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STATEMENT

This thesis reports studies on the effect of self
fields on the propagation of rotating relativistic electron
beams, formed by injecting a laminar relativistic electron
beam through a «c¢usp magnetic field in a mneutral gas
background. For currents larger than the space charge
limiting <current, the propagation characteristics will be
influenced by the self electric fields until effective
charge mneutralisation takes place. As the beam current
increases, the self magnetic fields of the beam will begin
to exert significant influence on the beam dynamics.The
present set of experiments and numerical analysis were
motivated to gain a better understanding of the deviations
from the single particle description due to the effect of
self electric and magnetic fields.

A long pulse rotating relativistic electron beam of
about 800 nsec duration and peak energy of about 200 KeV,
injected through neutral gas (_.100m Torr),has been used for
ﬁhe study. The rise time of the beam (~ 500 nsec) is long

compared to the charge neutralisation time (< 100 nsec).For

the long duration beam,the beam self magnetic fields become
Significant after the beam is charge neutralised,and hence
. Provides temporal seperation of the phases when the
H-pfoﬁagatiOﬂ is influenced by self electric and magnetic
Z,fiEldé- A variety of diagnostics were used for the

asUre ; N : e .
o ment of plasma,beam and magnetic field parameters.



The‘ Beam propagating>through neutral gas has been shown
to be stable against ’the microscopic instabilities like
diocotron and filamentation. Fof a rotating Dbeam,radial
equilibrium Thas been shown to be possible for a value of
charge neutralisation factor low compared to that required
for a laminatr beam.

The net beam potential was seen to be minimum at the
céntral region of the chamber. The charge neutralisation
factor has been estimated from a measurement of the beam
potential. Charge neutralisation of the beam,which involves
expulsion of the plasma electrons,was seen to be influenced..
by the external axial magnetic field.For magnetic field
above the value required for magnetic insulation for the
plasma electrons against radial loss,the plasma electrons
were seen, in the numerical calculations,to escape to the
axial walls. Here, the inductive axial electric field was
seen to cause electron avalanche in the region between the

‘:position of potential minimum and the far end wall.This was
.geen to result in a faster charge neutralisation,creating
Paﬁv axial asymmetry in the beam potential structure.The
charge netralisation time has been observed to decrease
inversely proportional to pressure.Oscillatory decay of the

_beam potential was observed in certain parameter range.

V'ngxternal cusp magnetic field was seen to be drastically
;mpdif;ed by the beam self magnetic fields.The diamagnetism

‘rdd e .
- uced by the rotating beam of the postcusp side has been

ound : : . .
o to result in a shift of the cusp plane towards the

'St cusp side.




‘Trajectories were obtained for the beam electrons in
the numerical calculation using a model for the self fields
based on measurements. Selfk magnetic fields were seen toO
reduce the radial extent of the beam.The beam diamagnetic
field, radial loss at the cusp etc as given by the single
particle description were also obtained in the numerical
calculations done with the external fields alone present.

A measurement of the radial loss of beam electrons in
the cusp region showed the peak to occur along 'the shifted
cusp plane.Total radial loss in the cusp region was seen to
depart from the value given by single particle description
for self fields comparable to the external field.Radial
loss saturated at external field comparable to single
particle critical field for cusp cutoff.,

The diamagnetic field produced by the rotating beam in
the post cusp region was also observed to be enhanced over
the value estimated from single particle description in the
range of beam self fields comparable to and larger than the
external field. The enhancement is partly explained by the
density enhancement caused by the reduction in parallel
velocity due to the energy lost by the beam in setting up
the self magnetic fields. Addititional enhancement comes
Ufrbm the increase 1in the ratio of number of axis non
‘encircling to the axis encircling electrons transmitted

1through the cusp.
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CHAPTER X
INTRODUCTION

Intense relativistic electron beams (REB) have been
used for a variety of applications like plasma heating and
confinement, microwave generation, collective ion
acceleration etc. A typiéal REB méchine consilsts of a Marx
generator which is used to produce high voltage pulses,
intermediate storage line (transmission line or Blumlein)
for pulse compression tu nanosecond time scale and a diode
tor converting the electrical energy 1nto electron beam
energy. The diode typically consists of a culd field
emlission cathode and a thin foil anode through which the
REB emerges. The typical parameters for a REB are energy in
the range 100 KeV to 10 MeV,current in the range 1 KA toc 1
MA, and ‘pulse length 10 nsec to 1 psec.For such an intense
REB, the strong self electric and magnetic fields will have

great influence on the propagation characteristics.

pagation Characteristics of REB

For an intense REB injected into a conducting

cyl ical ~avi ‘
¢ylindrical cavity of radius L the space charge of the

beam o
m  front decelerates the electrons following the front.If

the ¢ ;
. urrent is large enough,this leads to the formation of

A . - ‘ o »
. & Negative putential (virtual cathode) of the same
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ordexr - as that ot the accglerating voltage.This will cause
reflection of a part of the beam.This limiting current is
called space charge limiting current.lts value is obtained
by equating the beam kinetic energy to the electrostatic

energy . and is given by Bogdankevich & Rukhadze (1971) as

2/3 3/2 -1

1 m c3/(: x (Y -1) [1+21n(rw/rb)]'

1
Y

L

relativistic mass factor, r, = wall'radius,and ry =

I

beam radius.

In jection of the beam into a plasma will provide
compensation for the space charge of the beam. The
transportable beam current is then enhanced by a factor
(l—te)hl, where fe is the charge neutralisation factor.For
fe = l,a fully charge neutralised beam,space charge effects
are taken care of.But there still exists the effect of the
self magnetic fields.The electrons execute cyclotron motion
about Be,the self field of the beam.If the cyclotron radius
of an electron at the edge of the beam is greater than half
the beam radius, the beam turns around and a propagating
beam wili not exist.The critical current for this to happén
is  called the Alfven-Lawson magnetic stopping current and
is given by IA = 17F3 KA [Alfven,1939].In addition,other

critical currents based on instabilities caused by the beam

Streaming through a charge and/or current neutralising

: plgsma background, can be defined,that may also effect beam
Lo i s s
Propagation, These critical currents define the existence

for a linear Propagating REB.
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With regard to  the stability of a REB. for an
unneutralised hollow beam, the major instability is of the

diocotron type [Buneman et al,1966].This essentially arises

from the perturbations in charge density on the inner and
outer edges. of the beam.This instability is most serious
for very hollow beams with radii substantially smaller than
the drift tube radius.An essential condition for stability

. . . -2
is t&‘ the charge neutralisation factor greater than Y R

where ¥ i1s the relativistic mass factor.A beam propagating
through a plasma can be subject to macroscopic
instabilities such as hose (kink) and sausage instabilities.
These arise due to finite plasma conductivity,triggered by
transverse perturbations. The kink instability may be
stabilised by the external coaxial conducting cylinder,
which compresses the Be tield of the approaching column and
thereby keeps the kink away from Lhe wall. Externally
applied axial magnetic field can Suppress sausage
instability due to the outward pressure of trapped axial
magnetic field. In addition, the beam can  be subjectvto
microscopic instabilities like Buneman, two stream,cyclotron
[Mikhailovskii, 1974], filamentation [Wiebel, 1973] etc.
Buneman, two stream and cyclotron instabilities are seen for
charge neutralised, but current unneutralised beams. The
former may occur when plasma density is of the order of the
beam density and the latter ones, when plasma density
greatly eXceeds the beam density.Filamentation instability

may occur for current neutralised beams.
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1.2. Rotating Relativistic Flectron Beams

Rotating relativistic electron beams have been used in
the formatiom of field reversed configuration [Andrews et
al, [1971(a)], Roberson et al,(1978),Sethian et al,(1978),
Jain & John, (1984)], collective 1on acceleration
[Christofilos, (1969), Laslett & Sessler, (1969), Reiser,
(1971)] etc. The wuse of a field reversed magnetic field
configuration created by axis encircling high energy
relativistic electrons/ions for confining and heating a
thermonuclear plasma was first proposed by Christofilos
(1958). The basic mechanism of generation of the
relativistic electron/ion rings involves in jection of
elctron/ion beam into a slightly focusing magnetic field or
through a cusp magnetic field.Experimentally,the simplest
method of producing rotating electron/ion beam is by
injecting the beam through a «cusp magnetic field.First
attempt in this regard using relativistic electron beam was
done by Friedman (1970). In the case of an unneutralised
intense relativistic electron ring formed with a background
neutral gas present,electrons just in the potential well of
the electron ring ionise the gas.The ions so formed provide
additional focusing against electrostatic repulsion for Fhe
ring and are accelerated collectively along with the ring.
These rings are characterised by their holding power,
defined as the maximum electric field strength that holds
the ions in the accelerated ring.If this quantity is too

small and if the rings are accelerated too fast,the ions
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fall out of the ring and get lost.

1.2.1. Relativistic_electron beam dynamics in a cusp

Farly studies on the dynamics of mnonrelativistic
charged particles have Dbeen done by Schmidt (1962).The
study has been extended to relativistic electron beams by
Rhee and Destler (1974). The study essentially relates to
the dynamics of an electron in the external cusp magnetic
field without the self fields included.The extgrnal cusp
magnetic field can be modelled as Bze = Botan hi(z/ Y ),
Y\, = parameter deciding the cusp width.For z >>%, Bze = B_,
the wuniform field wvalue. For an axisymmetric system,the
canonical angular momentum 1is a constant of motion.i.e.
P9 = mOszé - erAe = constant. ¥ is the relativistic mass
factor and Ae is the azimuthal component of the vector

potential. For a beam with initial velocity in the axial

direction, conservation of canonical angular momentum gives

the azimuthal component of the velocity as
ve = - wé(r§+r2)/2r in the postcusp region., W = beam
cyclotron frequency = e BO/(mo#), ro = beam radius at the

time of dinjection.So the cusp magnetic field converts part
of the axial velocity into azimuthal and the beam will
consist of .electrons executing helical orbits after
crossing the cusp.lf the magnetic field is large requiring
a value of v, large compared to the initial beam velocity,
then the beam will be reflected from the cusp.The critical
velocity for beam transmission is given by v .. =1 w ,for
crit o ¢

r = r, (central ray). Due to finite Larmor motion of the
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electfohs in the precuép region,an incoherent off-centering
of electron orbits occurs in the postcusp region. The
off-centering of electron orbits in the postcusp region is
equal to the Larmor radius of the electron in the precusp
region. The direction of off~centering is determined by the
instantaneous electron position at the cusp transition,and
may be quite random in any actual experiment.This gives a
maximum width to a beam of electrons,initially annular,of
magnitude equal‘ to twice the precusp Larmor radius.A cusp
with finite width gives rise to another off-centering of
the electron orbits.Here all the electrons passing through
the cusp will be off-centered by an amount
AR =% /2 Sinhl(rout/vo) in the direction 90° from the
point where they pass through the cusp,giving rise to a
coherent off-centering. As a result, a hollow beam of
electrons of small energy spread would be expected to have
a beam envelope in the postcusp of wavelength

AN =Ty (vz/r2 wz-—l)l/2
o' o' "o ¢

1.2.2 Effect of self fields on the propagétibn and dynamics

of rotating relativistic electron beams:

In order_ to have an intense REB carrying current above
the space chérge limiting wvalue,it 1s required to charge
neutralise the beam. One of the ways of providing a charge
Neutralisation background to the beam is by injecting the
beam through neutral gas.Here,the gas gets ionised by the
beam producing a plasma.The plasma electrons get repelled
from the system by the beam self electric fields,making the

beam charge neutralised. Here, the charge neutralisation
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factor,f;,is decided by the charge neutralisation processes,
which is a function of the beam self fields and the
exXternal ©parameter such as the neutral gas pressure and
external magnetic field. The beam inductive fields will
cause currents to flow in the plasma channel formed
producing beam current neutralisation. The magnetic
neutralisation factor (fm) can be defined as the ratio of

the plasma current to the beam current.The values of fe and

fm decide the basic equilibrium properties for a linear REBR
propagating through neutral gas.For fe = O,fm = 0,the beam
channel will ©blow up radially.For fe = 3~2,fm = 0,the beam

is said to Dbe force neutral and straight trajectories
should occur.For fe = l,fm = 0,the electrons will oscillate
radially due to the Lorentz force.For fe = l,fm = 1 (charge
and current neutralised beam),there are no forces and the
beam will again have straight trajectories.The beam self
fields thus play a major role in deciding the equilibrium
properties.

In the case of a rotating beam,the radial forces due. to
the Lorentz force, qvesz (radially dnward) and the
centrifugal force, mvi/r (radially outward) also influence
the equilib;iﬁm properties. For an unneutralised rotating
relativistic electron beam, with increase in the beam
current, the equilibrium beam radius shifts towards the
radial wall. It has been shown by Striffler and Kim (1978)
that in this case the beam azimuthal velocity increases and
the beam axial velocity decreases. They have shown the

€Xistence of a «critical magnetic field,below the single
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pérticle cusp cutoff, above which the electrons get
reflected back.This happens when the energy in the electron
layer in the form of axial wvelocity is insufficient to
overcome the increase in the electrical potential energy as
the Dbeam current increases. A proper understanding of‘the
role of self electric fields on the beam equilibrium
propertles require a thorough investigation of the charge
neutralisation phase of the beam.

The self axial and azimuthal magnetic fields produced
by the intense rotating relativistic =electron beam will
have strong influence on the beam dynamics.The electrons
that are injected into the system after the self fields
have peaked, will see a cusp magnetic field modified by the
strong self fields.The single particle description will now
be quite inadequate to explain the cusp transmission,

conversion of axial velocity to azimuthal etc.

1.3. Summary of Theoretical,Numerical and Experimental Work

The effect of self fields on the propagation of REB
trough neutral gas in the pPresence of an external cusp

magnetic field can be classified into two phases -

1. The charge neutralisation phase,involving the effect

of self electric fields and

2. Phase involving the effect of self magnetic fields on

REB dynamics in a cusp magnetic field,
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In  the next two subsections,the existing studies related to
these two aspects are summarised.

1.3.1. Charge neutralisation phase:

In the earlier investigations on the propagation of a
REB through neutral gas by Poukey and Rostoker [1971] ,Swain
[1972], and McArthur and Poukey [1973],the major ionisation
mechanism for the neutral gas was considered to be by
collisions with electrons and the secondary electronslln
the mnumerical simulation of Poukey and Rostoke?,slowing
down of the Dbeam front was observed.The beam was found to
propagate faster approaching the injection velocity,with
increase in the ionisation cross section corresponding to
better space charge neutralisation.The fields generated by
the beam and the axially dependent background plasma
conductivity were calculated by Swain in a self consistent
manner. In the work of McArthur and Poukey,the primary
electron cross section was taken to be enhanced by a
factor .= 3 (measured enhancement factor for Nitrogen gas)
due to further gas ionisation by the secondary electrons.
The radial electric field Dbecomes smaller than ’the
inductive Ez field only after the charge neutralisation
time, So the Teturn current caused by the inductive E_ field
was considered to be initiated after the charge
neutralisation time. For higher pressures (> 20 Torr of
Niﬁrogen), the cross section for recombination reaction was
found to be significant.

The charge mneutralisation processes,for an intense REB

Propagating din a low pressure (~ 0.1 Torr) neutral gas,was
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éxamined in detail * by Olson (1975).The processes examined
include electron impact ionisation,electron avalanching,ion
impact ionisation,ion avalanching,charge exchange,precursor
ionisation, secondary electrom esape,recombination,diffusion

and attachment. Electron impact dionisation is given by

$
s
o () om ) dng (&) o) RS,
t T ’ = -
0 e ot Te A
nise = secondary plasma 1ion (electron) density,nb = beam
density, Zé = collisional ionisation time (& 5/p(Torr) nsec

for Hydrogen, p 1s the neutral gas pressure.) The plasma
electrons so formed get repelled to the walls guided by the
self fields, ts is the secondary electron escape time.For
E/p ~ 102—103V cm—lTorr“l for Hydrogen (E = electric field),
the mean free path for collisional ionisation becomes less
compared to the system length.Here the secondary electrons
will undergo further pollisional ionisation resulting in
avalanche. The additional source for ions and electrons 1is
given by ni(t)/te,where te = electron avalanche time.

The net electron charge density associated with an
unneutralised intense beam will effectively create an
electrostatic potential well.The well depth may be > T/e,T
is the injected electron energy and e = magnitude of
electron charge. Any ions <created by electron impact
ionisation will be accelerated towards the centre of the
well and proceed to oscillate about the well centre.When an
ion has energy > 50 KeV,it will ionise the background gas.
New secondary ions formed will likewise be accelerated and

produce further ionisation resulting in the avalanche.The
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rate of production of ions andielectrons by iom avalanche
is given Dby ni(t)/ti,ti is an effective avalanche time.If
the well electric field is sufficiently high,so that ta,the
time it takes an ion to be accelerated 'to 50 KeV is small

compared to L., then t, = 0.33/p (Torr) nsec for Hydrogen

gas.

For accelerated ion energy < 50 KeV,charge exchange
reaction takes place. An 1important comnsequence of charge
exchange is that it can present a cut off barrier for iomn
acceleration, and hence effectively stop ion-avalanche
process. Roughly, cut off will occur if ta > TX,the charge
exchange time.

Additiomal ionisation can come from precursor effects,
prominent being from beam tip precursor bunch .This happens
for high «current REB with current rise time comparable to
the charge neutralisation time.The precursor bunch is the
initial electrons that propagate before the beam current
exceeds the space charge limiting current.This bunch of
electrons produces electron impact ionisation,producing an
initial plasma of typical density ~ 1% éf nb.The ions so0
formed may be sufficient to initiate ion-avalanche when the
beam front arrives with its attendant,large E field.

Other faétors that can effect charge neutralisation
processes are recombination and attachment. But for the
secondary electrons of relatively high energy,these may be
neglected.

The radial expansion of REB propataging through neutral

gas has been investigated by Briggs et al (1976).In the
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limit that expansion 1s‘slow compared with the time scale
of electron betatron motions, the beam 1is predicted to
evolve via scattering to the Bennet profile given by,
Jb(r) = Ib/(ﬂ‘az).(l + r2/a2)*2. Ib and Jb are beam current
and beam current density respectively,a is the beam radius.
The scattering continually adds energy to the transverse
motion, but it 1is balanced by the work done in expanding
against the self fields. Hence scattering only randomises
transverse velocities without 1increasing the temperature.
The beam radius, a, increase in time, while the current
profile maintains the Bennet profile.

Numerical simulation of the plasma channel formed and
the REB dynamics was done by Girgorev et al (1979,1984).The
radius of fhe plasma channel was found to be much larger
than the beam radius and the difference increases with
decreasing pressure and increasing tube radius.The current
induced by the ©beam in the plasma 1s carried primarily by
plasma electron in the beam region.The beam was seen to be
cut off at the trailing edge at pressures above 5 Torr,
resulting in a shortening of the beam pulse and a reduction
in the peak value of the beam density at the exit of the
drift tube. The beam cut off was considered to be arising
due to beam loss because of the gradient in B8 during the
beam transit to the exit of the drift tube.The plasma
conductivity was seen to decrease with pressure.So for
Pressure less than 5 Torr, higher current neutralisation
nDear the entrance of the drift tube was considered to

weaken the axial BO gradient,and so does not result in beam



loss. at the trailing edge.

Investigation regardiﬁg the stability of a partially
neutralised hollow REB has been done by Kapetanakos et al
(1973), Chen (1984) etc.Thin hollow REB propagating through
neutral gas has been shown to be subject to diocotron
instability before the charge neutralisation factor becomes
greater than Z’pz. Kapetanakos et al have shown the

stabilising effect of ©bringing the conducting boundary

closer to the beam boundary.An ion background within the
beam has been shown to aid diocotron instability by Chen.In
the presence of an ion background,the £ = 1 mode becomes
unstable causing a sideways displacement of the whole beam
in the cylindrical geometry thereby breaking the axial
symmetry. The «collective acceleration of heavy ions in the
centre of the annular beam have been mentioned to enhance
the diocotron instability.

Most of ;he experiments reported so far relate to the
study of plasma production and the propagation
characteristics of REB.These are summarised below.

Graybill (1971) has investigated the propagation
characteristics of an REB through neutral gas.The net beam
current decreases with the neutral gas breakdown time as
the pressure increases and then increases with decreasing
decay time above 1 Torr.The decrease of the met current is
due the reverse plasma current driven by the inductive
electric field. As the pressure 1is increased above a few
Torr, the plasma conductivity decreases due to the short

mean free path available to the secondary electrons.
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" In the experimenté df Andrews et al [1971(b)],axial
periodicities in the light intensity were observed for
beams propagating in gases.These periodicities were found
to be correlated with periodicities in the propagation of
beam front, in the microwave activity,and in the net beam
current. The wavelength of the periodicity was found to be
inversely proportional to the gas pressure p. At low
pressures (~150m Torr of air), the beam head after
travelling almost with the velocity of a single electron
slows down <considerably and proceeds again only after a
delay time which appears to be roughly proportional to
(l/p)z. Proper explanation of these instabilities is not
given and are considered to be caused by some instability
in the ionisation neutralisation of the beam in the gas.

In the experiments of Miller et al (1972),the study has
been made for REB injected into thirteen different gases.
The REB transmission was fouhd to scale in pressure from
gas to gas inversely with the ionisation cross sections of
the gases. At low pressures,pronounced beam front erosion
was seen leading to steeper beam rise time,owing to the
slow build wup o0of radial force mneutralisation of the
electrons. For experiments done in high pressure gases (few
Torr of air) by Miller and Gerado (1972),some instability
was seen to develop attenuating the beam greatly at
pressures which vary inversely with the gas ionisation
cross section.A mechanism has been proposed for this.Radial
gas breakdown occurs prior to the time at which the beam

front reaches the end of the tube.This breakdown process
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occurs in . a nonsymmetric pattern, forming filamentary
discharges, and drives' the trailing primary beams into the
walls by the nonsymmetric forces.

REB propagation through gases at pressures in the range
of 10 Torr to 1.5 atm was studied by Rudakov et al (1972)
and Kingsép et al (1973). The contribution to the plasma
production has been considered to be from collisional
ionisation due to the electron and the secondary plasma
electrons. The rate of ionisation by the secondary plasma
electrons, accelerated by the beam self electric field,was
found to decrease with increase in pressure.Increase in
pressure above 300 Torr was seen to cause the beam to stop
over a distance of 10 to 20 cm.

Genuario et al (1974) investigated the charge and
current neutralisation phenomena for a very short pulse
(5 nsec) beam. The ionisation mechanism has been
considered to be by primary beam limpact ionisation.An
enhanced electron neutral collision cfoss section was used
to account for the further ionisation by the energetic
secondary eiectrons. The transmitted beam current was found
to increase with pressure.,With increase in pressure,charge
Neutralisation is approached.Maximum beam transmission ( 0.
7) was seen at a pressure of about 250 mTorr of air.For
Pressures 150 mTorr to 300 mTorr,oscillations of period o 2
Nsec, believed to be Langmuir oscillations,were seen.Above
400 mTorr,current neutralisation was seen to reduce the net
transmitted current. |

An  interesting phenomenon of beam current amplification
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‘'was . seen in the exﬁerimeﬁts of Wachtel and Safran (1974) .At
low pressures ( O.l Tofr of nitrogen),the peak net current
was seen to exceed the beam current by as much as a factor
of 2. A smooth transition to condition of magnetic
neuralisation takes place as the pressure is. increased.The
width of the amplified current spike increased with
decrease in pressure and was roughly consistent with the
time required to establish space charge neutralisation.The
current amplification was attributed to the motion of
secondary .electrons, trapped by the beam B9 field,parallel
to the direction of propagation of the beam.

An  investigation of the production mechanism and nature
of plasmas produced by a short pulsed ( 3nsec) REB
injected dinto mneutral gases without an external field was
made by Kouichi Omo (1979) .For beam rise time less than the
space charge neutralisation time, the plasma current was
seen to flow parallel to the beam current,similar to the
observation of Wachtel and Safran (1974).The pressure at
which the transmitted beam current ' and current density
reach a maximum was foqnd to shift to lower values for
increasing d1onisation cross section of the gas by the beam.
The current . due to the expelled plasma electrons was seen
to decrease with increase 1in pressure,and the pressure at
which the ©plasma electron current peaks was also found to
decrease with increase in the ionisation cross section.

The experimental study of Arutyunyan et al (1983) was
concerned with the in jection of REB through gases in the

pressure range of 0.0l to 750 Torr.The quantities measured



- 17-
were . the beam potential, electron current and REB energy
loss. The peak beamn poﬁential was found to decrease with
increase in pressdre upto about 1 Torr.Above 1 Torr,it was
found to increase with pressure.Also the beam potential was
seen to oscillate during the space charge neutralisation
time. The measured energy loss of REB at low pressures was
found to be more than that predicted without the collective
effects included. At higher pressures,the measured loss was
less than that predicted.Proper explanation to these is mnot
given, The discrepancy at higher pressures has been
considered to be due to electron scattering and decrease in
effective path length of REB through gas.The discrepancy at
lower ©pressures has been thought of being due to collective
mechanism stimulated by the plasma return current.For low
pressures (< 0. 1 Torr), possibility of some additional
ionisation mechanism such as ionisation by the return
current, beam space charge field, high frequency field
excited in a plasma or by dions has been mentioned.But
direct evidence for these have not been observed.

In the experimental study by Smith et al (1986),ﬁhe REB
propagation through Helium,Nitrogen and Argon gases in the
pressure regime 10 mTorr to 320 mTorr was investigated.The
transport efficiency was seen to increase with pressure.
Optimum beam current transport was seen at about 80 mTorr
for Nitrogen and Argon. For pressures below 40 mTorr for
Nitrogen and Argon, beam propagation was not seen to exist
during the beam rise time and has been attributed to low

initial charge neutralisation of the beam. The <charge




~ 18-
'néutralisation factor, calculated using a simpie model ,was
seen to be greater at higher pressure and for gases with
highey ionisation cross section.

The experiments reported so far relate to the laminar
beam propagation. The effect of the extent of charge
neutralisation on beam propagation was also seen for
rotating beams produced by injecting laminar beam through a
cusp magnetic field [Kapetanakos (1974), Roberson et al
(1978)]. In the experiments of Kapetanakos,at a pressure of
0., 035 Torr,the current pulse was seen to get distorted and
the distortion decreases with increase in pressure.Space
charge accumulation in the cusp region,ét low pressures,has
been considered to influence the beam propagation.The peak
beam current and energy were seen to increase with pressure
reaching a maximum at about 0. 2 Torr, and decrease
thereafter with increase in pressure. The maximum
transmitted energy was about 88Z. In the experiments of
Roberson et al, the diamagnetic field produced Dby the
rotating beam was seen to decrease with pressure and was
related to low cusp transmission efficiency at low

pressures.
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1.3.2, Eftect of self magnetic fields on REB dynamics in a

cusp magnetic field:

The nonadiabatic trajectories of charged particles in
cusp field allow an efficlient conversion of longitudinal
particle velocity to rotationmal velocity,and make possible
the wuse of such field configurations for the generation of
strong E layers and electron rings with ©properties
attractive for ion heating and acceleration. Proper
knowledge of the beam dynamics in a cusp field is thus
essential.

Calculation regarding equilibrium radius for a
non~neutral E layer has been done by Davidson and Mahajan
(1974). Self axial magnetic field acts as a focusing field
which tends to decrease the radial width of the E layer.The
radial self électric field acts as a defocusing field which
tends to increase the radial thickness of the E layer.

For 1rotating hollow beams,the force eVeXBr was seen to
enhance the space charge limiting current [Poukey and
Freeman (1974)].

Macroscopic equilibrium properties of hollow REB have
been investigated by Davidson and Lebedev (1975). Two
classes of rotational equilibria have been shown to satisfy
the equilibrium force equation.Slow rotational equilibrium
corresponds to zero rotation at the inner edge of the beam

and the faster one corresponds to an angular rotational

frequency at the inner edge greater than zero. TFor
. dw

(1-f ) 2 > (1-f ) and — < 0, the slow one gives
m e d'{
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pramagnetism within . the beam, where W = béam angular
frequency.

Numericai singlé particle trajectory calculations using
realistic cusp width to Larmor vadius ratios has been done
by Bora and John (1981). Phase spreading resulting from
either an angular divergence or from anode foil scattering
has’ been included in the calculations.The final azimuthal
velocity attained by the beam after passing through the
cusp region was found to be strongly dependent on the
initial phase of the electrons.The final azimuthal veloéity
was also seen to increase as the cusp width decreases.The
coherent  off-centering of the =electrons was seen to
decrease in sharp cusps.

The first experimental study of the dynamics of charged
particles in a cusp field has been made by Sinnis and
Schmidt (1963). The study was done using a low current beam
of 2 KeV electrons. Their experiments basically confirmed
the singleA electron theory regarding the conversion of
axial velocity to azimuthal by the cusp,the critical field
for cusp cutoff,etc.

The transmission efficiency for a relativistic electron
beam through the cusp with a background pressure of about
2){10—4 Torr, has been investigated by Friedman (1970).The
energy of the Dbeam transmitted through the cusp begins to
drop somewhat exponentially at about 5 Kgauss,corresponding
to the critical field for cusp cutoff.The efficiency of the
number of electrons transmitted through the cusp was found

to be low. The reason for this was given as due to (1) the
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ripples in the beam c¢reated in the transition region,and
(2) a possible presence of space charge potentials in the
vicinity of the cusp.

Kapetanakos (1974) investigated the propagation of REB
through a cusp magnetic field with a background pressure of
50 mTorr to 1000 mTorr..The peak beam current and energy
increase with pressure Tteaching a méximum value of about
88% at a pressure of 0.2 Torr and decrease thereafter with
increase in pressure. The observed critical field for cusp
cut off was less than the theoretical value.The reason has
been given to be due to the non zero azimuthal velocity
component of the 1injected beam electrons.But .it should be
noted here that reduction in the value of critical field
will occur only if the initial azimuthal velocity has the
same direction as that expected for the postcusp region.For
initial azimuthal velocity in the opposite direction,the
critical field will increase. A reduction in the beam
current pulse rise time and width was observed in the
postcusp region. This was attributed to low energy velocity
electrons getting reflected from the cusp.

In the experiments of Destler et al [1975(a)],plots of
maximum beam width in the postcusp and the self BZ(ABZ),as
a function of the applied magnetic field(Bo) were found to
agree with the theoretical plot only for the case
where ABZ/BO was small. Experiments of Destler et al
[1975(b)] done for the electron beam of the Maryland ERA
experiment showed the dependence of 4>BZ/BO vs. beam

current to be different from the linear behaviour predicted
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by theory.'At 'higher.currehts, ABé/Bo was seen fo increase
with beam current at a réte less than the linear rate.The
radial and axial compression of a hollow electron beam
using an asymmetric magnetic cusp was examined in the
experiments of Destler and Rhee (1977).The electron orbits
will be tangential to the circles of radii rp = ro/k and r
and enclosed within the <circles. Here o is the cathode
radius and k 1is the ratio of magnetic field in the postcusp
to that in the precusp, with k > l.Measurement of rf,the
radial point where the beam density is peaked,as a function
of k showed good agreement with experiment and theory.

In the experiments done by Fleischmann and
collaborators [Andrews et al (1971),Tuszewski et al (1979)],
an electron beam was injected almost normal to a slightly
focusing magnetic field (magnetic mirror) and the electron
ring so formed was trapped between the magnetic mirrors.The
self axial magnetic field produced by the electron ring was
seen to produce field reversed configuration. A field
reversal factor (beam self field/external field) less than
4 lasting for about 1 msec has been achieved.

The experiments of Sethian et al (1978) were on the
generation of field reversed configuration wusing a half
cusp field, with =zero external magnetic fileld in the
postcusp region. The mnet beam current was only 687 of the
diode current. The cause of reduction has been given to be
due to either current neutralisation and/or cusp loss.The
beam self field was seen to increase by a factor of 2 as

the end wall was approached.This being attributed to the
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rotating current piling up againét the end screen.

Roberson. et al (1978) étudied the variation of the beam
axial self magnetic field as a function of the external
field. The observed self field was more than a factor of 2
greater than the calculated wvalue., This was explained as
resulting from a breaking of the beam and an increase in
the azimuthal current due to a pile up of the beam after
the cuspe

In the numerical simulation done by Golden et_al (1981)
for the NRL ion ring experiment,showed drastic distortion
of the cusp by the self fields.The self fields were seen toO
produce a somersaulting, i.e. ions at the head of the beam
were decelerated and ions at the tail accelerated,resulting
in a spreading of the distribution of the ion energy.The
experimental measurements of the diamagnetic field produced
by the i1on fing were seen to increase with decrease in the
radial electric field. This has Dbeen attributed to the
reduction in the radius of the azimuthal current
distribution as the 1ons move inward with the azimuthal

current remaining the same.

l.4. Scope of the Thesis

From the experiments reported so far,it can be seen
that the «charge mneutralisation processes and the dynamics
for a REB, under the influence of its own self fields,with
the REB injected through a cusp magnetic field have not

been studied in detail.
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All the earlier experiments were done using short pulse
beams, where the charge neutralisation time is comparable to
the beam rise time;Here the beam is under the influence of
strong self electric and magnetic fields, both occuring
together. Use of a long pulse REB with the beam rise time
much longer than the charge neutralisation time,provides
temporal seperation of the phases when the propagation 1is
influenced by the self electric and magnetic fields.The
present study involves a long pulse rotating relativistic
electron beam. The study can be classified into two phases.
The first one involves the effect of self electric fields -
charge neutralis;tion phase,and the second one involves the
effect of self magnetic fields on beam dynamics.

Even thqugh detailed theoretical studies for the charge
neutralisation processes exist, detailed experimental
investigation has mnot been carried out.The importance of
sufficient charge neutralisation (a neutral gas pressure of
about a few hundred mTorr) in order to have better
propagating characteristics for a beam injected through
neutral gas, has been seen in the previous studies.The
present study aims to estimate the charge neutralisation
factor as a function of the wvarious beam and external
parameters from a direct measurement of the beam potential.
Specifically the study ié related to rotating beams.
Estimation of the charge neutralisation factor would thus
enable to identify the <charge neutralisation processes
taking place for a rotating relativistic electron beam.

Theoretical and numerical single particle calculations
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exist for REBR dynamics in a cﬁsp magneticrfield.But for an
intense rotating REB,self magnetic fields are comparable to
the external field as in the context of field reversed
configuration and compact torus.In the experiments reported
so far, it can be seen that proper attention has not been
paid to the REB dynamics when the self magnetic fields are
comparable to the external field.The present study aims at
measuring fhe extent of modification of the external cusp
by the strong self magnetic fields and its influenée on
beam transmission.

The experimental device, its operating characteristics
and the various diagnostics elements used in the course of
the investigation are described in Chapter II.

Results on the study of charge neutralisation processes
for a rotating relativistic electron beam and the
discussion are presented 1in Chapter III. The effect of
external magnetic field and background gas pressure on the
charge mneutralisation processes are also a part of the
study .

In Chapter IV,the effect of self magﬁetic fields on the
dynamics of a rotating REB is studied and discussed.
Observation ‘regarding the modification of the external cusp
is presented., This chapter also includes the results of
numerical single particle trajectory calculations done
using a model for the self fields based on measurements.

The main results of the thesis work are Dbriefly

summarised in the last chapter.



CHAPTER II

EXPERIMENTAL DEVICE ARD DIAGNOSTICS

An experimental system used for short pulse
relativistic electron beam experiments has been suitably
modified for studying the effegt of self fields on the
propagation of long pulse rotating relativistic electron
beam. A schematic of the experimental device is given in
figure 2.1. 1t consists of a wvacuum chamber, system of
magnetic field «coils, and a relativistic electron beam
generator. A number of diagnostics have been used at various
places for measuring the desired experimental parameters.
The details of the experimental device and diagnostics are
described in the following sections.

2.1, Vacuum Chamber

The cylindrical chamber is 2.3 meter long and of 30 cm
diameter, made of stainless steel of 3 mm wall thickness.The
magnetic diffusion time through the walls corresponds to
about 50 psec. This 1is fast enough for the penetratién of
external magnetic field, but long enough compared to the
beam and plasma duration, so that it acts as a flux
conserving conducting shell.The chamber is pumped by rotary
pumps and mneutral Hydrogen gas is fed in through a needle
valve to have a steady pressure of _ 100 mTorr.Nineteen
ports are available along the 1length of the chamber for

diagnostics purposes.
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2.2 Magnetic Field Configuration

The existing system of -magnetic field coils has been
suitably arranged to give a cusp magnetic field with the
field wuniform on either side of the cusp (figure 2.2).The
field coils are of 40 cm inner diameter placed around the
s.s. chamber and are energised by a 8.0 K Joule capacitor
bank. The current pulse passed through the <coils has a
quarter period of 2 msec producing a uniform field of value
about 1.35 gauss/Amp. The mnonadiabatic cusp field 1is
produced by reversing the direction of the current in the
first 3 coils of the magnetic field assembly.A 25 mm thick
mild 'steel annular plate of 14 cm inner diameter 1is
introduced between the two sets of coils,carrying currents
in the opposite directions in order to make the cusp

strongly non-adiabatic.

2.3 Relativistic Electron Beam Generator

The Dbasic principle for a long pulse relativistic
electron beam generator 1is illustréted in figure 2.3.1t
consists of a Marx generator for producing a high voltage
pulse of about l psec duration and a field emission diode
for produciﬁg the long pulse beam.The details of the major
constituents of the beam generator are described below.

2.3.1. Marx generator

The Dbasic principle involved 1is the transient series
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connection of a number of electrostatic energy storage
modules. The capacitors aré charged in parallel via the
charging resistor in the high .voltage leg of the circuit,
while the other side 1s connected to the ground via the
ground leg resistor chain.The Marx generator is erected by
triggering a series of air spark gaps.When this happens,the
low impedence spark gaps effectively connect the capacitors
in series.The net voltage achieved with the Marx circuit is

~equal to the charging voltage per stage times the number of

stages.
The Marx generator modified for the 1long pulse
operational mode consists of twenty O.4 PF, 50 KV

capacitors and two columns of copper sulphate solution with
40 Kilo Ohm resistance each used as charging resistors.A
variable 0-50 KV high voltage power supply is used for
charging the capacitors in the Marx generator.Twenty spark
gap switches are housed inside a common pressure sealed 1.5
meter long chamber. Each spark gap is made of  Dbrass
electrodes having a diameter equal to ZQ mm,while the
electrode gap is about 8 mm.A trigger generator in the form
of a sliding spark source is used to erect the Marx
Generator,

The Marx generator is connected directly on to a field
emission diode via an o0il transmission line.It consists of
a central cylindrical conductor of radius 2.5 cm and an
outer conductor of 15 em radius. 0il was used as the
dielectric because of its higher voltage holding

characteristics.
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Marx circuit analysis for the long pulse mode:

Figure 2.4 (a) gives -the equivalent circuit for the
long pulse generator.The capacitance and inductance of the
Marx are represented by CM and LM respectively and those of
the transmission line are represented by CT and LT.ZL =
load impedance and CL = load capacitance.

The Marx voltage rises 1in a few nsec,decided by‘the
switching time. Also a stable diode operation commences a

few nsec after the application of the high voltage [Parker

et al, 1974]. Hence for 0 < t < tysty = rise time,the load
can be taken as open., Effective stray capacitance,
C = C +C. = C. << C.,. So here the Marx acts as a constant

S T "L T M

voltage source of voltage VM (final Marx output voltage).
Figure 2.4 (b) gives the reduced equivalent circuilt.
The output voltage VS is given by
V. = v, sin(we), w=1/(L, ¢ 2.
S M T °S

The effective rise time of the Marx output voltage will be
decided by the above value or the Marx erection time,
whichever is longer.

After t = tl,the diode impedance becomes finite and the
capacitors start getting discharged. Here the current
flowing through the capacitors and inductances of the Marx
bank has to be considered.The reduced equivalent circuit is
shown in figure 2.4 (c).

Here two general situations arise -

1/2

(1) R. > 2 Z = (LM/CM) ,The Marx transient impedance

L M’ZM

The load voltage is given by

= a - - w 7
Vo= VR expl-R e/ (2L )] Sin h(We)/Z,



2.4 Equivalent cirtcult of the Marx generator.




2 = L, ‘ z‘ w
where Uﬁ = (RL /4LM - l/LM CM) & Zl LM )

(2) RL < ZZM

23 o) —-— : i w 7
HEIL,VL VMRchp( RLt/(ZLM)] Sin( 2t)/é2
. , 2 _ 2 2 = w
where wz = 1/LMCM RL /l+LM , & 22 LM )
For impedance matching, one goes for RL = ZM and so the

output will be given by (2).

The Marx inductance was determined by discharging it
into a resistive load consisting of a column of Copper
Sulphate solution.The current through the load was measured
using a fast Pearson current transformer.As the resistance
of the Copper Sulphate solution is difficult to be meas;red
exactly, it was taken as a parameter to be fitted besides
the inductance parameter.A best fit for the current profile

was obtained with R = 36.3 " and L = 7,55 pHenry. The

measurements and the fitted curves are shown in figure 2.5.

The effective capacitance of the erected
Marx = 0.02 pFarad. So the Marx transient impedance,
ZM Z19.4n, The inductance of the transmission
line =~ 0.013 MHenry and the capacitance :.0.56 n Farad.

Inclusion of the inductnace of the strips connecting the
Marx output to the transmission line,gives an effective

value of ¥ 0,62 MHenry to L, in the equivalent circuit.This

T

corresponds to a diode voltage rise time = 18 nsec.The
period of the diode current will be given by
2 2,1/2
T = v -
2T/ (1/L,Cy = R T/4LLT)

For the matched condition of RL = VLM/CM,the half period

~

T 1.4 psece

2.3.2. 0il vacuum interface:
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This is the 1insulation separatiﬁg the oil side of the
Marx and transmission line ffom the vacuum side of the
diode. Lt has to be suitably designed to avoid surface
voltage breakdown. The physics of the Dbreakdown is
ijllustrated wusing figure 2.6.For the configuration shown in
figure 2.6(a), any free welectron present between the high
voltage electrodes gets accelerated to the electrode of
positive polarity wundergoing minimum collision with the
insulator surface.But in the case of configuration shown in
figure 2.6(b), the initial free electron has to slide aiong
the insulator surface to reach the electrode of positive
polarity. This results in more electrons liberated from the
insulator surface,each of them colliding with the insulator
surface atoms and thereby enhancing the number of free
electrons. This eventually leads to an avalanche leading to
surface voltage breakdown.In order to have better breakdown
characteristics, the optimum angle between the normal to the
dielectric surface and the electric field on the vacuum
side has to be 45%°,In addition to the angle,the breakdown
electric field EF,depends on the insulator 1engtﬁ,9 and the
pulse duration T as, B, ot 1"0' > r_l/6 [Suzuki and Kato,
1984]., The above factors have to be considered while going
for the design of an oil vacuum interféce.ln the commonly
used diode assemblies,one makes use of either an interface
with axial gradings or a single radial insulator [Nation,
1979]. The first type would give higher diode inductance and

also 1is not suitable for the existing diode dimensions used

for produing a short pulse REB [Jain and John,1981].A
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single radial insulator was found quite inadequate for the
long ©pulse mode. SO We héve gone for -one with radial
[Suzuki and Kato, 1984]. From the reported data,

gradings
volt mwl; For our diode geometry
(inner radius = 3.5 cm,outer radius = 8.7 cm),the maximum
electric field for the peak Marx operating voltage of 500
KV gives = 160 KV cmnl.A choice of 9§ = 1 ecm for the spacing
between the gradings would roughly give a safety factor of
about 2 (ratio of breakdown field to the peak operating
field).The design 1s shown in figure 2.7.

During the operation of the field emission diode, the
Aluminium foil (anode) fragments were found to be getting
deposited at the interface.This was resulting in a surface
flashover after 2 oOT 3 shots.This problem was solved by
using a perspeXx plate between the interface and the anode
to stop the flow of the anode fragments.The position of the

plate is shown in figure 2.7.

2.3.3 Field emission diode:

This is the regilon where the electrical energy is
finally converted O particle energy.The diode consists of
an annular graphite cathode of average radius = 2 cm and a
radial width of about 3 mm,and a 6 pm Aluminium foil anode.
The foil gets ‘punctured after each shot of REB.A gear
operated foil changer was used for changing the foil after
each shot without having to break the vacuum [Jain and John,

1981]. The existing foil ~changer was modified so as toO

provide isolation Dbetween the experimental regilon (~100

4

mTorzt) and the vacuum side ( ~ 107 Torr) of the diode

A

S
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region, with the foil in its strethed position.The diode
region was pumped using a separate diffusion pump.

The mechanism associated wi?h electron beam generation
in field emission diodes is failrly well understood [Yonas,
1974]. Upon application of the electric field,microscopic
projections on the cathode are heated by ohmic currents and
after a few nanoseconds,the projections vaporise forming a
plasma sheath which emits electrons copiously.The diode
current satisfies the Child-Langmuir relation for the
geometry as long as the current is less than the cfitical
value for self-pinching given by IC = 8500 PVRC/d Amps
(Cilark & TLinke, 1971), where,RC is the cathode radius,d is
the anode-cathode separation, P 1is the ratio of electron
velocity to ¢ and ¥ is the relativistic mass factor.

For our case,lc =~ 12 KA,and the maximum diode current =

6 KA. So the diode impedance is given by the Child-Langmuir

relation, Z; = l36[do—S(t)]2/[Vl/2(R02~R12] in ohm,(Kirstein
et al, 1967; Parker et al, 1974),do = initial anode-cathode
spacing} S(t) = relative distance moved by the cathode/anode

plasma leading to effective reduction of theAanode—cathode
spacingy V is diode wvoltage in MV;Ro and Ri are the outer
and inner cathode radii respectively.

A measurement of the diode voltage and current enables
one to calculate the diode impedance which gives
information regarding the diode closure.The measurement of
diode <voltage was done wusing a resistive divider ana of
diode current wusing Rogowski coil encircling the cathode

shaft. The measured voltage after correcting for the
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inductance at the diode side, was used for coﬁputing the
diode imbédance.The tracesvof diode voltage and current are
shown in figure 2.8. In the first 200 nsec,diode voltage
signal shows large oscillations.-This is partly due to
measurement bproblem and partly because the diode formation
time 1s a few nsec after the appearanée of the high voltage
[Yonas, 1974]. The plots of diode impedance and (ZD Vl/z)l/2
vs. time are shown in figure 2.9.,A best fit was obtained for
S(t) = do(l-e_“t),with & = 0.0031/nsec.The plasma velocity
u(t) = o doendt.At t=0,u(0) = 4 cm/psec. ‘

Friedman and Ury (1972) reports a constant plasma
velocity of = 5 cm/psec for their long pulse electron beam.
The exponential decrease of the plasma velocity in our case
can be explained to be because of the effect of the self Be
field, which becomes prominent as the critical current for
self~pinching 1is approached (Creedon et al,1973).There is
experimental evidence that the relative ©plasma velocity

goes to zero for currents exceeding this critical current

(Cooperstein '‘and Condon,1975).,

2.4 Diagnostics

Being a pulsed experiment, fast response diagnostics
were used to monitor the different experimental parameters,
Two current sources were used for calibrating most of the
diagnostic elements. One of them was a 100 nsec,40 Amps

current pulse (for fast response) generated by a co-axial

cable pulse-forming line terminated with a matched load.The
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other ‘was a LC pulse forming network giving 1 yséc,SO Amps

current pulse (for slow response).Details of the various

diagnostics used in the present experiment are described

below.

2.4.,1, Voltage divider:

The diode voltage, which gives the beam energy,was
measured using a linear resistive voltage divider given in
figure 2.10. The wvoltage monitor consists of three copper
electrodes, placed in a perspex container filled with Copper

Sulphate solution. The total resistance of the column is

about 1 K Ohm. The voltage divider was calibrated using a

1 psec high voltage pulse.

2.4.2. Rogowski coil:

The diode current and the net beam current were

measured using self—integrateﬁ Rogowskii coils.A Rogowski

coil mounted over the cathode shank was used to measure the
diode current. The Rogowski coil was made from copper

windings, mounted inside perspex enclosures.The two ends of

the coil were connected by a short wire of negligible

resistance and inductance.The current through the wire was

measured using a current transformer (figure 2.11).

2.4,3, Faraday cup:

A Faraday cup of 3 cm diameter was used to determine
the relativistic electron beam loss at the cusp.The cup was
made of Aluminium having an opening of 3 c¢cm diameter and
has a graphite disc as the <collector.The collector was
connected to ground wusing a low inductance path and the

current flowing through it was measured using a current
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transformer (figure 2.12). The cup was covered by 6 pm
Aluminium foil to prevenf the plasma particles from getting
collected. The d1naccuracy in absolute current measurements
by ;he Faraday cup can occur due to secondary emission from
the cup and reflection of the relativistic electron beam
from the collector.The secondary emission co-efficient for
graphite 1is less than 3% (Bruning,1954) and any current
generated by the secondary emission will be opposed by the
relativistic ielectron beam and hence this »effect is
insignificant.

2.4.4, Miniature Faraday cup:

This was used for measuring the radial profile of the
beam current density.at various axial locations.The cup is
shown in figure 2.13.The cup is made of Aluminium with 8 mm
opening and has a graphite disc as collector.The cup was
covered by 6 pm Aluminium foil to cut off the plasma
particles. The output from the cup was taken through a
stainless steel tube and connected to a BNC connector.
Measurement of the collected current was done as for the
bigger cup.The stainless steel tube passes through a vacuum
feedthrough and can be moved radially in and out.At each
axial 1location,the cup was moved radially from shot to shot
to get the beam current density profile.The shots for each
r and z were repeated 2 to 3 times for statistics.

2.4.5., Miniature Faraday cup array:

This was used for getting the axial profile of the cusp
loss and is shown in figure 2,14.It consists of ten 8 mm.

diameter graphite discs placed in the cavities made in a
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‘perspex rod. The whole structure is covered by 6 pm
Aluminium foil. The outputs from the collectors were taken
through a 8 mm. diameter copper tube,which passes through a
vacuum feedthrough. The outputs from the individual
collectors were connected to BNC connectors assembled on an
Aluminium box.For measuring the cusp loss profile,the array
was mounted at a radial distance of about 7 cm (just
touching the 1inner surface of the mild steel annular plate
of the cusp5,,with the cﬁp openings facing the axis.The
output currents from the cups were measured as for the
miniature Faraday cup and the bigger Faraday cup.

2.4.,6, Magnetic probe array:

Mapping of the Dbeam self magnetic field as a function
of radius for different axial locations was done using an
array of magnetic probes shown in figure 2.15.,In such a
probe, the <change in the magnetic flux threading the probe
produces an induced voltage given by Vin = NA dB/dt,where N
is the number of turns of the magnetic probe,A its cross
sectional area and B the magnetic field.When the voltage is
integrated with a passive RC integrator,the oufput voltage
is given by, Vout = NAB/RC,giving a direct measure of the
magnetic field,

Each probe <consisted of a pair of coaxial coils of
length about 6 mm. and diameter about 8 mm. having 10 turns
of thin copper wire. One end of each coil was grounded in
such a manner that when one of the coils gives a positive

output, the other gives a mnegative output.Both the coils

were terminated by a 50 4. resistor and the signals were
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integrated wusing a passive RC integrator.The integrated
outputs from a pair were substracted from each other at the
oscilloscope 50 that the electromagnetic noise gets
nullified while the signals gets doubled.All the probes
were wound on a single perspex tube and the outputs taken
through a copper tube to the BNC connectors.The probe array
could ©be moved radially to get the radial dependence of the
self-magnetic field.

2.4.,7. Diamagnetic loop:

A diamagnetic loop encircling the beam plasma region
measures the change in the magnetic flux created by'the
beam passage, without perturbing the beam.Figure 2.16 shows
the construction of a typical diamagnetic loop. The
diamagnetic loops were fabricated wusing 5 turns of thin
teflon coated wire wound inside a copper tube of 8 cm inner
diameter. The copper tube served as an electrostatic shield
with a poloidal cut so as to preclude the formation of eddy
currents, which would otherwise oppose the peneteration of
the change in flux into the loop windings.The output of the
loops were terminated with a 50 9 resistor and the signals
integrated by a passive RC integrator at the oscilloscope.,

2.4.8. Wall probe:

This was used to measure the potential due to the net
charge in the system (beam and plasma).lt consisted of 1.5
cm  diameter copper disc mounted flush with the wall as
shown in figure 2.17., The potential due to the net beam
charge, charges wup the beam wall capacitor.The current in

the wall probe circuit,corresponding to the charge acquired
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by the beam~wall probe_capacitor,giﬁes a measurement of the
net beam poteﬁtial.

The calibration of the wall probe was done by applying

a voltage pulse of about 25 nsec rise time,50 nsec duration
and 2 KV peak value between a centrally placed cylinder and
the wall., Cylinders of different outer diameter from 4.5 cm
to 11 c¢cm were used.The 1.5 cm diameter copper disc of the
wall probe was connected to the ground through a
50 n resistor. The output across the 50 - resistor was
recorded on a storage oscilloscope.From the oscilloscope
trace, the current through the wall probe circuit was
integrated to get the charge stored in the beam-wall probe
capacitor (Here the beam is simulated by the «central
cylinder)., Knowing the applied potential difference, the
beam-wall probe capacitance could be evaluated. The
capacitance was seen to have the same radial dependence as
for the co-axial geomgtry and is given by, c =
TT&dZ/(4rwln(rw/ro)), d = diameter of the probe,rw = wall

radius and ro i1s the beam outer radius.



CHAPTER IIXII

CHARGE NEUTRALISATION PHASE

3.1 Introduction

in order to have a propagating relativistic electron

beam carrying a current more than the space charge limiting

current, it 1is required to charge neutralise it by injecting

it into a plasma or neutral gas.For a beam in jected into

neutral gas, the gas is ionised by the beam,The plasma

electrons so formed get removed from the system guided by

the beam self fields, providing charge neutralisation for

the beam and this constitutes the charge neutralisation

phase. Here the Dbeam propagation characteristics will be

under the influence of self electric fields.This chapter

deals  with a study of charge neutralisation processes for a

rotating relativistic electron beam [Vijaya Sankar & John,

in press], relevant in the context of formation of field

reversed configuration, collective ion acceleration etc.The

charge neutralisation factor, which gives the net beam

charge, has been estimated from beam potential measurements.

The charge neutralisation factor as a function of the beamn

and external parameters 1is of importance in understanding

the self electric field effects on the beam propagation.



3.,2. Experimental Set Up

The experimental system has been described in Chapter

II1. The experimental region contained Hydrogen gas in the

pressure regime 50 mTorr to 250 mTorr in the steady state.,

The peak beam energy = 200 KeV with a duration of = 800

nsec and carrying a peak current ~ 3 KA.The diagnostics

consisted of wall probes and Rogowskil coils.

3.3 Experimental Results

The voltage waveforms from the wall probes

corresponding to the current collected by the beam-wall

probe capacitor were displayed on storage oscilloscopes.The

oscilloscope traces were manually digitised and integrated

to get the time profile of the charge stored 1in the

capacitor, Figures 3.1 and 3.2 correspond to typical

oscilloscope traces and their time integrated profiles.

Figure 3.1(a) and 3.2(a) correspond to pressures above 150

mTorr and a magnetic field (Bo = 500 gauss).Here it was

seen that 4in the first 30 mnsec, the begm wall probe

capacitor gets charged up driving @& current in the negative

direction, corresponding to a negative potential difference

appearing across the capacitor.The RC time constant of the

circuit is in the psec range and is much less than the

charging time. So the wall probe sees the instantaneous

potential. When the beam potential starts decreasing,the

charge stored in the capacitor decays driving the current

in the positive direction.The current finally goes to zero

R

D e e R
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3.1 Typical oscilloscope traces from the wall probe.
(a) Pressures above 150 mTorr and B, around 500 gauss.

(b) Pressures below 150 mTorr and BO around 300 gauss.
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when the potential goes to zero.It was seen‘from'the trace
that .tﬁe current pulse osclillates in time before goilng to
zero, corresponding to an oscillatory part in the decaying
phase of the beam potential.The amplitude of oscillation
decreases in time,roughly inversely proportional to time as
has also Dbeen reported in the numerical simulation work of
Godfrey (1977 and 1979).Similar oscillations are also seen
in another experiment with laminar beam [Arutyunyan et al,
1983)]. Atteémpts to measure the axial phase velocity of the
oscillation by the time of flight was not suécessful,
indicating a very high phase velocity (comparable to beam
velocity) making the time of flight measurement difficult
within experimental error. These oscillations may be of
importance in the context of collec£ive ioﬁ acceleration
[Sloan and Dummond, 1973], whereby ions trapped in the
potential well of the waves get accelerated as the wave
propagates.

Figures 3.1(b) and 3.2(b) correspond to pressures below
150 mTorr and intermediate magnetic fields (BO = 300 gauss).
It was seen that at lower pressures,a step iike rise in the
potential develops. The potential first rises steadily for
about 30 nsec, the 7rate of rise then slows down,and then
again increases at a faster rate till the peak is attained.
Also it was seen that with increase in the magnetic fiéld,
the first step increases,corresponding to a faster rate of
rise of potential. The second step decreases with increase
in magnetic field and corresponds to a decrease in the rate

of rise of potential in the later phase.The magnetic field
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dependencer can be attfibuted to the difference in the
ionisation mechanism with éxternal magnetic field and is
discussed in section 3.6.

Figures 3.3 to 3.7 correspond to dependence of the beam
potential with external parameters like external magnetic
field (BO),axial distance from the cusp (D),and neutral gas
pressure (P).These results are discussed in section 3.6.The
values of the beam potential plotted correspond to the
absolute value. Figures 3.3 and 3.4 give the dependence on
Bo. It was seen that the peak charge stored in the beam-wall
probe capacitor increases with BO for BO'= 50 to 200 gauss.
Above 200 gauss,it starts to decrease indicating a critical
magnetic field around 200 gauss for charge neutralisation
process. It was seen that the observed charge stored in the
capacitor was more at zero field than that at 50 gauss and
100 gauss.This together with the observation of increase of
potential for BO > 300 gauss can be related to the change
in the beam outer radius with Bo,discussed in section 3.6.
Figure 3.5 gives the time evolution of the charge stored in
the probe capacitor as a function of distance.It was seen
that at around 15 nsec,the peak negative potential appears
at around D=80 cm. With increase 1in time, the peak in
potential shifts to = 60 c¢cm.This indicates a faster rate of
loss of secohdary electrons from the region between D=60 cm
and the far end -wall (D=160 c¢m). The peak potential is
attained in about 30 nsec. Thereafter the potential
structure starts to collapse,not shown in the figure.Figure

3.6 gives the axial variation for different values of BO

R
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3.

CHARGE STORED IN THE BEAM-WALL PROBE
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3.6 Axial variation of the peak charge stored in the beam wall
probe capacitor for different values of external magnetic field.
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(BO = ZOO-to 500 gauss).qu all BO Qalues,the charge>stbred
in the probe capacitor shows more or less the same type of
axlal decay for D > 60 cm.But for D < 60 cm,at Bo = 200
gauss, the rate of axial decay of the stored charge was seen
to be faster, Figure 3.7 gives‘the time in which the peak

charge 1is attained ( ) as a function of pressure.

Tpeak

was seen to decrease with P as expected.
peak

3.4 Model for Numerical Calculation

The plasma electron trajectory calculations were done
using fourth order Runge-Kutta method with the external
field and self fields (modelled based on measurements)
present. This was done to estimate the escape time of the
plasma electrons to the walls,an useful parameter for the
charge neutralisation process.The beam of inner radius T,
and outer radius T, was assumed to have constant density.
The beam and the outer conducting wall of radius ro form an
axisymmetric coaxial system.Here,it is necessary to make an
estimate of the stability of the beam with regard to the
usually observed instabilities like diocotron and
filamentation. For magnetic fields above 200 gauss and
background pressure above 150 mTorr,where the beam was seen
to have radial equilibrium,the outer beam radius was 5.5 to
12 c¢m and ‘the inner radlus was 1.0 to 4.5 cm.For these
cases, the beam is stable to the diocotron instability for a
hollow beam (Kapetanakos et al,1973),even for the case of
zero charge neutralisation. The magnetic field required to

stabilize filamentation instability for the case of zero
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charge and current neutralisation is given by (Davidson

et al,1975) ,as

B (gauss) > 3.21x10~6n 1/2 [2-v 2/02]1/2
0 b . z
ny o= beam density in m .
The peak beam potential occurs at around 30 nsec and here
our beam density _ lO15 m~3.This gives the magnetic field

required for stability to be greater than 153 gauss.So for
our case of charge neutralisation factor greater than éero
and BO > 200 gauss,the beam is stable to the diocotrQn and
filamentation instabilities.

The electrostatic potential can be written as,®P(r,z,t) =
A f(r) £(z) f(t).

A = —I(l~fe)ln(rw/ro)/(27‘va) and corresponds to the
measured peak beam potential. Here I0 = beam current,fe =
charge mneutralisation factor and v, = beam axial velocity.
Form of £(r), appropriate to beaﬁ of length much greater
than the radius,was taken,and is given by

[ 2 . 2, 2 . ,
r [1+21n(rw/ro)-~ri /rO x(l+21n(rw/ri))],0 r&r

2 (12 1‘.1 )

i

2 2

. - ) . .2 2
f(r) = o [l+2ln(rw/ro) r /rO Zri

2(v2-r2)

N

) .
/rO xln(rw/r)],ri r

ln(rw/r),ro rgr

SO

(The above form is valid in the central region of the

\

chamber, away from the end walls).Based on the dependence
of ¢ vs. axial distance,
1-1€0.6~2)/2_17,-0.2 < 2z < 0.6,2,= 0.8
f(z) = n
l—[(z~0.6)/zo] ,0.6 <z < 1.6,z,= 1.0

The distances are in meter, with the cusp centre as the



A

origin. . (z=0).(z = —O.2vm corfespondé to the anode,z = 1.6 m
corresponds to position of the far end wall and z = 0.6 m
corresponds to the region where the measured potential was
maximum). The measured dependence of ¢ VS . time can be
approximated as,

w("t/r)z,o £t T
flor=1-1e-1)/ T 1%, T e ¢ (T+ T))

O,t > (T + 'Cl)

T

n

30 nsec and Zi = 20 nsec.The electrostatic components

of the electric field are given by,

oY
E = = 23 ; E = - H E =0
r v z vz e

The inductive components of the electric field are given by,

i . o8
Ezlnd =.f ( —})dr

2t
E ind. _ 1/r Jx( %'B-:)dr

(=]

as given for an infinitely long electron beam (axial

dependence ignored). The self magneticbfields were modelled

as,

0, 0§ rgr,

2 2 2 2
By =~ Bl(t) ((r-r ")/ (2(r "-r,")),r; (v <x

2T
1/r’ r \< r\< r
1, 0 £ r (K r,
B, = Rl(t)v 1—(r—ri)/rs,ri rgr,
T, +7;) vy
1 (ro ri)/rs,rO £r < r

r =1 (l-r 2/3r 2),for flux conservation.
s o o w

I(t), the beam current = Iot/ CR’tﬁ beam current rise time

= 500 nsec,IO = peak beam current = 3 KA.Ve and v, are the
beam azimuthal and axial velcocities respectively.The above

model for the self fields 1is quite approximate,but was
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helpful_ in getting some wuseful information,given in the
next section.

In the actual experimental situation,in the presence of
the self fields, the beam electrons execute large radial
oscillations. Correspondingly, the beam density will be
larger at the inner radius than at the outer as has been
seen in the experimental measurement of the radial profile
of the beam density (Chapter IV).So the bgam density can be

assumed to be given by the simple model,

o, 0 £ ¥ K r.

- [(r-r )/ (x = 12,0, v &y

0, r Lrr

(0] w

n,o= peak beam density at any given instant of time.The
self fields Dbased on this model were used for evaluating
the radial oscillation of the beam electrons and the field
energy at any given instant of time.,Here since it involves
solving the radial equation of motion over one radial
oscillation period of the beam electron (much less than the
field rise time),the fields were assumed to be static.Alsb
the beam was assumed to be of infinité extent (axial
dependence ignored).The net axial magnetic field during the

charge neutralisation phase is nearly equal to the external

field.The relevant self fields,Er and B9 are given by,

Er = -I(1~fe)f(r)/(2 Eovzro)
By = = MI £(r)/(2Tr )
2 2 2 3 4 4
£ = 6ro (r -y )(r0+2ri)+ro(8rir -3r ~5ri )

2 2 2
r(ro—ri) (3rO -5r, +2riro)

The external cusp field was modelled as,
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B, =_~B0tanh(z/TH)

B = rBosecHZ(z/Rﬂ)/ZK

Bo = magnetic field value in the uniform field region, &

defines the cusp width and is = 3 Cm,.

3.5 Calculations

3.5.1. Estimation of the charge neutralisation factor

from the measurement of beamn potential

The ©potential difference between the beam of outer
radius r and the wall probe is given by,
~I(1l-£f )in(r /r ) :
¢ = ° v ) Yi &< Yo = (1)
ZWEQVZ

i

v

2 dverage axial velocity of the beam,

Capacitance of the beam wall probe system is given by,

2
C':4 d - (2)
rwln(rw/r )
o
d = diameter of the probe.

Charge stored in the beam-wall probe capacitor,

2
= A C = o - - 3
Q $xc I(1-£ )d"/(8x v ) (3)
The conservation of canonical angular momen tum gives,
B 2, 2
Ve = eB (r_“+r )/ (2m ¥ r) ~ (4)
assuming Vo T 0, at the injection plane (at the anode).

(During the time in which the self electric fields peak,the
beam energy = 200 KeV and the mean scattering angle by the
Aluminium foil anode is less than 20° [Birkhoff,1958]

An  estimation of the wvariation of v, and ¥ over the

radial extent of the beam was obtained in the following way.
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-The radial equation of motion was solved for the beam
electrons with the self fields Er and Be taken as

E = E 0f(r) and B, = Beof(r)’Ero and Beo being given by

r r

U = 1 M.V, m”1 and B = 10 gauss,being the order ol
ro ®0

magnitude of the fields present in- the system.The beam

radili were determined iteratively.The percentage variation
of v, was < 5% and of ¥ < 2%.So,
[1-(v,*(average)+v 2(x ))/e21712 = y(average)

2

2 Tw 2 '
( Yin - 7 )moc /e = vZ/I Df (EOEr +Be'/2Ho)21Trdr

o aVv
While evaluating the field energy,it was assumed that r, <<
T,» a@s a simplification.Using equations 3,4,5 and 6,a fourth
order algebraic equation was obtained for fe' This was

solved numerically. The estimated values of fe are given in

table 3.1, It was seen that fe increases with external

It

magnetic field (for Bo 200 to 500 gauss).This is a
consequence of the ionisation mechanism to be discussed in
the subsection 3.5.3,

3.5.2, Radial extent of the beam column ;

The fadial forces acting on a beam electron are ‘the
following =~ (1) outward forces due to (a) the eEr component
of the electrostapic force;(b) the centrifugal force,mva /r
and (2) inward forces due to (a) e(vz X Be);(b) e(ve X
Bz(:Bo))' From the conservation of canonical angular
momen tum,

v, = eB (r “4r?)/(2m ¥ 1)
e 0 "¢ 0
The net force from the terms containing Vo is thus given by,
F(ve) = —ezBOZ(r4—rC4)/(4moa’r3)

To start with, eEr~e(VZXBe) causes r to change from the




TABLE 3.1

B T 1. Field
0 o i

energy

(gauss) (cm) (em) (KeV)
200 12.0 4,4 71.5
300 9.5 0.9 17.6
400 7.0 0.85 11.0
500 5.5 0.96 10.0
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‘initial wvalue of ros the.cathode rédius.Now F(vg) # 0 and
acts as ar restoring force.This will result in the radial
oscillation of the beam . electrong about an equilibrium
radius, provided it exists.For an uniform beam,radial force

balance gives the condition for existence of an equilibrium

radius as,

2 2 2
- - - W w
fe > 1 (vz/c) c /2 ,
w, = eBO/mOX yls the cyclotron frequency,and
2 1/2
uﬁ:[noe /ZEomO] »1s the beam plasma frequency.
For a non-rotating beam (v0 = 0),the condition reduces to
fe = l——(vz/c)2 [Miller,1982).For Ve # O,equilibrium radial
oscillations become possible for wunneutralised beam,

provided, u22/2 WPZ > 1—(vz/c)2.So a rotating beam reduces
the restriction on fe. For our case, this condition 1is
satisfied for Bo > 100 gauss.,.

Now for a given value of r and ¥ ,the initial restoring
force, F(ve) o BOZ.SO higher Bo values will make the radial
extent of the beam smaller.This was seen in the damage on
the radiochromic film exposed to the beam.The radial extent
of the beam was obtained by integrating the radiél equation
of motion.The values of r and r, are given in table 3,1.71t
was seen that the beam electrons execute large radial
Oscillations of extent 5 to 8 cm.These are much larger than
that due to finite cusp width (< 1 ecm) [Rhee and Destler,
1974]. The oscillations result in an increase in the
thickness of the beam.The radial width of the beam at the

in jection point is = 0.4 cm.

3.5.3. Model for ionisation pProcess:
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Based on the model given by Olson (1975),the rate of

production of ions and electrons is given by,

$ ' ) $
an,; (¢) = M ,lg(t)
ot Te te
K) $ 3
ome () _ Mmoo ) L omg (@)
ot Te te T
£,() = [0, %(t) - n_®(e))/n, (1)
e i e b
nise secondary ion (electron density), Dy o= primary
H
electron beam density, Z; = lonisation time by the primary
electrons, te = electron avalanche time and ts = secondary

electron escape time.Here ion avalanche is not included as
the potential well formed is not of sufficient depth to
accelerate ions to ionising energy. Roughly, electron
avalanche can be said to occur when the mean free path for
ionising collisions is less than the escape distance to the
wall for the secondary electrons.Accordingly,one can define
two modes of ionisation determined by the value of ts.
I. Avalanche absent,
fe(t) = t/2 Z‘e - tsz[exp(-—t/ts) - 1 + t/ts] Z"et
for ts << T;,fe(t) = t/ZZ;. Zé = 5/Pressure (Torr) nsec for
Hydrogen. ‘
2.Avalanche present (faster rate of charge neutralisation),
£ (1) = Z'z[(exp(-t/T)-—l)te/(ts—te)~t/ts+t2/2Tts]/ Tt
where,1/T = l/tS - l/te.

External magnetic field plays a dominant role 1in
.altering the wvalue of tS and hence in determining the mode
of ionisation. This can be seen by examining the Larmor

radius of an escaping secondary electron.In the absence of

an axial magnetic field, the plasma electrons will escape




- 52-
primarily radially. The. average energy of a secondary
electron escaping radially correspond to the average
potential within the system (averaged over the radius)

® = ¢(ro)[l+22r0/15rw]/ln(rw/ro),for ry << r
Now when a magnetic field is applied,the Larmor radius (rL
o}

= vl/hte) decreases. A plasma electron at r can be

considered to be lost to the radial wall if r > (rw~r0)-

L
The peak observed potential correspond to 30 KV.For lower
values of BO, r > 10 cm.For these parameters,it is seen
that for BO < 150 gauss,r > 5 cm.So for Bo > 150 gauss, the
plasma electrons start to get lost to the axial wall.
Evaluation of the trajectory of a plasma electron,produced
in  the central region of the chamber at around 25 nsec,was
done wusing the model described in the last section.It was
found that as Bo was increased from 50 gauss to 110 gauss,
the value of te increased from 1.6 nsec to 2.2 nsec.For BO
> 110 gauss,plasma electrons were seen to be moving more in
the axial direction.The value of tS becomes = 10 nsec at Bo
= 200 gauss, and the radial extent of the motion was less
than 2 c¢m. In this context, one can define a critical
magnetic field, above which,magnetic insulation is provided
to the plasma electrons against radial 1loss, Here, this
critical field = 200 gauss.The increase in tS with BO upto

B
o

it

200 gauss, would correspond to a decrease in fe with
increase in Bo for Bo = 0 to 200 gauss.

Above 200 gauss,a different mechanism sets in changing
the mode of ionisation from avalanche absent to avalanche

present. As a consequence of the reduction in the beam outer

b
i
pl
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radius with increase in Bo’ the axial inductive electric
field increases. It increases by a factor of 2 from 0.8
KV m~l to 1.6 KV m“l ‘as Bo is increased from 200 to 500
gauss. 1t causes a reduction in the net axial electric field
in the region between the central region (region of peak
potential) ana the far end wall.Here the escape distance to
the far end wall for a secondary electron = |l m.It was seen
in the trajectory evaluation of a plasma electron that ts
increases from 10 nsec to about 35 nsec as BO is increased

from 200 to 500 gauss. So here,the average energy of an

escaping plasma electron decreases.The mean free path for

electron impact ionisation is given by, N = (PS)—l cm,
[Olson, 1975;Riek and Prepejchal,l1972],where P = pressure in
Torr and S = electron 1ion pair created per cm per Torr.
Accordingly, A decreases from about 90 cm (BO = 200 gauss)
to about 15 cm.(BO = 500 gauss).Reduction of A below the

secondary electron escape distance, for Bo > 200 gauss,
causes avalanche Dbreakdown to set din.This increases the
rate of production of plasma.So for a given value of ts,the
rate of loss of secondary electrons increases, thereby
increasing fe. Based on Townsend avalanche breakdown

mechanism [Alston,1969],electron avalanche time,te = A /Ve,

]

A%

. plasma electron velocity.For BO = 500 gauss,it gives

t. = 5 nsec. The values of the effective avalanche time,

corresponding to the estimated values of fe at D = 60 cm,
were calculated wusing the equation for fe given earlier,
These are given in table 3.1.It was seen that the value of

t ~varies from 6 to 9 nsec.These are roughly equal to the
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values based on Townsend breakdown mechanism.

3.6 Discussion and Comparison with Other Experiments

Charge neutralisation factor (fe) has not been measured
either directly or indirectly in any of the earlier
experiments. In the experiments of Smith et al (1986),fe was
calculated wusing a simple model assuming only electron
impact ionisation by the beam electrons to be present.They
have correlated the beam propagation efficiency with the
calculated wvalue of fe. In the present experiments,fe was
estimated from a measurement of the beam potential,

3.6.1. Dependence on external magnetic field:

The variation of the peak charge stored in the
beam-wall probe capacitor as a function of external
magnetic field (Bo) is shown in figure 3.3 for D = 60 cm

from the <cusp. The figure indicates an increase in the net
beam potential as Bo is increased from 50 to 200 gauss.This
is so Dbecause the value of fe decreases as BO is increased
from 50 to 200 gauss,as discussed in the previous section,
The observed higher values at BO = 0 can be due to lack of

beam equilibrium.

For BO > 200 gauss, the peak charge shows a decrease
with increase in B0 for B; less than the critical field for
cusp cut off (= 825 gauss).Also from the plot of the time
evolution of the peak <charge for Bo = 200 gauss (figure
3.5), it was seen that the region of the peak potential

shifts away from the far end wall,with increase in time,

There are indications of the role of the inductive axial

ik
t,v.}
[P
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electric field in changing_ the mode of ionisation from
avalanche absent to avalanche ‘present,discussed earlier.
Here fe increases with BO and hence the decrease in the
peak charge. With increase in time,inductive electric field
increases. This causes avalanche to set 1in between the
central region and the far end wall,with increase in time.
Avalanche causes an enhancement in the rate of production
of secondaries and so for a given value of ts,produces an
increase in fe' This results in the observed asymmetry in
the axial potential structure around 30 nsec.

From figure 3.4, it 1is seen that the beam potential
increases with Bo for BO > 300 gauss,Here fe increases from
0.24 to about 0.78 as BO is increased from 200 to 500 gauss.
fe remains around 0.7 for BO = 400 gauss and 500 gauss.But
the value of r decreases with increase in BO.This is the
main cause for the increase in potential for BO > 300 gauss,
The contribution from the axial slowing down of the beam
due to rotation will become significant only when BO
approaches the critical field for «cusp cut off. The
reduction in v, due to rotation as Bo is increased from 200
to 500 gauss is only 157%.

In the context of «collective ion acceleration using
rotating REB [Roberson et al, 1976], it was seen that the
relative yield of ioms increases with BO for Bo > 800 gauss,
till the critical field for cusp cut off.As BO approaches
the critical field for magnetic insulation against radial
loss of secondary electrons, it has been shown in the

present study that fe decreases with BO.This can result in
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the potential well getting well definea resulting in higher
yield of ions with increase in Bo;

In the present study,it was observed that the values of
Bo > 200 gauss provide magnetic insulation against radial
loss for the plasma electrons. In the region betwéen the
central region of the chamber and the far end wall,these
plasma electrons were essentially found to move in the
direction of the beam.A related phenomenon was observed in
the experiments of Wachtel and Safran (1974) and Kouichi
Ono (1979),where they have observed an amplification in the
beam current due to plasma electron flow parallel to the
beam current.

3.6.2. Dependence on axial dependence from the cusp:

Plasma electrons near the end wall get lost faster than
that in the <central region. So for a given Dbreakdown
mechanism, the value of fe increases as the end wall is
approached. This accounts for the observed decrease in the
peak charge stored in the probe capacitor for D > 60 cm,
shown in figure 3.6.At the cusp plane,there is a mild steel
annular disc of opening = 14 cm in diameter.So for lower
magnetic fields,the outer beam radius being larger,there is
an easier and faster loss mechanism for the plasma
electrons and causes the peak charge in the capacitor to be
lesser as the cusp wall is approached.But for higher fields,
as the beam outer radius is smaller,the loss is mostly to
the anode wall. So, this would not result in a drastic

reduction in the beam potential as the cusp wall 1s

approached.



3.6.3. Pressure dependence:

The time din which the peak potential 1is attained

Tpeak) as a function of pressure is shown in figure 3.7

for an external magnetic field of 200 gauss.Ilt was seen

that Tpeak decreases with pressure, foughly inversely

proportional to pressure. From the expression given for fe

given in section 3.5,it is seen that for t << T , T =
s e’ peak

5/P(Torr) nsec, A best fit to the experimental data

corresponded to T%eak = 5,94/P(Torr) nsec.,With increase in

pressure, corresponding to higher neutral gas density,the
plasma density increases for a given ionisation mechanism
(here it corresponds to electron impact ionisation by the
primary beam electrons). So for a given value of ts,the
number of electrons removed from the system increases with
pressure,thereby reducing the value of Tbeak’

At lower pressures,with increase in the magnetic field,
the initial rate of rise of the charge stored in the probe
capacitor was seen to be faster.This can be due to decrease
in fe with BO and here avalanche,discussed in section 3.5
does mnot seem to be contributing in the early time scales
(< 20 nsec). But for time greater than 30 nsec,the rate of
lncrease of the stored charge decreases for Bo > 200 gauss,
possibly corresponding to the setting in of electron
avalanche,

In the experiments reported so far,the REB transmission
efficiency was found to increase with ©pressure for
pressures less than a few hundred mTorr.In the experiments

of Genuario et al (1974), oscillations were seen in the
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transmitted current, believed to be Langmuir oscillations.,
Andrews et al (1971(h)Jhad observed periodicities in the
light intensity of the béam,in the microwave activity and
in the net beam current. The wavelength of these
periodicities was found to be inversely proportional to the
gas pressure. These have been considered to be due to some
instabilities in the ionisation-neutralisation of the beam
in the gas. The beam potential was found to be oscillatory
in the experiments of Arutyunyan et al (1983). In ‘the
present study also oscillations were seen in the beam
potential for pressures above 150 mTorr,with the amplitude
of oscillation decreasing in time roughly inversely
proportional to time.Similar time behaviour was reported in
the numerical simulation by Godfrey (1977 and 1979).

Various possibilities exist for the oscillations seen
in the present study.Essentially this has to be due to some
perturbations in the beam and plasma densities.One of the
possibilities is that of the perturbation propagating with
the beam velocity (~108m sec_l).This would give rise to a
period of oscillation of the order of 0.1 nsec.(Probe
dimension = 1,5 cm and axial resolution is of the order of
the probe dimension). But the observed period is much more
(% 40 nsec). This indicates an axial wvelocity for the
perturbations of the order of 106 m sec_l. So a time of
flight measurement using the wall probes should have given
a delay of the order of 1 psec over a distance of 1 m.But
the time of flight measurements did not yield any

appreciable delay within the experimental error (= 4 nsec).
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Another possibility is an éxially in&ependent perturbation.
This «can arise due to some coﬁerent radial oscillation of
the <charge density.But it has not been possible to identify
the exact cause leading to the observed potential
oscillations.

In the experiments of Smith et al (1986),optimum beam
transport was observed at about 80 mTorr for Nitrogen and
Argon gases used by them. Here, as well as in other
experiments reported so fav,the charge neutralisation time
is more than the beam rise time for low pressures ( a few
tens of mTorr).For the case where the plasma electrons are
confined against radial loss by the external field or self
Be field of the beam,the inductive axial electric field has
been seen, in the present study, to influence the charge
neutralisation process. So for beams with charge
neutralisation time greater than the beam current rise time,
the charge neutralisation process become complicated due to

the change in the direction of inductive electric field,



CHAPTER 1V

EFFECT OF SELF MAGNETIC FIELDS ON REB DYNAMICS

4.1 Introduction

Based on single particle description,an electron beam
approaching a cusp magnetic field with velocity in the
axial direction will have electrons encircling the axis
after crossing the cusp [Schmidt, 1962].The parallel and

perpendicular component of the velocity for an electron

after crossing the cusp are,v_ = (v 2.2, 2)1/2 an d

4 o c [«
v = r . r = cathode radius, & =¢B /(m ¥ ),cyclotron
e cc c c o o

frequency. So essentially,after crossing the cusp,the axial
velocity of the electron reduces, being converted into
azimuthal. So here one can define a threshold velocity for
cusp cut off given by Vocrit = r, wC.An electron in jected

with velocity below VOC will get reflected at the cusp.

rit

The azimuthal current contributed by the rotating beam
emerging out of the cusp field will produce axial
self-magnetic field, For an intense electron beam,this self
field «can be of the order of external field and will modify
the external cusp field. So after the beam self magnetic
fields have reached the peak value,the electrons that come

in  will see a modified cusp.Therefore the beam dynamics in

the cusp modified by the self fields will be quite
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different from the single particle description.THe beam
dynamics will also Dbe inflﬁenced by the strong self
azimuthal magnetic field. This chapter reports a study on
the effect of self magnetic fields on the beam dynamics in

a cusp field.

4.2 Experimental Arrangement

The schematic of the experimental system is as given in
Chapter 2., The diagnostics wused were Rogowskii coils for
beam current,miniature Faraday cup for beam radial profile,
3 c¢m. diameter Faraday cup for cusp loss,miniature Faraday
cup array for axial profile of the cusp loss,diamagnetic
loop and magnetic probes for beam self magnetic fields.Two
beams of peak energy 200 IKeV and of different durations
were used for the purpose.The first beam corresponded to a
duration of 800 nsec, and the second one to a duration of
about 350 nsec. The 1low duration was due to flashover
problem in the diode region.But the shots were reproducible

enough for the set of measurements done using this beam.

4.3.Numerical Model

A fully self-consistent <calculation would involve
solution of the Maxwell’s equations using the beam current
and charge densities to get the fields at any instant of
time and use of these fields to push the representative

electron in time as per the equation of motion. This



- 62-
involvesv lengthy compuﬁer time.A much simpler caiculation
involves following the trajeétories of a representative set
of electrons using an approximate model for the self-fields
based on actual measurements of the same. This has the
disadvantage in that the calculation can be done only for
those parameters used in the experiment.But this simple
simulation aids in providing a bette; understanding of the
exXperimental results and so was carried out.The study is
centred over timescale greater than 200 nsec,where the
clectrostatic fields are zero - i.e. charge neutralised
beam. A representative set of electrons were injected into
the . system near the anode wall with total energy = 100 KeV
for beam 1 and 40 KeV for beam 2,corresponding to the time
in which the self magnetic fields produced by these beams
are maximum. These electrons were then followed till they
reach the walls - axial or radial.The time involved was
less than 10 nsec and so the magnetic fields can be assumed
to be constant over the duration of the numerical run.In
the experiment Bz and Jz were measured as a. . function of r
and z for an external field of 300 gauss.From this,assuming

axisymmetry,

A, = 1/t J B rdr
B = %%9
B@ = Mo/r § erdr
Er = 0 Ee = 0 EZ = 0

The external field was modelled by,

Bze = —BO tan h(z/Q‘), L = 3 cm.

BO = value of external field in the uniform field region.
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This " model dis different from that used in chapter III

for the beam dynamics in the following respects.In chapter

ITIl, the interest was on the radial oscillations of the beam

in  the postcusp side,where axial dependence can be ignored.

The evaluation of the electron trajectory through the cusp

magnetic field, done here, requires axial and radial

variations to be kept.Also the functional form of the self

fields used here, corresponds to an actual fit for the

observed field values at the time scale of interest.

The angular distribution for the electron beam in jected

through the Aluminium foil anode is given by,
P(@)de = 2/ 6% o exp(-02/82)de [Birkhoff, 1958]

44.5° for 100 KeV electrons

® = mean scattering angle ( =

and = 106° for 40 Kev electrons, injected through 6 pom

Aluminium foil anode).

The electron beam was represented by superparticles

0 o
with scattering angle ranging from 10 to 80  in step of

10°. For each value of © ,the perpendicular components of

the velocity are given by,

= v sine cos ¢

Vo =V sin® sin¢ ; v o J
Vo = total velocity, ¢ = phase angle and was chosen between
0° and 90° in step of 159, Both positive and
negative values were taken. This gave 24 superparticles
for each @ value giving a total number of 192

superparticles. All the superparticles were injected at the

same spatial location carrying a current given by

I(n) = I W(n)/$ W(n) , n =particle number,Io total beam
o n

current. W(n) = weightage function given by the angular
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‘distribution. The equation of motion was solved using fourth
order Runge-Kutta method. Since the net magnetic field was
nearly a constant over ﬁhe duration of the numerical run,
all  the electrons injected with a given initial condition
can be assumed to follow the same trajectory. So the
trajectories of the given set of superparticles
superimposed over one another would give the beam profile.
The runs were made as a funtion of BO.The self magnetic
fields were included only for BO = 300 gauss,where they
were measured. From the positions and velocities of the
superparticles, the radial profile of the beam current
density, the cusp lﬁss and the beam diamagnetism were
computed as given below and compared with the experimental
results.The current density Jz and Je were computed as,
J_(x) =§[1<n)/(znr<n)6rﬂ
& J_(r) =“§[I(n)vg/(2ﬂ r(n) arv )]

ar is the radial resolution. Summation was done for
electrons with r between <t~ Ar/2 and r + ar/2. The
computation was done for different value of z.

In the wuniform field region, the axial dependence can be

, L . 28,
ignored and this gives, eyl ~P0J9.
\
This along with the flux conservation, ijzrdr = 0
Q
‘ 0 2 1o/ 9 Y Jﬁ
gives, Bz( ) = - Ho r ;f (o Je(rl)drl)rzdrz

BZ(O) is the beam axial magnetic field.The cusp loss was
obtained by counting the number of electrons lost at the

Cusp.
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4.4. Calculation regarding particle orbits in the uniform

field region

The individual electrons of the REB in jected in through
the anode foil will not have straight trajectories due to
the large transverse energy, arising out of anode foil
scattering. So the beam will consist of electrons executing
Larmor motion about the net magnetic field present.Based on
the orbits, two categories of electrons can be defined - (1)
axis encircling, and (2) axis non encircling. The axis
encircling electrons will give axial bean diamagnetism,
whereas the axis non encircling ones will give axial beam
paramagnetism as seen from figure 4.1.This section deals
with the conditions leading to these two categories of
electrons. The radial extent of the beam for a given
magnetic field is also examined.

Consider the case where the self fields are not present.
Here,the radial equation of motion is given by,

f =16’ - ecron /my , -
ze' 0
¥ = (1-v?2/e?)71/2
is the external magnetic field and is equal to -I-Bo in

Ze

the precusp region and -BO in the postcusp region.The

canonical angular momentum, a constant for axisymmetric
system,is given by,

P, = mo*rzé”e”‘@ ~(2)

Ae is the wvector potential = <+ rBO/Z, positive sign

refers to precusp and negative sign refers to postcusp.,



ircli iIs non encircling
1. Axis encircling 2. Axis n
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4.1

Electron Orbits in the uniform fielgd region,
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. , v 2,3 2
(1) and (2) gives r ?(Pe/moy DI w, r/4.valid for
both precusp and postcusp regions, t% = eBo/(mOY ) is the
beam cyclotron frequency. Writing r as v dVr/dr and

integrating,

v 2/2 = ~-1/2(P /m ¥ )2/r2 - u)2r2/8 + const. - (3)
r e o c
Let rM and rm denote the maximum and minimum radial points
for an electron.At these two points,vr = 0.This gives,
= - 4)
roTy 2}Pe]/eBO (
From figure 4.l,rm = |[R -~ Q] & ry =R + ¢ S - (8)
2 2
RT = (vy7/ w1 2Pt /m &)/ W, - (6)
with Ro= v, / W . So axis encircling orbit (R < € ) will
, 2
not be possible for ZIPQI/mOy > v, 7/ w, - (1)
From Figure 4.1, it is seen that with Bz positive

(precusp region), an electron with initial v, negative,will
eXecute axls non encireling orbit.An electron with initial
v, positive, will not execute axis encircling orbit if (7)

is satisfied.

2 . , A
From (7), IZIVel~ro wcl > vy /ro(dc,for axis non enircling.

) - ) i - + A
Now the equality sign glves,Z[ve\ row kv /rot%
For 2iv 1= r w —vlz/r w, 2|lv]i<r w and any value of
) o ¢ o ¢ o o ¢
2 . 2
- w i - .
Z]VJ < RN /ro . will make IZRVOI rou%l> v, /rou%

. 2
Similiarly, any value of 2lv | > r w v, /r w will make
) o ¢ o ¢
2
[2W 1 -1 wl1> v, /r w , Now it can be sh own that
& 0 c o ¢
2 . . )
2iv 1> r w +v, " /r W is not possible,maximum value of v
2} 0 ¢ o ¢ 6
being V. So this gives a maximum value on vg for axis non

encircling orbits and is given by,

w v 2/r w
v = r ~
emax o ¢ 4 o ¢
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The effect of external magnetic field and the self magnetic

fields on v will Dbe examined in the following
emax

subsection.,

The radial extent of the beam can now be evaluated.In

terms of R and Q,rmrM = RZ—QZ .Also it has been shown that
oty T 2!Pel/eBo. This gives,
2 2
'R" - ¢ I—ZIPQI/eBO
. 2 2 2 S .
i.e. R = R + {Zrovg/ wc - T, | . Positive sign for axis

non encircling orbit (R > ) and negative sign for axis

encircling orbit (R <R ). Maximum value of R occurs for

Vo, = *Q.Ut,and it corresponds to axis non encircling orbit,
2 2,1/2
i . » = + 2 +r °
i.e Rmax (R rOQ o )
The maximum radial extent of the beam (maximum value of rM)
. _ 2 2,1/2
will Dbe Rmax + ® = Q+(R + 2rOQ +rO ) .50 for the bean

to be radially confined,

2

2 1/2
(R™ + ZrOQ + o )

+ C Ty

For our case L 15 cm,ro = 2 cm.This gives the maximum
value of Q for an electron to be just radially confined as
6.5 cm. This corresponds to a magnetic field of about 145
gauss for a perpendicular velocity of 0.55 ¢ (100 KeV
electron). So aﬁ external field above 145 gauss is
sufficient to provide radial confinement for the 100 KeV

beam, even for those suffering 90° scattering at the foil,

For 40 KeV beam,this corresponds to about 100 gauss.

b.4.1.Effect of external and self-magnetic fields

From the expression of vemax given in the last

subsection, it can be seen that Voma x increases with
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external..field (BO)-SO this Qill lead to an enhancement in
the number of axisg non encircling.electrons.Physically,with
increase in Bo,the Larmor radius, @ »decreases.So thisg will
make an electron, which Was encircling the axis at lower
values of Bo’ to execute axisg non encircling orbit.The
effect of self magnetic fields can also be seen
qualitatively., Self diamagnetic field will cause the net
axial magnetic field to decrease.This 8ives a reduction in

the wvalue of thereby enhancing the number of axisg

v 3
emax

encircling electrons., So the axial component of the gelf
magnetic field wilg enhance the number of axig éncircling

electrons leading to enhancement ip the bean axial

diamagnetism.

4.5 Results and Discussion
—=—-==2 oL Ulscussion

4.5.1.Precusg region

The net bean current (beam current and axial Plasma
current induced by the beam fields) measurement wasg done at
Z = =8 cm from the cusp (7 cm  from the anode) using
Rogowski coil, (negative distance from the cusp refers to
Precusp region and Positive distance refers to postcusp
region, with the Cusp plane of the €xXternal field at z = 0).
Typical oscilloscope trace isg shown in figure 4.2.The
maximum value of the pet current was about 3 KA.The decay
time of the net current was seen to be about 2 Psec.By
integrating the beam current density, obtained using

miniature Faraday cup (discussed later), over the beanm



4.2

Oscillouscoupe

200 nsec

trace

ot

the net

beam curren
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crbss—séction. the total beam current was evaluated.It was
seen  to be about 3.5 KA.So this corresponds to a peak axial
return current of aboﬁt 6.5 KA;

Plasma heating by return currents can be estimated in
terms of g resistivity.A crude eétimate can be obtained by
using the value of return current obtained as above.The

power density input to the plasma electrons,é is given by

qu » where j=return current density and " = resistivity.The
return current decay time is given by 4 Waz/(n_cz);a = beam
radius. The observed decay time of 2 psec
gives M = 5.65 x 10“4 ohm.m. The average return current
density =« 1.8x105 amp m,z’ decaying exponentially. This
gives é = 1.8 e~2t/tb . TD = decay time. Equating the

power density input to plasma internal energy density,
3/2neKTe = Q

This gives a plasma electrom temperature (Te) of about

7.5 eV. for plasma density (ne) of about lO13 cm_B.The

corresponding diamagnetism for an  external field of 300

gauss will be only about 2 %.

Information regarding azimuthal symmetry of the beamn
was obtained by examining the damage pattern on a perspex
plate placed in the path of the beam.This is given in
figure 4.3 for an external field of 300 gauss and a
background pressure of 225 mTorr for different axial
locations. The beam was seen to be non hollow,more or less
azimuthally symmetric.

At  the time of injection,the beam isg annular of mean

radius = 2 cm.The filling in,making the beam non hollow,is



(D refers to axial distance with

the cusp point as the origin).

4.3 Damagc pattern on perspex plates.
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due to the large scattering at. the anode foil.For beam with

U$b2p2/ “Lbz > 1l,filamentation instability is usually seen

[Kapetanakos, 19747, U%b = beam plasma frequency, %b = beam

cyclotron frequency and P = beam velocity/c.For our case,
2 2 2 . _ . )

u%b p /u%b = 3 for BO = 300 gauss.But filamentation was

not seen in the damage pattern taken upto 55 em from the

anode. The growth rate for the instability

ubb = 1.7 x 10lO sec~l, and so the instability should have

developed over a distance of a few cm.Davidson et al (1975)

~

had shown the stabilizing effect of self magnetic fields on

filamentation instability. Their calculation gives the
threshold value of magnetic neutralisation for the
filamentation instability to occur as,

2 2 2 2 2 2
w w w
fy > (IF N T p W T /(2 pb B/ Wy ™)
fM = current neutralisation factor.This gives,for our case,
f. > 0.66 for filamentation., But fM in our case < 0.15 as

M
seen from the total beam current (= 3.5 KA using Faraday
cups) and net beam current (= 3 KA using Rogowski coil)
measurements, |

The radial extent of the beam evaluated numerically is
given in figure 4.4 for an eXternal fiéld of 300 gauss.
Figure 4.4(a) corresponds to calculation without the self
fields. included. Due to the large scattering at the anode
foil, the beam spreads out.The maximum radial extent of the
beam in the precusp region was seen to be about 9 cm.From
the calculation done with the self fields included,it was
seen that the maximum radial extent of the beam in the

precusp region got reduced to about 7.5 cmo. (Figure 4.4(b)).
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4.4(b) Beam profile with
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The radial profile 0t the beam current density wag measured
using miniature Faraday cup for different axXial locations
and it is shown in figure 4.5, Figure 4.5(a) andg 4.5(b)
correspond to the Precusp region. The results of the
numerical calculation, with the gelf fields included,are
also shown., The peak beam current density was seen to occur

within a radial distance of 3 cm.The density was seen to

Beam axial diamagnetism was observed in the Precusp
region using diamagnetic loop and magnetic Probes.Typical
oscilloscope traces are given in figure 4;6.It was seen
that the signal Tises in about 500 nsec and decays off inp
about 1 Psec. The rise time of the diamagnetic signal
matches with the current rise time shown in figure 4.2.The
larger decay time of the net bean current is due to the
plasma return current,

The contribution to the beam axjal diamagnetignm comes
from the axis encircling electrons.The axis non encircling
electrons will 8ive a net axial Paramagnetism asg mentioned
in section 4. The dependence of v for axis non

oma x
encircling electrons op Bo is given in table 4.1.The nature
of the beam axial magnetic field for higher bean energy and
higher magnetic field can be seen from this table.,It is
seen that with increase in the beam energy,vomaX approaches

v, for lower values of BO giving lesser number of axisg

encircling electrons. So for a higher energy beam and a

higher magnetic field, bean axial diamagnetismn will not be

5€een.
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TABLE 4.1

Beam Average v, /¢ for B
) - ) emax
energy scattering this &
(KeV) angle( @ ) (gauss) | for r = 2cm
100 -
200 -
100 44 .5 0.38 300 -
400 0.08
500 0.17
600 0.25
100 -
500 10.0 0.15 200 0.07
300 0.15
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The ‘dependence of beam axial magnetic field (o Bz) on
external field (BO) is given in figure 4.7 .Here a BZ/BO,
which gives the strength of the beam self field compared to
the external field vs. external field is plotted.The curve
based on single particle description,obtained numerically,
is also shown. In the single particle description,it was
seen that a BZ/Bo decreases slowly with increase in Bo upto
400 gauss and thereafter it decreases at a faster rate.The
lower wvalue at 100 gauss is because fields below 145 gauss
is insufficient to prevent radial loss in the precusp
region.

Based on the calculation of particle orbits given in
section 4,the typical variations of rM and rm (farthest and
closest distances from the axis respectively) with B0 are
shown graphically in figure 4.8.It was seen that for both
axis encircling and axis non-encircling orbits, the
variation of Ty with BO is more or less hyperbolic.In both
cases, a decrease of Ty 8ives an increase in the axial
diamagnetism. Since the rate of decrease of rM decreases
with increase in Bo’ the rate of 1increase in the axial
diamagnetism also decreases., For axis non encircling
electrons, rm increases with Bo’ and for axis encircling
electrons, ro decreases with increase in Bo,both leading to
a met increase in axial diamagnetism with BO,Again the rate
of dncrease of the beam axial diamagnetism reduces for
higher values of BO.Also plotted in figure 4.8 is the ratio
of axils encircling electrons to the axis non encircling

electrons. It was seen that the ratio decreases more or less
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linearly . with increase . in ,Bo' Now,with increase in Bo,we
have decrease in the ratio of axis encircling electrons to
the axis non encircliﬁg electrons and a decrease in the
rate of increase of axial diamagnetism for a given category
of electron orbit. As a result, the ratio of axial
diamagnetism to the external field decreases at a faster
rate for higher values of Bo as seen in the numerical curve
in figure 4.7,

Experimentally also it was seen that A'BZ/BO decreases
with increase in Bo' But for lower wvalues of Bo’ the
experimental values were seen to be more than that
predicted by the single particle description.At low values
of Bo’ the decrease in the mnet axial magnetic field is
significant. So the electrons that come in around 500 nsec
(time in which the self magnetic field is maximum) see a
reduced value of axial magnetic field. So the resultant
value of ABZ/B0 is more than that predicted by the single
particle description.

The beam axial diamagnetism was found to vary with
distance from the anode and is shown in figure 4,9.Upto 500
nsec, the peak diamagnetism was seen to occur. at about 5 cm
from the anode. At about 600 nsec,it becomes more or less
constant over the axial distance.Above 700 nsec,it decays
off with the rate of decay increasing with the distance
from the anode. The reduction in the diamagnetism near the
anode upto 500 mnsec can be due to eddy currents generated
on the anode wall,

In summary,the electrons approaching the cusp were seen
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to have large transverse. energy due to scattering at the
anode foil. Based on the orbits,two categories of electrons
were seen to be preseﬁt - (1) those encircling the axis
giving an axial diamagnetism and (2) those that do not
encircle the axis giving an axial paramagnetism.A net axial
diamagnetism was observed in the precusp indicating the
contribution of axial paramagnetism from the axis non
encircling electrons to be less dominant compared to the
contribution of axial diamagnetism from the axis encircling

and axis non encircling electrons.

4.5.,2. Cusp region

The beam self magnetic field reaches a maxXximum in about
500 nsec for the higher energy beam and in about 200 nsec
for the lower energy Dbeam,the total duration of the beam
being about 800 mnsec for the higher energy beam and about
350 mnsec for the lower energy beam.The transit time for a
electron from the injection point to the exit of the
experimental chamber is less than 10 nsec.So the electrons
that enter the system around the time in which the self
magnetic fields have peaked,will see a cusp magnetic field,
modified by the self magnetic fields.

The extent of modification of the external cusp was
obtained by using an array of magnetic probes,movable
radially. The magnetic probes give the beam self magnetic
field ( ABZ) as a function of z for different values of r.A

best fit to the data was obtained using Simplex scheme.The

fit gave ABZ as a function of r and z.The net magnetic
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field Bz(r, z) was obtained‘ by adding ¢ng(r, zj to the
external field Bze(r, z). Using this,contours of constant
flux were plotted to get the field configuration seen by
the electrons as a function of time.

The time evolution of the axial component of the beam
self magnetic field 1is plotted in figure 4,10 and 4.11,
These correspond to beams of duration 800 nsec and 350 nsec
respectively. For the beam of 800 nsec duration,it was seen
that the self field (diamagnetic) in the postcusp region
increases in time reaching a maximum around 600 nsec and
decays off to zero in about 1.6 psec.In the precusp region,
the axial self field was seen to be diamagnetic during the
beam duration and paramagnetic thereafter. (The external
field 1is positive in the precusp region and negative in the
postcusp region).,

For the ©beam of 350 nsec duration,the axial self field
was dlamagnetic in the postcusp region and paramagnetic in
the precusp region at all times.In the postcusp region,the
fields- peaked at about 200 nsec and decayed off to zero in
about 1.5 pseco.In the precusp region,it was seen to peak in
about 900 nsec and decay in about 2 M sec.In the postcusp
region, the fields were also seen to be oscillatory.This can
be due to some coherent radial oscillations of the

electrons similar to the type described by Rhee and Destler

(1974).

The 7rotation 1imparted to the beam after crossing the
cusp, results in the observed postcusp axial diamagnetic

field. The field 1in the ©precusp region produced by this
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rotating beam, will be paramagnetic. The large transverse
energy of the beam due to anode foil scattering has been
sh own to result in beam axial diamagnetism.For the 800 nsec
beam, the self field produced by the rotating beam of the
postcusp being small,the observed net field in the precusp
is diamagnetic. For the 350 nsec beam,the effect of self
field produced by the rotating beam of the postcusp is
dominant in the precusp region.The self fields produced by
the beam are sustained by the plasma currents induced by
the beam fields. The observed paramagnetic signal in the
precusp regioh after the beam duration for the 800 nsec
beam shows that significant azimuthal plasma currents are
not induced in the precusp region.The maximum modification
of the cusp field occurs around 200 nsec.After 200 nsec,the
field configuration relaxes back to the original value,with
the cusp plane moving back to its original position.This
causes an axial compression of the azimuthal return current
layer in the cusp region producing an enhancement in the
diamagnetic field over there.This results in the observed
rise time of 900 nsec for the diamagnetic field in the cusp
region. The self fields finally resistively decay off to
zero. The observed .field decay time matches with the net
beam current decay time,

Figure 4,12 and 4,13 give the field configuration as a
function of time for the two beams. Figure 4.12(a) to
4.12(e) correspond to the beam of higher energy.The beam
diamagnetic field ©pushes the field lines out as is seen in

the field plots. The diamagnetic field increases in time
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500 nsec. The beam diamagnetism is more in the region

upto
after 2z = 0 (the cusp plane of the external field) compared
to that in the preéusp region,because of the additional

Conversién of axial velocity to azimuthal velocity by the
cusp magnetic field. This causes ‘the cusp to shift towards
the region after z = 0.The maximum shift of about ! cm was
seen around 600 nsec.Also here the beam diamagnetic field
is greater than the external field reversing the direction
of the mnet field within the beam forming field reversed
configuration. It <consists of antiparallel field lines with
a neutral region in between,.The field lines on either sides
of the mneutral region having the same flux value merge at
the shifted «cusp plane to form closed field line structure
as seen in figure 4.13(c).Above 600 nsec,the diamagnetic
field decreases and the cusp relaxes back to the initial
stateo.

For the lower energy beam (40 KeV at 200 nsec),the
field mapping done for an external field of 100 gauss
(figure 4.13) showed the cusp to be drastically modified.At
about 200 nsec,corresponding to the peak of the self fields,
the net field lines were seen to be more or less axial for
r < 1 cm. The cusp plane was seen to be shifted by about 3
cm. The ratio of the axial beam self field to the external
field measured as a function of the external field (BO) was
decrease with increase in BO (discussed later).So

found to

this corresponds to a reduction in the modification of the

external magnetic field configuration,with increase in B ,
0

The deviation of the beam dynamics from the single
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particlek picture due to ;ﬁe modification of the external
cusp field configuration can be qualitatively understood by
first looking at the‘single particle description.Based on
single particle description, Rhee and Destler (1974) have
given a critical value of external magnetic field for cusp
cut off as BOcr = moyvc/erc,rC = cathode radius,vO = total
beam velocity. So here,for a given beam energy (given value

cy
of vo), when the value of BO is increased above BO ,the

electrons get reflected back from the cusp.For a beam with

part of its velocity in the transverse direction,

Kapetanakos (1974) has shown that the expression for BoCr
- cr 2 2,1/2

gets modified as, B, =m ¥ ((VO v, + Veo)/erc’

for a cusp with the wuniform field value positive on the
precusp and negative on the postcusp side,with respect to
the =z axis, (v60 = initial beam velocity in the azimuthal
direction). So far a precusp electron with negative Voo
(axis non encircling) the value of Bocr'decreases.But for
an axis encircling electron,with positive Veo’the value of
BOCr increases. So for a given value of external field, the
refelcted electrons will «consist of mostly axis non
encricling electrons of the precusp.

The effect of self fields «can now be examined
qualitatively. Beam axial diamagnetic field will produce a
decrease in the net axial magnetic field resulting in a
decrease in the number of electrons reflected.For the low
energy beam (40 KeV at 200 nsec) at BO = 100 gauss,

electrons in the region R < I ¢m will not suffer reflection,

the net field lines in this region being more or less axial.
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But with .increase in the value of Bo,giving a reduction in
the beam self field, more aﬁd more axis non encircling
electrons will get reflected around 2z=0, This will have
consequence on the diamagnetic field in the postcusp region
and will be discussed along with the experimental results -
measurement of postcusp beam diamagnetism VsS. external
field.

The effect of self magnetic fields on the cusp loss was
obtained by measuring the radial loss at the cusp using a
Faraday cup of 3 cm diameter mounted with centre at r=7 cm
and z=0. Measurements were done as a function of the
external magnetic field, varied wupto 600 gauss. Typical
oscilloscope trace is shown in figure 4,14 .There is a D.C.
shift of the =zero level corresponding to the external
magnetic field signal (constant over the time scale) added
on to the Faraday cup signal.lt was seen that the current
pulse shows a sharp rise in the first 50 mnsec, then
decreases nearly to half the initial peak and then rises
slowly in about 400 nsec.In the first 50 nsec,the beam is
not fully charge mneutralised as has been seen in earlier
measurement (Chapter 3).So the initial sharp rise is due to
the effect of the self electric filelds. High frequency
oscillations of period 1less than 50 nsec were also seen
between 200 nsec and 400 nsec.The total duration of the
signal was about 800 nsec and is consistent with the beam
duration (time in which the beam energy is below 20 KeV,the
cutoff for the 6 pom aluminium foil anode).

The magnitude of the Faraday cup signal measured as a



4.14 Oscilloscope trace of the Faraday cup signal.
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function of the external field was seen to reach a constant
value at around 600 gauss. The maximum value of the cup
output mnormalised with respect to the value at 600 gauss is
plotted in figure 4.15. The fraction of electrons getting
lost radially at the cusp (~3cm < z < 3cm) as a function of
Bo’ normalised with respect to the value at 600 gauss,based
on single particle description (numerical calculation) is
also plotted in the figure. The experimental points were
seen to occur more or less on the curve based on single
particle description for values of external field above 200
gauss. Below 200 gauss,the single particle description gave
larger 1loss 1increasing with decrease in BO.This is because
fields below 145 gauss is insufficient to provide radial
confinement to the 100 KeV electrons.The experimentally
observed cusp loss below 200 gauss was less compared to
that given by single particle description.This comes as a
result of additional <confinement by the beam Bo field.The
maximum B0 field 1s about 100 gauss (for a beam current of
3 KA) and its effect will be more dominant at lower values
of BO.

The axial profile of the cusp loss for an external
field of 300 gauss was obtained using miniature Faraday cup
array mounted at r = 7cm and is plotted in figure 4.16.The
profile obtained numerically with the self fields included
is also plotted in the figure.The cusp loss was seen to be
extended over an axial distance of 5 cm on either sides of
the external cusp plane (z=0).The peak value of the loss

was seen to occur around 1 cm.
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The electrons having a velocity below the critical
velocity for cusp cut of f will get reflected from the cusp.
Out of these reflected electrons, those having large
transverse velocity, such that the corresponding Larmor
radius 1is greater than or of the order of the wall radius,
will get lost from the system. The Larmor radius of the
reflected electrons will increase as the cusp plane 1s
approached. So the maximum cusp loss will occur at the cusp
plane. Self fields were seen to shift the cusp plane by
about 1 cm.The observed axial position of 1 cm for the peak
cusp loss thus corresponds to the shift in the cusp plane.

Measurement of the net beam current transmitted through
the cusp as a function of the net beam current in the
precusp region was done using Rogowskii coils positioned at
about 5 cm, on either sides of the cuspe. When these
measurements were done, the annular opening in the cusp
region was about 5 cm. diameter.(The annular opening in the
cusp region was about 14 cm. diameter for the other
measurements). The results are shown in figure 4.17.1t was
seen that the net beam current after the cusp (IZ)
increases more or less linearly with that before the cusp
(IO) for IO upto about 2.5 KA.For Io above 2.5 KA,Iz was
seen to have a steady value of about 1.5 KA.

The cusp opening of about 5 ¢m. diameter is larger
compared to the initial beam diameter of 4 cm.Because of
the transverse energy due to scattering at the anode foil,
some of the electrons will hit the cusp wall (annular mild

steel disc) and get lost from the system.Self magnetic
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fields have ©been seen to provide additional confinement in
the cusp loss measurements.-But for higher beam current
corresponding to higher'B0 field,The radius of gyration (in
the 1r-z plane) about the BO field decreases.The radius of
gyration becomes about 3 cm.,comparable to the axial width
of the annular mild steel disc at the cusp,for a beam
current of about 2.5 KA and for an electron positioned at
the average beam radius of about 3 cm.So here an electron
of mean beam radius remains within the axial extent of the
cusp wall during a Larmor gyration and so is likely to hit
the cusp wall. Therefore the observed attenuation of the
beam current is essentially due to the smaller aperture of
the «cusp wall and does not correspond to any physical
limiting currents.

Beam diamagnetism in the region after the external cusp
plane was measured as a function of external field and beam
current using magnetic probe and diamagnetic loop.
Measurements were done for the lower energy beam (40 KeV at
200 nsec).

The ratio of axial self magnetic field to the external
field ( ABZ/BO) is plotted as a function of beam current
(IO) in figure 4.18. The curve based on single particle
description is also shown in the figure.In the experiment,
the transmitted beam current was varied by using brass
grids of wvarying transmittivity in the path of the beam,
just after the anode. The beam current was measured using
Rogowski coil placed after the grids.The observed current

neutralisation factor,discussed earlier,is less than 15%.So
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the net beam current.given by the Rogowski coil 1is nearly
equal to the total beam current. Higher values of 10,
corresponding to higher self’ fields,were seen to enhance
the ratio 4 Bz/Bo over that given by single particle
description.

The wvariation of & Bz/Bo as a function of B0 is shown
in figure 4.19 for two values of Io.It was seen that the
ratio A Bz/Bo peaks at about 100 gauss and decreases
thereafter with increase in BO.The maximum value was about
2 for IO = 3.5 KA and about 0.5 for IO = 1.8 KA.Also

plotted are the curves,based on single particle description.

The deviation of the experimental points from the single

particle description for IO = 3.5 KA was found to be more
compared to that for IO = 1.8 KA,corresponding to the
enhancement of L Bz due to self magnetic fields.Also the

ratio of ABZ/BO for IO = 3,5 KA to that for IO = 1.8 KA was
found to decrease with increase in Bo.This shows the self

magnetic field effect to be more dominant at lower values

It can be seen that the beam looses part of its energy
in setting up the seif magnetic fields, This causes an
additional slowing down of the beam as given by the power
balance equation given by (Sethian et al,1980),

EIZI/2L12\72+E’I

1t

E, Ef = initial and final average energy of an electron.lI

beam current, v, = beam average axial velocity. L

inductance and is given by,

2 T
/2 L1% = [ 7Ca8, % 4 B %)/ (ap).am rar
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A lower . beam axial velocity would result in a higher beam

axial self magnetic field, which is given by,
A Bz g yDIVQ/(W‘rOVé) for an infinitely long solid beam.
r, = beam radius and Va = average beam azimuthal velocity.,

The average beam axial velocity has been measured by the
time of flight measurement using beam probes.This gave
;z = 5X107 m sec—l for BO = 100 @gauss and for a beam
current of about 3 KA.The beam axial velocity corresponding
to 40 KeV (beam energy at 200 nsec for the bean of 350 nsec
duration) is about 1.12X108 m sechl. So the enhancement
factor for ABz due vto slowing down of the beam is about
2.24.The measured enhancement factor for ‘ABz was about 3.5,
So the contribution from the slowing down of the beam is
inadequate to explain the observed enhancement factor.Other
factors that can lead to an enhancement are given below.
Higher wvalues of Io,corresponding to higher self fields
has the following consequences -
(1) reduction of the cusp field by the beam diamagnetic
field causes an enhancement in the number of electrons
transmitted through the cusp. Essentially number of
electrons with initial v, negative (axis non encircling)
getting transmitted increases. The <value of v, (from

conservation of canonical angular momentum) in the region

after the cusp is given by,

v = vV .r - 2 2

of oifc/T ~ e(B v T+ 3 v )/(2m ¥ r)
v ., V = values of v in the precusp and postcusp regions
el of )
respectively. Bzi’ Bzf refers to precusp and postcusp axial

magnetic fields respectively. r, ~ cathode radius (initial



- 85~
beam radius). A reduction in the value of the cusp fields
would have resulted in a reduction in the value of vef ,1f
Voi Was zero and thié would have resulted in a lesser
diamagnetic contribution by the electrons seeing the
modified cusp. Now, with decrease 1in the cusp field,since
electrons with higher negative Vei get transmitted,the
average value of Vo will more or less remain constant,.But
since the number of electrons transmitted increases,this
will lead to an enhancement in the beam diamagnetic field.
This will happen only if there exist electrons with large
negative Vi such that

v . r /r + eB (r 2 4 r2)/(2m Yr) > v
i ¢ o ¢ o} o}
(2) In the postcusp region,higher beam axial diamagnetic
field produces an increase in the number of axis encircling
electrons. This will lead to an enhancement in the beam
axial diamagnetic field, Also the Be field causes an
effective reduction in the Larmor radius.This will lead to
an  enhancement in the beam diamagnetic field for the axis
encircling electrons,

The observed reduction in the diamagnetic signal with
increase in B0 can  be related to the following reason.As
discussed earlier, with increase in the value of Bo,the
extent of modification of the cusp decreases,So(essentially,
the number of electrons with initial Ve nNegative getting

transmitted will decrease with increase in Bo,leading to

the observed reduction in the diamagnetic signal.,

4.6. Comparison with Other Experiments




The first experimental study on the dynamics of charged
particles in a cusp field has ©been made by Sinnis and
Schmidt (1963), The study has been extended to relativistic
electron and ion beams by others [Rhee and Destler,1974;
Destler et al, 1975; Golden et al,l1981].The experiments of
Sinnis and Schmidt involved the use of low current non
relativistic electron beam.Their experiments confirmed the
single particle theory regarding the conversion of axial
velocity to azimuthal by the cusp,the critical field for
cusp cut off etc.In the relativistic extension made by Rhee

and Destler, the self magnetic fields were only 10%Z of the

applied fields and their results were in reasonable
agreement with the results predicted based on single
particle description. Measurement of beam width as a

function of external field made by Destler et al showed
good agreement only for the case where self fields were
small compared to the external field.Explanation for the
deviation has not been given.The observed enhancement in
the beam width for the case where self fields were
comparable to external field <can be attributed to the
reduction in the 'net field by the beam self fields.The
experiment of Golden et al was on the dynamics of a
rotating proton layer.The diamagnetic self field was found
to increase with decrease in the welectrode angle,
corresponding to a decrease in the applied radial electric

field. With lower value of applied radial electric field, the
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protons move closer to the axis caused by the net pinching
force due to the self fields. The enhancement in the
diamagnetism here vhas been attributed to the reduction in
the radius of the azimuthal current distribution as the
protons move inward with the azimuthal curreng remaining
the same. But it can also be seen that with decrease in the
applied radial electric field, for a given value of self
fields, the number of axis encircling protons increase.So as
per the calculation given in section 4, this would
essentially lead to an dincrease in the diamagnetic self
field. In the numerical simulation done by Golden et al,the
self fields were seen to produce a somersaulting,i.e.,
protons at the head of the beam are decelerated and protons
at the tail are accelerated,resulting in a spreading of the
distribution of particle energy.But this will not be seen
for a long pulse beam,where rise time of the self fields is
much longer than the beam transit time.

In the experiments of Kapetanakos (1974),filamentation
instability has been seen to occur for a beam, not
satisfying the stability criterion u$b2 pz/ Wébz <1,
injected into a preformed plasma with plasma density much
more than the‘beam density.mbb = beam plasma frequency,u%b
= beam cyclotron frequency and P = beam velocity/c.The beam
for this case has been seen to be almost completely current
neutralised from the magnetic probe signals.But for beam
injected into neutral gas of several hundred mTorr pressure,
filamentation was not seen to occur. In our case also,

filamentation was not seen for the rotating beam in jected
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into mneutral gas of about 225 mTorr,.This is consistent with
the calculation of Davidson et al (1975),already discussed
earlier, where they have shown the stabilising effect of
self magnetic field on filamentation instability.

There have mnot been many experiments,where the beam
axial self magnetic field has been measured using magnetic
probes, for a straight beam with partial energy in the
transverse direction,resulting from scattering by the anode
foil and/or plasma background. In the experiments of Dove
et al (1976), the self magnetic field was seen to be
diamagnetic within the beam and paramagnetic elsewhere.,The
beam self  magnetic field along the beam axis was not
measured. As per the calculations given din section 4,a
paramagnetic field 1is expected along the beam axis for a
higher energy beam and a higher external magnetic field.In
the present experiment wusing low energy beam, an axial
diamagnetism was seen consistent with the calculations
given in section 4.

Measurements reported in this chapter, regarding the
magnetic field lines in the cusp region using magnetic
probes, show the extent of modification of the external cusp
by the Dbeam self fields. The observed pushing out of the
cusp field 1lines by the beam self fields has close
resemblance to the model given by Sethian et al (1980),for
beam injected into a half cusp field.As per their model,the
electrons on reaching the cusp are made td rotate by the
radial field of the cusp,and the beam motion gets retarded

by the need to supply the self field energy.Fresh electrons
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are reflected by the radiai field Br at the beam front,
transferring a small fraction of their energy to the
induced field, and the cusp gets pushed out axially.These
reflected electrons on reaching the diode get reflected
back without loss of energy and return to the beam front.
Thus the beam consists of reflexing electrons with the cusp
moving outward with the arrival of the new bunch of
electrons. The beam front velocity has been reported to be
reduced by a factor of 10.Cusp distortion was also seen in
the computer simulation of the NRL ion ring experiment
[Golden et al,1981],

The existing measurements on cusp loss relate to the
transmitted beam current and/or beam total energy [Friedman,
1970; Kapetanakos, 1974]. Friedman observed a drop in the
transmitted Dbeam energy for external field exceeding the
critical field for cusp cut off.'In the experiment of
Kapetanakos, the maximum beam current and beam energy
transmitted through the cusp was found to decrease when the
magnetic figld was exceeded above a value much below the
critical field predicted for beams with initial velocity v,

0. This has been attributed to part of the beam energy in

it

the azimuthal diregtion before entering the cusp.Direct
measurement of the radial 1loss at the cusp and the axial
profile of the cusp loss, done in the present study,show
that the peak cusp loss was seen to take place along the
shifted cusp plane. The bean Bo field was found to provide
additional confinement to the electrons iﬁ the cusp region

for self fields comparable to the external field.,
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In the contek; " of formation of field reversed
configuration, in the expériment of Roberson et al [Roberson
et al, 1978], the beam diamagnetic field has been seen to be
greater than that predicted by the single parﬁicle
description by a factor of 2.This has been attributed to a
breaking of the beam and an increase in I0 due to a pile up
of the beam after the cusp.But they do not have any direct
evidence for the same. In the results reported in this
chapter also, the beam diamagnetic field was seen to be
greater than that predicted, when the self fields were
comparable to the external field.Higher self fields have
been shown to cause deviation from the single particle
description. Also in the experiments of Roberson et al,the
fraction of the beam passing through the cusp was seen to
decrease with increase 1in external field,measurement done
for external field greater than 1 K gauss.This was seen to
keep the beam self field independent of external field.The
critical field for cusp cut off for their case is about 600
gauss., So the existence of field reversal for fields even
above the critical field for cusp cut off can be due to the
improved «cusp transmission because of the self fields,

demonstrated in this chapter.



CHAPTER V

CONCLUSIONS AND SCOPE FOR FURTHER STUDIES

Experimental studies on the effect of self fields on
the propagation of relativistic electron beams have been
carried out. A long ©pulse rotating relativistic electron
beam, of current rise time much longer than the charge
neutralisation time, in jected through neutral gas has been
used for the study. A cusp magnetic field was used for
producing the rotating beam. Two distinct phases are

investigated.

[ Charge neutralisaton phase,where the beam ionises the
neutral gas and is being «charge neutralised. Beam
current rise time being 1long compared to the charge
neutralisation time,the self magnetic field.is smaller
compared to external field in this phase,So this phase
involves the effect of self electric fields on beam

propagation and dynamics.

2. The phase when the beam self magnetic fields have
peaked. Here, the beam is charge neutralised and so the
beam dynamics is under the influence of the self

magnetic fields.

Various diagnostics - wall probes for beam potential,

voltage divider for beam energy,Rogowskii coils for beam
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current, Faraday cups for beam éurrent density and radial
loss, magnetic probes and diamagnetic loops for self fields
~-  wWere used in the Present study. Numerical trajectory
calculations for the beam and plasma electrons,using simple
models based on  measurements, were also done.These gave
useful information regarding plasma electron escape time
(an useful parameter in the context of charge

neutralisation process), beam dynamics with and without the

self fields present,etc.

5.1 Conclusions

The conclusions drawn from the present investigation
are given in the following subsections.

5.1.1 Beam characteristics and equilibrium:

The beam propagating through neutral gas has been seen
to be more or less azimuthally symmetric.The beam has been
shown to be stable against the microscopic instabilities
like diocotron and filamentation.

The self fields have been shown to influence the
equilibrium for the rotating relativistic electron beam.A
charge neutralisation factor, fe > l-(Vz/c)2~ u%/Z &é has
been found esséntial for equilibrium,where L% is the beamn
cyclotron frequency, u% is the beam plasma frequency and v,
is the beam axial velocity. The wvalue of fe has been
estimated from a measurement of the beam potential,

Beam electrons before approaching the cusp (in the

precusp region), were seen to consist of two categories (1)
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Axis  encircling giving an axial diamagnetism,and (2) Axis
n on encircling giving an éxial paramagnetism.A net axial
diamagnetism was observed in the present study. The
diamagnetism was seen to be influenced by the beam self
fields. The beam electrons that are injected after the beam
self fields have peaked, contribute a higher diamagnetism
than that expected from single particle description due to

an enhancement in the number of axis encircling electrons.

5.1.2 Effect of self fields on the charge neutralisation
processes

Charge neutralisation of the beam,which involves the
expulsion of plasma electrons,is influenced by the external
axial magnetic field.,A critical magnetic field was observed,
fields above which, provide magnetic insulation for the
plasma electrons against radial loss.Charge neutralisation
factor was seen to decrease with increase in external field
till the critical field value.

For fields above the 'critical field for magnetic
insulation, plasma electrons were seen to escape to the
axial walls. The motion is directed away ffom the central
region of the system,where the beam potential was observed
to be minimum, Inductive axial electric field was seen to
cause electron avalanche to set in. Flectron avalanche
increases the rate of production of plasma electrons and
for a given plasma electron escape time to the walls,causes
an enhancement in the charge neutralisation factor.The beam
potential structure was seen to develop axial asymmetry

with increase in time. In the region between the central
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part of ;he system and the far end wall,avalanche process
was enhanced by the inductive electric field,causing faster
charge neutralisation in that region.

Higher Dbackground gas pressure was seen to provide
taster charge neutralisation.The charge neutralisation time
has been observed to decrease 1inversely proportional to
pressure., The beam potential was seen to be oscillatory in
time.

5.1.3 Cusp field modification by the beam:

The external cusp magnetic field was seen to Dbe
drastically modified by the beam self fields. The
diamagnetism 1in the post cusp Tegilon produced Dby ‘the
rotating beam was seen to shift the cusp plane towards the
post cusp side. The self fields produced by the beam are
sustained by the plasma Teturn currents.The presence of
azimuthal plasma current in the precusp region was not seen
in the diamagnetic signals.

5.1.4 Radial cusp loss:

The peak of the radial loss of beam electrons in the
cusp Tregion was seen to occur along the shifted cusp plane,
The loss falls off to zero over a distance of the order of
the cusp width.

The total radial lose in the cusp region was less
compared to that given by single particle description,when
the self fields were comparable to the external field.Self
magnetic fields were seen to provide confinement against
radial loss in the cusp region.The cusp loss was seen to

increase with external field, saturating as the critical
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field for cusp cut off 1s approached,

5.1.5 Post cusp field modification by the self

magnetic fields:

The diamagnetic field produced by the rotating beam 1in
the post cusp region was seen to deviate from the single
particle value for beam self fields comparable to the
external field. A maximum enhancement factor of about 3.5
was observed for the post cusp diamagnetic field. The
enhancement factor for the diamagnetic field was seen to
decrease with increase in the external field, The beam
looses energy in getting up the self magnetic fields.This
causes a reduction in the average beam velocity.A peak
reduction by a factor of about 2 was observed in the
present study, contributing to a part of the observed
diamagnetic field enhancement. From the calculations done,
the postcusp diamagnetism was found to depend on the ratio
of the axis encircling electrons to the axis non encircling
ones transmitted through the cusp.In the present study,this

was seen to result in an enhancement.

5.2 Scope for Further Studies

The experimental results of the present investigation
provides the basis to carry out further detailed
experimental and theoretical work, in order to acquire a
more complete and thorough understanding of the effect of
self fields on the propagation and dynamics of relativistic

clectrons beams. The research work needed to be carried out
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in the future are gilven below.

In the present study, an oscillatory behaviour in the
beam potential was observed. Thése oscillations may be of
importance in the context of collective 1ion acceleration,
whereby ions trapped in the potentiél well get accelerated
as 1t propagates.Exact cause of these oscillations couldn’t
be identified in the present study.Detail experiments need
to be carried out to investigate this phenomenon, to
ascertain the cause of the oscillatory behaviour.

An  enhancement of beam diamagnetism produced by the
rotating beam over that given by single particle
description has been seen in the present study. The
contribution coming from slowing down of the Dbeam, in
getting up the self magnetic fields, was found to be
inadequate to explain the observed enhancement in
diamagnetism. The diamagnetism has also been shown to depend
on the particle orbits in the precusp region.But due to
lack of proper time resolved diagnostics, a measurement
regarding the particle orbits couldn’t be carried out in
the present study.A detail study need to be carried out in
this direction to identify the causes leading to the
enhancement in the\diamagnetism. B

The present numerical calculations were based on simple
models. These were carried out to get useful informétion
without having to spend oo much of computer time. A
detailed self codsistent numerical calculation will be
helpful in making a proper comparison of theory and

experiment, especially in the context of enhancement of beam
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generated diamagnetic field after 1t traverses through the

cusp plane.
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