discussion, Conclusions and Scope for Future Work

As we have already mentioned in the first chapter,
amongst the investigations studying the passage of an
electron beam through a spatially periodic magnetic field,
there are mainly two different approaches by which the
interaction is being looked at.

One of the approaches has been to look at the
interaction as a case of parametric resonance.Parametric
resonances are known to occur in the case of a particle
interacting with time wvarying magnetic field, where the
particle gains energy at certain resonance éondition525’26.
In the case of a spatially periodic magnetic field there is
no external source of energy and the total energy of the
particle cannot increase under resonance conditions.Hence
the growth of perpendicular energy can take place only at
the expense of parallel energy. The Mathieu's equation,
describing the Larmor rotation (equation (1.40)), has
unstable solutions for the Larmor radius at certain

resonance conditions,the first of them beingfl =L0t
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The other approach described in section (1.2)7 is based
on the conclusions arrrived at in a study of the behaviour
of ensemble of particles in inhomogeneous magnetic fields.
It has been observed (equation (1.30)) that the motion of
charged particles in an inhomogenous magnetic field is
described by an equation, analogous to Schroedinger's
equation in quantum mechanics. In this equation the
parameter Ak /q plays the role of kK .One of the important
consequeﬁces of this approach 1is the prediction of the
existence of multiple 1life times in the decay of charged
particles, trapped in a magnetic mirror,for the verification
of which experiments were carried out by D. Bora et allO‘
The experiments have shown that there are atleast two life
times 1in the decay of particles and these are found to vary
with the experimental parameters in accordance with the
predictions of the theory8

The other consequence of the same approach 1is the
occurence of Bragg-like reflections.In the quantum analogue,
for observing Bragg reflections of electrons,one requires
periodic reflecting planes spaced several angstroms apart
from each other and hence the periodic potentials of a
crystal lattice happen to be the suitable structure for
obtaining Bragg reflections.In the case of equations (1.30),
with AL /q replacing % , for commonly used experimental
parameters, the distance between reflecting planes can be as
high as 10 to 20 cms for observation of one-dimensional
interference-like effects. In section (1.3),we have studied

the possibility of observation of these effects in a
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multimirror machine,a number of magnetic mirrors joined end
to end,and as necessary conditions for the occurence of the

same,two different relations,namely,

Z{D:‘P’ 27 12 Sne Tane

¢ o
(1.35)
for the ideal case when there is no dispersion in AL and
. n 217 (28
ZDZ‘{ ‘ffd[?w" Cos B
(1.37)

for the case when the initial AL contains a dispersion,were
obtained.

Apart from the differences in the approach,we notice a.
difference in the predictions too.The existing literature
considering the interaction as a parametric resonance
predicts effects at

»_(L;::‘Y\wt

and in experimentsl8 and numerical simulation521 the
authors have oBserved only one resonance i.e. L« (O .
except in the experiments of R. Demirkhanov et 3123,where
the authors have reported about the observation of a second
resonance at 211=k)tjin a spatially helical magnetic field
structure. For the occurence of Bragg-like reflections in
the case of an electron beam with a dispersion in initial
AL equation (1.36) gives

2q L =nw

t

Such being the theoretical predictions arising out of
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the different approaches,; we set about carrying out
experiments to verify the occurences of the various
resonances.

We are still not very clear as to why the authors of

earlier investigationslS’ 20, 24 could not observe the
different orders aﬁd  modes except the interaction
corresponding to L =W, inspite of the fact that the
modulation factors were very high, compared to our
experimental parameters. In our experience, even the

preliminary experimental shots showed several dips in the
transmitted current versus magnetic field plot and the
dependences of the position of these dips on the beam
energy indicated that these dips correspond to the
different modes and orders of thé relation 2ﬁ0-¥ nw,_
(equation 1.51). One major difference 1in our experiments
compared to the earlier investigations is that the ratio of
Larmor radius to the mirror length is vefy high and this
could have resulted in making the motion of the electron
beam through the multimirror system,more non-adiabatic in
comparison with the earlier experiments. The other
diffefence, we would 1like to point out,is that we had the
option to inject the beam with any angle between 09-90°,
whereas in all the wearlier experiments the injection was
along the axis. In most of our experiments the injection
angle lay in the range 30°-40°,when the dips were found to
be most pronounced and the transmitted current pilot was
wide enough to record several dips. Even though the

injection angle in this case was very much inside the loss
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cone, the significant initial perpendicular energy could
have made the recording of these interactions easier.

The results mentioned in section (3.1), about the
changes, noticed 1in transmitted current plot with the
increase in the analyzer grid voltage (Fig. 3.2),indicate
that not all the dips in the transmitted current correspond
to reflections of the particles from the multimirror system.
One should therefore understand these interactions as those
leading to a transfer of energy from parallel to
perpendicular direction, thus leading to an increase in the
pitch angle. However some particles may get reflected from
the mirrors,for example,as is the case of the dips observed
even with very low analyzer grid voltages.Apparently,if one
could do an experiment with injection angles,lying just
inside the corresponding loss coneangle,one could achieve
better conditions for the reflection of particles.

In the dependences .of the positions of the dips with
the square root of beam energy and injectién angle,in figs.
(3.3) and (3.4) we notice that even though the behaviour of
the experimental curves 1is 1in good agreement with the
theoretically expected dependences, yet the experimental
points are situated away from the theoretical curves.One
source for such deviations could be the error in
determining the pitch angle.As explained in section (2.3),
since the gun is placed in the region of the first minimum

of the multimirror field, the angle subtended bv the gun

m
t
-

axis with that of the system was taken to b he injection

angle. However, there could be errors,because of the fact
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that at low mirror ratios,the edge effects are such that
the field 1lines may not be exactly parallel to the axis of
the system. A slight increase in the injection angle &
would tilt the theoretical line downwards bringing them
closer to .the experimental points. Another point to be
noticed in connection with the observed deviations is that
the experimental observations have been carried out after
the beam has travelled upto the third mirror region,a
factor, which the theoretical dépendences (1.37) has not
taken 1into account. For a real comparison one should make
suitable modifications in the theoretical dependences,
taking 1into account the fact that there is a reduction in
the parallel energy of the particles during their passage
upto the third mirror region, as 1is seen from the
experimental results,shown in figs. (3.7) and (3.8).

A plausible explanation for the observation of
increasing number of dips in the transmitted current plot
as the detector is moved away from the gun is obtained from
proper understanding of the relation at eqn. (1.51).The
relation £ - nw, corresponds to a resonance taking place
when the electron completes n cyclotron rotations during
its passage through £ spatial periods of the magnetic field.
For example, 2~Q-=Nt corresponds to the coincidence of one
cyclotron rotation with the transit through two mirrors and
A = ZDt corresponds to the coincidence of two electron
rotations with transit through one mirror.

The wvarious modes and orders. which follow from the

relation ¢ - nW, ., at various distances from the point of
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injection are illustrated in fig. (4.1). The numbers in
brackets correspond fo the values of Z and n.As we had
explained in section (3.1) the range of magnetic field in
which the transmitted current is non-zero has a lower and
upper limit (continuous curve in fig. 3.1).In the figure
4.1 we have shown the region of magnetic field values where
the transmitted current 1is not equal to zero and also the
shaded region, corresponding to zero transmitted current in
the system. From the above picture it is clear that only
those modes and orders, which 1lie within the window,
corresponding to the unshaded region,could be observed in
any of the experiments.

We further note that as we increase the distance of the
detector from the gun by 1, 2, 3,4,--—---- mirrors,in the
particular illustration shown in fig. 4.1,the number of
observable dips increases as 1is also observed 1in our
experiments described in section (3.&).If should also be
noted here that if the window is made wider,for example by
decreasing the injection angle for the same beam energy,the
number of observable dips becomes more. The number of
observable dips will progressively increase with the
increase in distance of the detector from the gun.it should
be emphasized that the above explanation is a simplified
description of a complex phenomenon and does not take into
account the decrease in V, because of the resonance and
the consequent shifting of the rescnance te lower values of
magnetic field as the particles pass through increasing

number of spatial periods.
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The shifting of the dips to lower values of magnetic
field described in section (3.4) could probably be
explained in the 1light of our experimental observations
mentioned in section (3.4) and also the results of
Fedorchenko et al.18.The energy analysis of the transmitted
electrons exhibits ~that the parallel energy shows a
decreasing trend (fig. 3.7) with the increase in the number
of mirrors travelled by the beam.A decrease in the parallel
energy of the beam would in turn result in the occurence of
a resonance with a particular mode and order at a lower
value of magnetic field.

Thus, as conclusions of the experimental investigations

of the passage of an electron beam through a multimirror

system,the main results can be summarised as under:

1. In the case of the transmission of an electron beam
through a homogeneous magnetic field in the system,the
transmitted electron current versus ﬁagnetic field
plot exhibits monotonic rise and fall. Once the
magnetic field 1is made spatially periodic (mirror
ratio ;; 1.03) the transmitted current 1is found to
contain several dips, occuring at discrete values of
magnetic field, at both 1lower and higher values than

that corresponding to the relation =IL=u3t and in

accordance with the relations L= nw_ (£=1,2,3,4).
i
2. In order to «carry out a2 guantitative comparison with
the theoretical predictions (1.35; and (1.37) or

(1.51) these experiments were 'repeated for different
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values of initial bean energy,maintaining the other
experimental parameters constant.The positions of the
various dips, when plotted against the square root of
initial beam energy are always found to lie on a
straight 1line (Fig. 3.3). The different dips in the
transmitted current are found to be situated close to
the different theoretically predicted lines,
corresponding to 2Q.= 2w, and 24 = 3wt.The_distance
between the adjacent dips in the transmitted current
is also found to be linearly proportional to the

square root of beam energy.

The dependences of the positions of the first and
second dips on the injection angle,plotted in fig.
3.4a, b are cosine curves, lying close to the
theoretical dependences obtained for 2fL-= 2w_ and

. \
2 3&%.

The energy spectrum 'of the transmitted electron beam
was obtained for different wvalues of magnetic field
maintaining all other parameters constant (Fig. 3.9
and Fig. 3.10). This analysis shows that in th
neighbourhood of the wvalues of magnetic field,where
the dips occur in the transmitted current plot the
spectrum of parallel energy of electrons gets

adened and shifts towards lower values of energy.At

=
oy
M
<
2
)...J
o

es of magnetic field,corresponding to dips,the
parallel energy becomes low and at the values,where

peaks appear, the spectra shift towards higher values
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of energy.

In the experimenﬁal observations made at different
distances from the electron gun we have observed that
as the beam travels through more and more mirrors,the
number of dips observed in the transmitted current
versus magnetic " field plot, increases.Further from a
close observation of the plots obtained at different
axial distances, it appears that as the beam travels
further into the system,the dip shifts towards lower

values of magnetic field.

A comparison of the values of the cyclotron frequency
at the point of occurence of the dips with the transit
frequency for a particular case (Fig. 3.11) shows that
the different dips correspond to &4{l- ZlAt,4§1= 3w,
4L = 4 Ut, 4L = Sldt and &4f{l= 6 W, . The above example
corresponds to $=4 and n=2, 3, 4, 5 and 6 of the
equation (1.51). There are other transmitted current
versus magnetic field plots, obtained at different
experimental conditions, in which the dips correspond

to k=1,n=1;8=2,n=2,3;¢=3,n=3,4,5;¢=4,n=2,3,4,5,6.

The observation of resonance effects for £ =2 and 4
(Eq. 1.51), the dependance of the position of dips on
the initial beam energy and injection angle

corresponds to the ''quantum conditions" 2q{L =nl, for

fd

2 in so far as the 1interaction leads to an

=
4

increase of perpendicular energy at the expense of
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paféllel energy.In érdef to conclusively establish the
occurence of Bragg-like .reflections, further
experiments may have to be conducted to register the
actually reflected electrons near the electron gun,
which could not be carried -out due to the physical
constraints in the present device explained in Chapter

II.

8. The resonance interaction observed at £ = 3,which is
not covered either by the relation 2q-l= nwE,obtained
for Bragg-like reflections or by the existing theories
for a transit frequency resonance,may be explained in
terms of the higher order resonances £ = nL%,which
should exist, in general, for nonlinear oscillatory

systems, where the £ th harmonic of L may resonate with

nth harmonics of wt.

It may finally be remarked that while all these

resonances £ {L = nW £=1, 2, 3,4,as have been observed in

-
our experiments, do lead to the transfer of energy from the
parallel motion to the perpendicular motion,not all may
culminate in the reflection of particles.According to the
theory leading to (1.37) only the even order resonances

should lead to Bragg-like reflections when such reflections

are recorded.

Scope for Future Work

While comparing the experimentally obtained dependences

of the positions of the dips with square root of beam
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energy and the injection angle with the theoretical
predictions, we had pointed out the necessity for working
out a ‘theoretical model,describing in detail the dynamics
of charged particles in a multimirror system.So far,the
existing theories 1lead us only to the conclusion that
transfer of energy ffom parallel to perpendicular direction
would take place under resonance conditions. During the
motion through a large number of mirrors the particles,
initially in resonance, would eventually get out of
resonance as a result of a change in the parallel velocity
and hence a chaﬁge in W 0 It is necessary to identify
resonance zones and estimate the rates of transfer of
energy from parallel to perpendicular component in the
resonance rtegion. From a first glance,it appears that the
analytical solutions for the equations of motion of an
ensemble of charged particles with a distribution in the
initial conditions,may be extremely complicated.

The numerical simulations carried out by Laing and
Robson21 and T,Nﬁemaet;ﬂ24 have given important results.But
these simulations are oversimplified due to the fact that
the motion of a single particle is studied with definite
initial conditions and hence many important questions
remain unanswered. One could therefore carry out numerical
simulations with a large number of particles,with a given
distribution in the initial AL ,in the initial phase angle
etc. and study the interaction of the ensemble of particles
with the multimirror system.

As far as the experimental studies are concerned it
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would be necessary to carry out experiments to register the
reflected electrons 1in the region behind the position of
electron gun and further analysis to check the occurence of
Bragg-like reflections. Another interesting aspect which
needs further study is the complementary phenomenon whereby
electrons gain parallel energy at the expense of the
perpendicular energy. Such electrons have been observed by
us during the course of our experiments and have beeﬁ found
to exhibit peaks at certain discrete values of the magnetic
fields. One would 1like to analyze the behaviour of these
electrons to see what relations if any these transmission

peaks satisfy.
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