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ABSTRACT OF THE THESIS

The work presented in this thesis is on an
experimental study on the interaction of a rotatiﬁg
relativistic electron beam with the plasma. Specifi-
cally two aspects, rotating electron beam propagation
characteristics and magnetic respbnse of the plasma

to the beam are investigated in detail.

Experimental studies on the passage of the
electron beam through the nonadiabatic cusp have shown
that only 8% of the electron beam particles are able to
cross the cusp in vacuum. A technigue for improving
the transmission of the intense electron beam through a
cusp magnetic field in vacuum using dielectric drift
tubes has been demonstrated, The plasmé produced by

the material of the dielectric tube increases the



transmission efficiency by a factor of four over

vacuum values. The study of the rotating electron
beam propagation shows that in the presence of the

5 . 11 13, -3 N o
plasma density 1077 -10""cm —, the rotating beam
propagates to distances more than 150.0 cm, While.
traversing through the plasma, the rotating beam loses
a significant fraction of its axial energy and

thereafter piles up at the end of the electrical

termination,

The response of the plasma to the rotating elect-
" ron beam is found to be of magnetic diffusion tvpe over

a plasma density range 1011~1013cm—3. Excitation of the
axial and azimuthal return currents by the rotating

beam are observed. An attempt has been made to identify
the physical mechanism responsible for the generétion

of the azimuthal return current., This azimuthal

return current leads to a reduction of the external
magnetic field by 45% at the axis. It is found that

the main contribution to the diamagnetic loop signal

is from the diamagnetic effect of the azimuthal return
current and not from plasma heating, as was attributed
to, in the earlier experiments. Trapping of the
azimuthal return current layer in the magnetic mirror

region is observed and it has been shown that the



magnetic mirror field plays an important role in the

formatioﬁro£m££;4trapped return current layer. The
observed decay of the azimuthal return current cannot
be explained by either classical process or by the
expected turbulent processeg. Numerical results on
the magnetic response of the plasma to the beam

are presented to facilitate comparison with the

experimental results.



CHAPTER T

‘INTRODUCTION

In recent years, plasma physics research has beeﬁ
aimed at the ultimate goal of controlled fusion energy
release, This requires heating of plasma to high tem—
perature and confinement for periods long enough-to
satisfy Lawson criteria. Confinement of the plasma is
desired to ensure that there are enough collisions for
the fusién reaction to proceed efficiently and the heating
is essential to accelerate the nuclei to velocities
sufficient to overcome their mutual electrical repulsion,
when they encounter each other. Presently plasma con—’
finement schemes can be broadly divided into two classes.

In the first class, magnetic field confines a plasma by



controlling its individual charged particle, Magnetic
mirror and toroidal devices are well known examples of this
class. In another approach known as inertial confinement,
plasma particles are restrained by their own inerfia from

flying apart.

As in the case of confinement, different heating
methods are also being pursued to raise the plasma tem-
perature, For low density plasmas, one of the earliest
methods suggested for achieving the necessary temperature
was to pass large electric currents through blasma. This
method is inefficient at high temperatures due to the small
resistivity of the hot plasma. Neutral beams and RF waveéare
used for the auxiliary heating of Tokamaks plasma and have
shown encouraging results. These techniques are considered
for heating of the plasma in some of the major Tokamak
devices in future, Lasers, as a possible source of energy
for heating the plasma also received some attention. The
enthusiasm with laser driven plasma heating has vaned
recently, primarily because of the nonavailability of
lasers with adequate energies. One of the recent attfactive
candidates for the plasma heating is the relativistic
electron 5éamr(REB) which is already available in the mega-
joule energy range. The intense relativistic electron beams

offer great promise as an excellent tool for depositing



“large amounts of energy into-theplasmas

Ligl INTENSE ELECTRON BEAM
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Recent technological advances have placed at our
di5posal intense relativistic electron beam devices capable
of delivering megajoule enérgy in submicrosecond time
scales. At present there are.generators capable of pro-
ducing electron beams of energy up to 5 MeV wiﬁh currents
in mega-Amperes range and pulse duration of the order of
100 nanoseconds (Bernstein and Smith, 1971). In addiﬁion
to the development of high power beam genératoré, ﬁhéfé(
have besen intensive efforts to exploit the uniqué attfibutesr
of these beams. In early stages, such beams were used for
flash X-ray production and material studies (Oswald et al,
1966). More recently, the electfon beams are being used
to excite high pressure gases (Bagratashoili et al,;1973),
for high power microwave generation (Nation,1970) and |

collective ion acceleration (Graybill and Uglum,1970).

The idea of using intense relativistic electron
beams for fusion oriented research came in the early 1§60‘sa
The REB fusion schemes are divided into two classes,
Firstly, these beams can be used for pellet fusion -~ a
submillimeter size solid pellet surrounded by shells of

4

heavy material can be compressed to 1O3~1O times normal

‘solid state density and at the same time heated to fusion



4

temperatures by irradiation with powerful electron beams.

The beams deposit their energy through cla551cai’processes7“
According to a calculation by Rudakov and Samarsky (1973),
focusiﬁg a 1.0 Mega Joule beam of 1,0 MeV in 10 nanoseconds
on a pellet, few mm in diameter, should.produce a'signifiéant
release of thermonuclear energy. The most essential
requirement of the beam-pellet fusion scheme is that, the
beam should be focused to the size of the pellet with |

current density reaching a value of 108—109Amps/cm2.

Current densities of over 106 A/cm2

have already been

achieved (Yonas et alw1974) by focusing the beam within
the diode. The éompression of the deutefium - tritium

pellet has not yet been tested, however, theoretical

calculations indicate compressions'of a few hundred

times the solid state densities,

Another potential approach of REB being applied ﬁo
fusion is the direct electron beam heating of a high
density plasma. To date,anumber of experimental
‘(Altyntsev et al, 1971, Kapetanakos and Hammer 1973,
Ekdahl et al, 1974 and Wharton 1977) and theoretical(Hammer &

Rostoker 1970, Lee and Sudan 1971, Lovelace and Sudan
1971, Chu and Rostoker 1973, Thode and Sudan 1975,
Thode 1976) studies have been made in order to study the
feasibility of using relativistic electron beams for

heating plasma to thermonuclear temperatures.



An understanding of the beam-plasma interaction is
also significant in space research, Phenomena are often
observed in space where high intensity electron beams play
an important role in the presence of a babkground‘plasma,
resulting in type III and type IV bursts in solar flares

(Wild and Swerd,1972) and VLF emissions in the magnetosphere.

The classical binary collisional interaction of the
beam electrons with plasma particles is very weak due to
the high energy of the beam and as a result the collisionai
stopping power of a plasma to an REB is in Kilometeré.
Therefore, it is only collective interactions which can
result in an efficient plasma heating. Theoretically
there are two well known collective interaction meéhanisms:
which results in an anomalous plasma heating, namely,
two stream instability (Fainberg et al,1970, Toepfar and
Poukey 1973, Ferch and Sudan 1975, Papadopoulos 1975)
and return current heating (Cox and Bennet 1970, Hammer
and Rostoker 1970, Lee and Sudan 1971). The electron -
electron two stream instability is driven by the |
relative dfift between the beam and the plasma electrons.
Linear, gquasilinear and wave-wave scattering models have
been proposed for energy transfer and each of these
interactions has its own interaction length., In the return

current heating mechanism, drifting?plasma electrons



excite the ion acoustic instability, resulting in a

large effective collision frequehcy. ‘On account of

this, plasma resistivity is enhanced, so that a large
amount of the beam energy is dissipated into the plasma.

A complete account of these theoretical studies is avail-
able in the review by Breizman and Ryutov (1974). 1In
several beam injection experiments, reported so far, plasma
heating amounting to 10-20% transfer of the beam energy
has been observed under various conditions. These high
rates of energy deposition in the plasma imply that
collective mechanisms are responsible for the energy

transfer.

1.2 BEAM PROPAGATION CHARACTERISTICS
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The propagation of a relativistic electron beam
is strongly influenced by the self fields of the beam
electrons. An unneutralised 10 KAmps relativistic
electron beam with a radius of 2.0 cm generates on its
surface electric fields of over 1 MV/cm, Thus, when an
electron beam is injected into a vacuum chamber, the
Coulomb repulsion quickly blows it apart in the radial
direction, The dispersive force of this“radial electric
field is reduced by a factor of 1/\(2 (v is the rela-
tivistic mass factor) due to presence of self magnetic
fields. Still; the electrostatic repulsive force due to
the space charge effects excecds the pinching force

due to the self magnetic fields and hence such a beam



simply diverges in vacuum. The space charge electro-
—gtatic ﬂop@emcanmb@wnuiiiﬁi@dmby@in}ectingwthe_beam S
into a neutralising medium such as a neutral gas or

plasma.

Even after an electron beam is space charge
neutralised, the current carried by a propagating beam

is limited due to the following reasons,

When the beam current is small the particle
trajectories under the action of the self magnetic fields
remains sinusoidal. As the current increases, the
particle gains transverse velocity and when the currént_ \
is increased above a certain critical value, known as
"Alfven critical current" (Alfven,1939), the self magnetic
fields of the beam push the beam particles back to the
cathode, where the beam was produced. The value. 2f the
Alfven's critical current is obtained by the consideration
that a particle's Larmor orbit in the maximgm field of the

beam should be equal to the beam radius,

I, = 17000 BY Amperes ceesenoea (1.1)
Where (

B=V/c

Y =JVi-g*

v 1s the beam velocity

However, there are a number of technigues to

overcome the above mentioned limitation on the current,
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If the beam is hollowed out, the limitation on the current

will arise only when particles can execute a—Trarmor—orbit
within the thickness of the hollow beam. Thus, by making
the beam hollow we have higher limiting currents. Another
way to achieve arbitrarily high currents is by injecting
the beam into a plasma nmedium, the net currént density

is thus reduced and so also the self field of the beam,
facilitating larger beam currents (Lawson 1959, 1977).
The beam currents can be increased beyond the critical
value if an external magnetic field Bz’ much stronger
than the self magnetic field Be is applied. Under this
condition, the electron drifts predominantly in the z
direction and so the beam is "forced" to propagate even

though the beam current is more than critical value.
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As mentioned in the earlier section, a laminar
relativistic electron'beam can deposit a significant part
of its énergy into plasma as a result of several collective
interactions between the beam and plasma particles. The
experimental results.have shown that optimum energy
thus, transferred from the beam to the plasma,takes
place at np::,nb (where np is the plasma density and Ny,
is the becam density). At aplasma density much higher than

the beam density, the energy coupling efficiency falls



drastically. This result indicates that the laminar

electron_beams_are not well suited for heating even a

moderate density plasma. Keeping these factors in view,
 Chu and Rostoker (1974) suggested a new scheme which is
-characterised by a relatively high coﬁpling efficiency
at npjgnb. The method suggested was to use a rotating
eleckrdon beam in placé of the laminar beam, By a
rotating beam, it is meant that each beam electron, in
addition to its axial velocity, is gyrating'about the
beam axis under the influence of an externally applied
axial magnetic field. The rotating electron beam iﬁself
is obtained by either injecting the laminar beam at nearly
right angles to the field lines of a uniform magnetic
field or by passing a non-rotatinnal hollow beam through

an axially symmetric nonadiabatic cusp magnetic field.

The rotating relativistic electron beam has number
of other advantages over the laminar beam. A rotating
electron beam is capable of creating a reversed magnetic
field configuration (figure 1.,1) and a plasma confined
in such a configuration of fields is stable against one
of the most destructive perturbations.i.e. MHD instabilities.
This field reversal configuration with closed field lines
exihibits favourable confinement properties for high B

plasmas. As far as plasma heating is concerned, rotating
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beams can transfer their energy to the plasma not only

through excitation of microturbulence, but also via

other mechanisms such as clectrostatic acceleration of
ions by the equilibrium electric field, excitation of
magnetosonic waves and also joule heating. According
to the calculations of Chu and Rostoker, the stopping
power of the plasma is enhanced for a rotating beam

3

by a factor 2 (c/v'l) » where v, , is beam's axial

velocity.

Historically, in 1958 Christofilos (1958) suggest-

ed that stable confinement of a fusion plasma could be

achieved by producing field reversal configuration. It

was proposed to use a rotating relativistic electron beam

trapped in a magnetic mirror thus producing a minimum

B configuration. This suggestion lcad to the well known

"ASTRON" experiments. In these experiments, the primary

aim was to trap a rotating beam in the magnetic mirror
to form an E layer, which in turn would produce field
reversal. A 200 nanosecond long, 600 Amps, 6 M&V beanm
was injected into a magnotic well, It was found that
the electrons do not get trapped as should have been

expected from the adiabatic theory. To improve the

trapping efficiency, resistive rings were introduced irn.

the drift region so as to dissipate some of the axial

energy of the beam and thus, increase the probability of
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trapping the beam. Although a trapping efficiency of

=

“’66% was achieved, field reversal to the extentof
only 40% were obtained. To improve this further, stack-
ing of a series of beam pulses were. tried out; but this
also did not produce the desired results and the whole

Astron programme was terminated in 1973.

The availlability of high power electron beam
generators has made it possible to produce field reversal
in a single pulse (Andrew et al.,1971). The induced plasma
currents, that result from the interaction of a rotating
electron beam with a plasma, are capable of creating the
field reversal configuration. Reverse fields created by
the induced plasma currents have been observed when a
rotating electron beam is injected into an initially
neutral gas (Kapetanakos et al,1975). Field reversal
configuration even in the absence of external magnetic

field has been observed recently (Sethian)1978).

1 a4 THEORETICAL STUDIES ON ROTATING REB-PLASMA INTERACTION
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Most of the theoretical works on rotating relat-
ivistic electron beam-plasma interaction deal with
macroscopic collective process. The macroscopic
mechanism essentially include effects which are unique
to intense rotating electron beam. The rotating beam

induced return current processes are studied in detail
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to determine . b@am~plasmaweeupiithfoiciency. The electron

beam rotating across field lines exerts a large transverse
‘pressure against the confining field, which can result in‘
radial oscillations in the plasma, Theoretical stﬁdies
related to this oscillatory magnetosonic mode, both in linear

and nonlinear regimes have been carried out extensively,

-l.--—1—-n——-——-.-q——_..n————-—u.—-u———u'—-——-—m—-—-———‘—

Recently several bapers have been devoted to the study
of rotating beam induced counter currents and their effects
on the beam itself, The common conclusion arrived at by
these authors (Chu and Rostoker 1974, Molvig and
Rostoker 1977 a) is that under certain conditions
both axial and angular return currents are excited by
the rotating beam and they are equal in magnitude to the
beam currents, It has been shown that these return
currents serve as efficient channels through which the
beam»can strongly interact with the plasma. The
physical mechanism for the return current generation

can be understood from the followings

As the rotating electron beam enters the plasma,
time varying Magnetic fields associated with its front
. . . , 1 2R,
induces an electric field with components Ez =& ﬁﬁJ

. 2 e
and By = -2 289 | e apimuthal electric field E,

produces a plasma electron drift V. =c Bg /BZ, where
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Bz is external magnetic field, which results in a

charge separation and hence a radial electricfield,

The radial elcctric field Er produces a plasma electron

drift Vg, = c Er/Bz as shown in figure 1.2. The corres-
ponding angular plasma current,% =-TpE Vg, thus genorated

Gl

neutralises the original beam current ), = M, eV, .
'\i‘/ L'_’,} 2 4&"
But in cases when plasma ions are magnetised, the
angular return current is of mainly resistive type and
is generated by the electric field Eg4 i.e.'aéps a‘EG
- where o is plasma conductivity. The conventional axial
return current is developed essentially by the axial

electric field Ez as JZ = B .

The first theoretical model on the return current
response of the plasma to the rotating electron beamnm
was given by Chu and Rostoker (1974). Interaction of the
hollow rotating relativistic electron beam front with a
dense plasma (npf$~nb) is studied. The model is based
on the assumptions that the plasma electrons are magnet-
ised while ions.are not and the annular beam thickness
is largc compared to the plasma skin depth. It i1g found .
thwt on injection of the rotating beam into the plasma,
the system becomes slightly over charge neutralised.,
The excess positive charge inside the beam thickness
produces a radial electric field that drives the

azimuthal return current, similar to the axial return
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__current.in the straight beam case. The radial electric

field sustaining the angular return current also electro-
statically accelerates the ions, Thus, arises the major
difference, ion heating is due to ion sound turbulence
in the case of laminar beam injection while in case of

rotating beam, the ions are electrostatieally heated.

Chu and Rostoker's magnetic diffusion model has
predicted decay lengths for the return currents. The two

decay lengths obtained are:

1 a— a2+ /\‘2 VO Qﬂll.tl...co.l (1.2)
11 - 2 1
N e
for axial return current
s 2
and 7 N Vo
1-!. = 7/ ;»‘(1(-1- ) . & & ° ¢ 8= ( 1'3)
AT e Yy
Ve Vi~

for angular return current

Where

a is the beam radius
M is the plasma skin dépth

\_Lis the initial beam velocity

Ve is the electron collision frequency
i is the ion collision frequency
fL,is the electron cyclotron frequency

L. is the ion cyclotron frequency.

The time decay of axial return current results
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from collisional cdamping of the electron current alone,

as does the first term in the expression for the angular
return current. The second term in the case of angular
return current is due to radial flow of ions under the
influence of electric field Er' The ion flow neutralises
the radial electric field, necessary to sustain AQP

leading to the decay of the angular return current.

Further work (Molvig and Rostoker, 1977 a) on

this subject was more or less an extension of the Chu

and Rostoker model. In Molvig's treatment, classical
form of friction term is used in the fluid equation for
determining the plasma response, in contrast to Langevin
form, However, it is found that the response of the
plasma to the rotating beam is identical to the one

obtained by Chu and Rostoker.

Molvig and Rostoker have also extended the
model to include realistic beam profiles, beam risetimes
and boundary conditions, Finite beam rise times and
presence of conducting boundary affect the amplitude
and the decay of the return currents. During the rise
time, the initial portion of the angular return current
already beginé to diffuse before the beam current reaches
its peak value. The return current decay competes with

the rise of the beam current and limits the maximum
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angular return current to less than the full neutralis-

ing value. However, there is no such rise time limitations
on the axial return current. When the beam=plasma system
is enclosced by a conducting wall, the net axial counter
current decays. The difference between the beam cur-ent
and the return current flowing in the plasma is carried

by the conducting wall. Similar behaviour also holds

ood for the angular return current.

Q

The axial force experienced by the rotating beam
due to return current decay has been determined from the

magnetic diffusion model., The calculated stopping length

for the rotating beam is Z
Sy (V) Ye
I\;] :‘ ’E _{/}| L '—E p _,{)ﬁ\’ ceca ( 1 . 4)
Where -
np is the plasma density

ny is the beam density
V' is the beam axial velocity
Y 1s the relativistic mass factor

Y. is the electron collision frequency.

The stopping length is smaller by a factor
2 (c/v“)3 over that for a non~rotating beam. Hence,
even if a plasma is transparent to straight beam, it can
stop a rotating beam. According to the model, the beam
energy lost is shared among electrons, iosns and the

magnetic field,
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An apparently different return current model

was given by Berk and Pearlstein (1976) for long pulse
electron beams., The model has predicted that only for
beam rise times short compared with the Alfven time L/VA
(L is radius of conducting boundary and VA is Alfven
velocity), angular return current will completely

cancel th@Abeam current, In case of longer rise times,
return current will oscillate with much smaller amplitude,
Further, axial return current neutralisation will take
place only 1f the beam pulse is smaller than magnetic

diffusion time,

The radial gross oscillations of the plasma
identified as magnetosonic mode have been observed in
the rotating electron beam-plasma interaction. As the
angular beam current éb@ builds up, a radial electric
field Er is established in the beam annular sectibn,
which drives a drift plasma angular return current

}PQ and simultancously excites a magnetosonic wavse
with wavelength '2a' and frequency 7VVA/a (where
'a' is the bcam radius and Va is Alfven speed). During
the first half cycle of the mode, the plasma ions and

electrons are driven radially outward by Er and JPQX\%%

force respectively. The "Frozen in." field lines also
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move radially with the plasma, resulting in a

diamagnetic field configuration inside the beam cross—
section and paramagnetic outside, Simultaneously, the
energy density decreases at a rate .}b@ &Fj . During
the second half cycle, Ee'reverses its sign and so the

beam regains part of the energy, lost during the first

half cycle,

A nonturbulent model valid in linear regime was
given by Chu et al (1975) to explain the experimentally
observed magnetosonic oscillations (Kapetanakos eﬁral.,
1973). Main features of the proposed model are that
it does not resort to collisions or instabilities
and operates mainly in dense plasmas. It has been
found from the model that the rotating electron beam
pulse rapidly transfers energy to the ions of the
plasma through excitation of the magnetosonic mode,

The beam energy transfer efficiency scalesAlinearly
with the beam axial density rather than the beam

volume density.

Further studies on the magnetosonic mode which
includes nonlinear effects were carried out by Molvig
and Rostoker (1977 b). When 4 B v B, (where A B is the
wave field and BO ig the external magnetic field),

dissipation balances the nonlinearity to produce a
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AT —

shock type flow resemblinig that of the linear theory,
The only nonlinear modification is an increase of the

magnetosonic wave speecd to VS x;VA MS where MS = 1 4
I

is the Mach number.
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The availability of the intense electron beam
generator soon resulted in experimental studies related
to straight beam - plasma interaction. Several beam
injection experiments (Korn et al 1973, Miller 1975,
Goldenbaum et al:1974) at various laboratories were
performed with an aim to determine energy coupling
efficiency and identify the interaction mechanism.
Plasma heating amounting to 10-20% of the beam energy
has been observed under various experimental conditions.

The observed energy deposition is greater than as explain-

o)

ed by classical process,. The rate of energy deposition
which take into account collective processes such as two-

stream or return current instabilities,

The first experiment on rotating beam-plasma
interaction was performed by Kapetanakos et al, (1973)
essentially to study the dependence of energy transfer

on the plasma density. A 500 KeV, 20-40 KA electron
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beam was injected into a preformed plasma confined by

a uniform magnetic field. The optimum energy transfer

occured at the plasma density (& 1014cm-3) which was

two orders of magnitude greater than the beam density

(. 5 x 1011cm—3).

A remarkable result obtained was
that the plasma undergoes radial oscillations, charact-
erised as magnetosonic modes. lIon heating was indicated

although no attempt was made in this experiment to

- measure the ion temperature.

The rotating relativistic electron beam-plasma
interaction through magnetic perturbations and radial
oscillations was studied in another experiment (Roberson
1978)., The experimental system was similar to the one
described above, Field reversal configuration created
by the induced plasma currents Qas also observed at

3 x 1083em™3

plasma density. Another significant
result of this experiment was that the beam propagation
and braking depend upon the background plasma density.
An attempt was made to compare the braking of the beam
with existing theoretical models and magnetic pertur-
bations with numerical calculations. From these cal-
culations; inferred plasma conductivity (+ 5 x 101éec“1)
was found to be proportional to the density. The

origin of this anomalous conductivity has not been

determined,
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From the experiments,reviewed above, we notice that the
experimental studies on interaction of a rotating REB |
iwith plasma has received scant attention so far. Although
coupling between the rotating electron beam and the prlasma
th rough magnetic perturbation has been established,
many phenomena related to the interaction mechanism

are far from understood.

The diamagnetism registered was attributed only -
to the plasma heating and the magnetic field due to the
angular return current was completely ighiored in all the
earlier experiments; whereas the present work aims to
s tudy thé propgrtion in which the beam energy is shared
between the plasma and the induced magnetic field. In
the preseﬁt experiment we also study the spatial and tem-
poral evolution of the angular teturn current, which is
of great importance while determining the resultant
magnetic field configuration, The effect of the external
mirror mégnetic field on the behaviour of the return
current is also a subject matter of the present invest-
igation., An important problem in such an interaction,
is related to the decay of the return current. This
experiment addresses itself to the question of the

return current decay under various experimental condit-
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ions., The propagation of the REB in vacuum as well as

plasma filled non-adiabatic cusp magnetic field has also

been studied extensively.

The experimental device, its operating charact-
eristics, automatic control unit and various diagnostics
elements used in the course of the investigation are
described in chapter II, The performance of a modified
version of the washer type plasma gun, in which gas is

injected externally is reported,

Results on the study of rotating electron beam
propagation in vacuum and plasma and a discussion are
presented in Chapter IIi. A technique for improving the
transmission of intense electron beam through a cusp |
magnetic field in vacuum by usihg dielectric drift tubes

has been demonstrated,

In Chapter IV, the magnetic response of the plasma
to the rotating relativistic electron beam is studied
and discussed. .Observational evidence for the genration
and trapping of a return current layer in the magnetic
mirror is presented. This chapter also includes the
numerical results bn the response of the plasma to the
rotating electron beam. The main results of the thesis

work are briefly summarised in the last chapter.



CHAPTER II

EXPERIMENTAL DEVICE AND DIAGNOSTICS

A schematic of the experimental device, designed
and setAup to study the interaction of the intense rotat=-
ing relativistic electron beam with Ehe mirror trapped
plasma is shown in figure 2.1. It consists of a wvacuum
chamber, system of magnetic field coils, plasma gun and
a relativistic electron beam genefator. A number of 
diagnostics have been deployed at various gl aces for
measuring the desired experimental parameters. For
sequential operation of the various events in the
experiment, an automatic control unit has been developed,
The details of the experimental device and diagnostics

are described in the following sections.
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The chamber is a 30 cm diameter, 2.3 meter long
and 3 mm wall thickness stéinless steel tube, The mag-
netic diffusion time through the walls correspondé to
SO}J.sec which 1s fast enough for the penetration of
external magnetic field, but long enough for the resistivé
decay of the imége currents, so that the flux displaced
by diamagnetic perturbations is fully conserved. The
chamber is evacuated to a base pressure of 10"5 Torr with
the help of vapour diffusion pumps. Nineteen ports are |
available along the length of the chamber for diagnostiés

purposeg,

242 MAGNETIC FIELD CONFIGURATION
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The magnetic field configuration, shown in
figure 2.2, is a combination of a mirror and a nonadiabatic
cusp field. While designing the system of magnetic field
coils, the procedure was based on the minimisation of a}
weighted sum of the squared deviations from the desired
field profile and the power dissipated in the coils
for a given coil configuration. Details about this
procedure is reported in a separate note (Saxena et

al, 1979).
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The—system which—evolved—from—such-a—design

: prbcedure consists of a set of spatially dispersed pancake
coils ‘of 40 cm i.d.. The number of turns in each coil
is adjusted such that current required is same fof all
the coils. The magnetic field coils, connected in series
and placed around the s.s. chamber, are energised by a
8,0 KJ condenser bank, Power is fed to the coils by
means of an alr cored co-axial cable. fhe

magnetic field configuration has a mirrorratio of 2.6
“and a mirror to mirror distance equal to 125,0 cm, YA
field of <~ 1.4 Guass/Amp. is obtained at the centre of
the mirror, The current pulse passed through the coils -
has a quarter period of 2.C m, sec., Figure 2.3 shows
two typical current pulses, one when the condenser bank
is discharged through the field coil system and the
other when the pulse is crowbarred with the help of an

ignitron connected in parallel with the coils.

The nons=adiabatic cusp field is produced by revers-—
ing the direction of the current in the first three coils
of the magnetic field assembly. A 25 mm thick mild
steel annular plate is introduced between the two sets
of coils, carrying currents in the opposite directions
and also an additional set of coils is. wound directly

over the chamber in order to make the eusp strongly
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figure 2.3 Current through magnetic field coils

(a) without crowbar,

(b) when the crowbar circul

t
al scale 100 Amp/div, horizontal
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non-adiabatic¢, The resultant transition-width—of the
cusp is 50 mm (FWHM). The axial profile of the
magnetic field was mapped using a Gauss meter when

a d.c, current was passed through the coils and with

a magnetic probe in case of pulsed currents,

2.3__GAS INJECTED WASHER PLASMA GUN

A modified version of washer gun, in which gas
is injected externally, is used as a plasma source. The
major advantage of using the gas injected washer gﬁn
over the conventional occluded one (Coensgen et al.,

1959) are:s

i. There is a control over the quantity of the

neutral gas present in the gun.

ii, The additional trigger pulse is not required

for initiation of the'disqharge.

iii. The gas injected gun is capable of producing

plasmas other than hydrogen or deuterium.

The plasma gun, as shown in figure 2.4, consists
of a number of brass and nylon washers with an i.d. 22 mm
and thickness 5 mm stacked together alternately. The
first washer acts as a cathode and the last washer

is connected to the ground through the metallic rods.
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The gas to be ionised-is—letinto a-nylon plenum with the

- help of a slow pulsed electromagnetic valve and enters near

-the cathode. The electromagnetic valve consists of a

light aluminium piston contained in a gas manifold sitting
over an orifice with an O-ring seal; The sealing is done

by the pressure difference between the manifold and the
experimental chamber., A small piece of mild steel is attached
to the aluminium piston, A coil surrounds the mild piece. A
80 |4 F, 1.0 KV capacitor bank is fired through a thyratron
to generate a magnetic field in the vicinity of the mild =
steel and the resultant magnetisation of the mild steel

piece lifts the piston to allow the opening of the

orifice and entry of the gas into the plasma gun. A

typical oscillogram of the ion current in a nude lonisat-
ion gauge, kept in the experimental chamber immediately
after the gun, (figure 2.5) shows the time behaviour of

the gas entering the plasma gun. Detailed description of

the plasma gun has been published elsewhere (Jain et al.,

1980) .

The gun is powered by an eight stage pulse~forming
line, consisting of 5.0}kF low inductance capacitors and
2.4}LH inductors. A nichrome strip is used in series with
the gun for proper impedance matching., The plasma dis-

charge current pulse lasts for about 100 risec and for
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found to be about 3.0 KA,

The experimental study of the plasma produced by
this source is done with the help of numerous diagnostics.,
The plasma velocity is measured by the time of flight
technique using four>Langmuir probes, placed along the
axis of the vacuum chamber. The plasma velocity
obtained for different gas species are given in

Table 2.,1.

The phase shift type 22 GH, microwave interfero~
meter is used to measure the plasma density. As the
plasma density varies, the phase of the microwave
traversing through it shifts, thus permitting a
recording of the temporal density variation. The phase
shift is dependent on integrated plasma density while
cut-off depends on the peak plasma density. Figure
2.6 shows the recording of the plasma density as
measured by the interferometer. The cut-off region
corresponds to the density greater than 6 x 1012cm_3.
To obtain the plasma density beyond the cut-off
region and also the radial density profile, the Langmuir
probe was used. The probe was biased in the range

between -100 V to +100 V. The probe current was

measured with the help of a current to voltage



Table 2.1
PLASMA VELOCITIES FOR
DIFFERENT SPECIES

Gas Velocities (cm sec”T)
6

Hydrogen 1.2 x 10

Nitrogen 8 b :LO5

Argon 7 X 105
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convertor,. The observed absence of saturatlon in the

electron current in the probe characteristic is
probably due to the fact that the high energy ion flow
does not allow the shielding effect of the probe,
(Segall‘and Koopman, 1973). Thus, the plasma density
was determined from the ion saturation current. The
complete temporal profile of the plasma density obtained
with the help of the interferometer and the probe is
shown in figure 2,7. The peak ' value is found to be

J.Oi?’c:rn"'3

and is attained at 200 p.sec after the
initation of the plasma discharge at the mirror centre.
The radial density profile, obtained with the help of

the probe, as shown in figure 2.8, is Guassian, with

'an average diameter equal to 5,0 cm.

--——.—-—.——-—.——-—————.—--——_—__———m—m———-—-———-———

The basic principle for relativistic electron beam
generation is illustrated in figure 2,9. A high voltage
power supply charges a Marx generator. On a trigger
command, the Marx is erected by switching all the
capacitors in series and thus providing the high
voltage needed. Next, the stored energy is transferred
in less than a microsecond to a pulse forming network
that enables a time~compression of the voltage pulse.

The beam generation and acceleration occur in a beam
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" Figure 2.8 Radial distribution of the plasma density.



FUNCTIONAL DIAGRAM OF RELATIVISTIC

BEAM __ GENERATOR

ELECTRON

———— DEIONISED - WATER CIRCULATOR

~OIL WATER - COAXIAL WATER LINE : “FIELD EMISSION DIODE
INTERFACE ) - WATER-VACUUM INTERFACE
PULSE TIME = 50 NANO SECOND LWATER SWITCH
) “HIGH PRESSURE AIR SPARK GAP
=20 STAGE MARX GENERATOR '

- WATER- WATER INTERFACE

Figure 2.9 Functional diagram of the relativistic

electron beam generator.
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‘wdiode, which is energised by the pulsgrforming line. Th?ﬂw

details of the major constituents of the beam generator

are described below:

The bésic principle involved is the ﬁransient
series connection of a number of electrostatic energy
storage modules, The capacitors are charged in parallel
via the charging resistance in the high voltage leg of
the circuit while the other side is 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 impedance spark gaps
efféctively connect the capacitors in series, The ret
voltage achieved with the Marx circuit is equal to the

charging voltage per stage times the number of stages.,

The assembly of capacitors, the spark gap chamber
and the charging resistors is immersed in transformer oil,
Twenty 0,2 p~F,f50 KV capacitors are mounted on a
cloth fibre support and two columns of.copper sulphate
solution with 40 Kiloohm resistance each are used as
charging resistances. The capacitors in the Marx
generator are charged by a variable 0-50 KV high
voltage power supply, whose input voltage is varied

linearly using a variable auto transformer coupled

o



43

b0 a8 oW DM, reversible motor. A _high voltage

Lo ]

circuit breaker driven by a motor is used to connect
the high voltage power supply with the Marx. After
the capacitors are charged, this motor disconnects
the power supply from the Marx generator to prevent
transients, generaged during the Marx generatof

erection, from damaging the power supply.

The twenty spark gap switches, operating in
high pressure air, are housed inside a common pressure
sealed 1.5 meter long chamber, Each spark gap is made
of brass electrodes having a diameter egual to 20 mm,~
while the electrode gap is 8 mm, A trigger generator in
the form of é sliding spark source is used to erect the
Marx generator. The source consists of two electrodes,
fixed on the plane of a nylon cylinder, with their tips
just projecting on the surface of nylon as shown in
figure 2.10., The trigger source is mounted about 5 cm
away from the first spark gap inside the chamber and is
electrically isolated from the Marx generator. When
a 6.0 KV pulse is applied between the electrodes, a
surface discharge is developed emitting ultra-
violet (UV) radiation. This UV radiation photoionises
the gas in the gap region of successive gaps and is

sufficient to cause switching of all the spark gaps.



L S.S.ELECTRODE

Figure 2,10 Nylon spark initiator.,
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It has been found that this triggering helps to get

the Marx generator erected at a voltage which is
60~70% of the valuec at which the spark gaps normally

fire without the triggering pulse.

An external inductance of 10 o H is introduced
between the Marx generator and the pulse forming line
in order to reduce the rate of charging and hence
reduce prepulse, The line gets charged to peak value
in about 600 n sec. The voltage pulse of the Marx
generator which charges the water line is shown in
figure 2.11. A corona ring is connected at the
output end of the Marx where the pulsed high voltage
appears. This is shaped in such a way that large
electrical stresses in any preferential direction
are avoided. A 20 mm thick perspex flange is used
as an interface between the Marx generator and the

pulse forming water line.

The co-axial water line is the éecondary energy
storage which shapes and compresses the Marx generator's
output pulse, The shape of the output pulse depends on
the load which is connected across the water line while

the duration of the pulse is decided by its length.
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Figure 2,11

Water line charging waveform.

TIME IN NANO SECOND

550 800

0
>
h'd
=
Ll
<
—
]
O
=

Figure 2.12
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Marx Vvoltage when high voltage holding

switch fires.
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While getting charged, the water line acts as a lumped

capacitance but while discharging, it functions in a
transmission line mode. The water line produces nearly
an order of magnitude decrease in the pulse duration
resulting in an increase in the power output. Water,
having a high dielectric constant (& = 80) provides a
medium, capable of storing energy at a density of 160
Kilojoule/meterB. In addition, the velocity of propa-
gation of an electromagnetic wave through water is aboué

nine times less than that through air, and hence the

pulse~forming line becomes quite compact.

The co~axial water line consists of an inner
conductor made of stainless steel with a diameter of
15 cm and an outer conductor (ss) with a diameter of
30 cm, thus having a characteristic impedence of 4.8
Ohms. The physical length of the line is 80 c¢m corres-
ponding to an output pulse duration of 50 nanoseconds
when terminated with a matched load, Deionised water
with low conductivity is circulated in the coaxial
water line., The resistive discharge time for the line in
the present geometry is a few microseconds, much
longer than the time, the Marx generator takes to

charge the line.,
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244.3 High Voltage Holding Switch

The switching of the charged pulse line into
the diode requires the reliable firing of a normally
insulating gap, which has been achieved in the present
set-up by the self-breakdown of a water switch. The water
switch consists of two brass electrodes in the form of
hemispheres with 30 mm diameter. The gap between the
e lectrodes is adjustable from O to 30 mm., The water
switch is mounted inside a stainless steel cylinder
in which deionised water is continuously circulated.
The breakdown strength of water depends upon the time
period during which the high voltage exceeds 63% of the
breakdown-voltage and the areca of the elctrodes over which
the voltage exceeds 90% of the breakdown fieldg. The
breakdown strength of the water switch calculated from
Martin's empirical formula (Nation, 1979) is around
300~-400 KV/cm, Figure 2,12 shows the output voltage wave;
form from the Mark generator when the water switch fires

at the peak voltage.

W s . o o4 s P S W gy " o oot e S i g Sk o Tt

The production of the relativistic electron
beam from the voltage pulse requires the use of a high

voltage low inductance field emission diode, which can



provide the required-high—eurrent-densities—The diode

consists of an annular brass cathode of 40 mm 0.d.,
26 mm i.d, and in front of it is placed an anode of
6§Lm thick aluminium foil, For a plane parallel diode
consisting of a cylindrical cathode of radius R and
vacuum gap d to the flat anode, the impedance is given

by the Child-Langmuir's relation i.e,

(d/r )%
7 = 136 SZLEL

Y \\//

where V is in MV and Z is in ohms,

The aluminium fbil, used as anode, is in most
cases destroyed after ecach shot becauée of the high
current densities of the electron beam passing through
it,. ThisAnecessitates the use of a foil-changer which
enables the replacement of the anode foil without open-
ing the vacuum system. This foil changer consists of a
modified brass flange with various gears, stretcher
rings, dispenser and receiver spools fixed on it and
is mounted in the anode plane of the diode. A shaft,
connected to the gear system, is brought out of the
vacuum system, which when rotated changes and stretches
the foil without disturbing the vacuum, Foil sufficient

for over 30 shots is loaded onto the changer.,
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The most important parameter of the REB generator
is the output beam current. A self~integrated Rogowskii
coil mounted over the cathode is used to monitor.the diode
current. The diode current obtained when a 200 KV voltage
pulse is applied to the cathode is shown in figure 2,13,
The peak current in this signal ié 30 Kilo amperes and
the duration is about 60 n sec, This value of the diode
current is in agreement with the Child»Lahgmuir relation,
The diode currents obtained, are in the 10-30 KA range,

by adjusting the cathode-anode gap.

2.5 AUTOMATIC CONTROL UNIT

SR Ty S o e D At BN P Sy B bt Sl gttt it P A gl Vet i s B g b

Since the experiment utilises a number of high
voltage energy storage capacitor banks to power various
systems such as the Marx generator, pulsed magnetic field
coils, plasma gun, pulsed gas inlet valve etc., an auto=~
matic system for programmable charging as well as
- the subsequent sequential discharging of these banks
through theilr respective loads has been used (Lali
et al., 1979). The banks are charged linearly through
variable auto transformers coupled to low TePem,
reversible motors. Voltages on the banks are sensed

and compared with "Preset" levels and at the moment
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of coincidence, the following sequence of events

takes place:
i. The power input to the capacitor banks is

cut-off,
ii. The various control motors are reversed,

iii., Bank triggering circuits await a triggering

pulse.

The sequential triggering of the bank firing
circuits in a pre-selected sequence, is accomplished with
the help of various digital delay circuits. The delays
from 1,0 p sec. through 9.999 m sec in steps of 1 ‘ASGC“
can be selected with the help of front panel thumb wheel

switches,

The complete sequence of events is initiated by a
single "initiate" command, which starts the charging of
various banks. As all the banks charge up to their
preset voltages, one of the charging circuits, which is
preselected genérates a "go" command which results in
sequential firing of the banks through‘their loads and
reset various charging circuits. The remote control
unit is kept far off from the capacitorlbanks and

associated triggering systems,
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2,6 DIAGNOSTICS

Bedng-a-pulsed-experiment;fast response dia-

gnostics are used to monitor the different experimental
parameters. Most of the diagnostic elements are
calibrated using a 100 n sec, 40 Amps current pulse
generated by a co-axial cable pulse-forming line
terminated with a matched load. Details of the various
diagnostics used in the present experiment are described

below:

2+641 Time of Flight Mass Spectrometer

TP B g G e it et s St s it et Bt et 45 . o W e s e o 00y - ———— o —

To verify whether the gas injected washer plasma
gun is capable of producing plasmas of heavier gases, a
time of flight mass spectrometer was constructed and
operated in conjunction with the plasma gun (figure 2.14).
The mass spectrometer consists of an assembly of two
grids separated by 20 mm, one being used as an accelerator
and the other as a collector, a meter long flightvtube
and a collector at the end of the flight tube. With
a knowledge of fhe energy of the ions accelerated by
the grid, the length of the flight-path and measuring
the time of flight, the ion species are identified.
As the plasma gun is pulsed, the acceleréting voltage
was kept steady. Experiments were done with hydrogen

nitrogen and argon as the ionising gases.
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The two traces in figure 2.15 correspond to the

currents, registered by the two collectorsrwhen argoh”
gas is injected., The first large peak in both the traces
appear during the discharge duration (= 40 ytsec in this
shot) and are not affected by the accelerating voltage.
The peaks appearing at 52 and 100 p sec respectively in
the two traces are the ion current signals. Observed
time delay for peaks correspond to argon ion species for
known accelerating voltage. The difference in polarity
and amplitude are instrumental. The dispersion in time
in the scecond trace is poséibly due to the fact that

the ions are post-accelerated from a plasma with a finite

energy dispersion,

T G~ i Aot o it - W (0 - o . S i v -

The output voitage of the pulsed Marx generator is
measured with the help of a lincar resistive voltage
divider. A schematic of the voltage divider is given
in figure 2.16. The voltage monitor consists of
three copper electrodes, placed in a perspex container
filled with copper sulphate solution. The resistance
could be adjusted by changing the concentration of

the solution.
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Figure 2.16 Schematic of the resistive voltage divider,
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The diode current is measured with the help of a
selfsintegrated Rogowskii coil, mounted over the cathode
shank. The coil is made from copper windings; mounted
inside perspex enclosures, The two ends of the coil are
connected by a thin wire of negligible resistance. The
current through: the wire is measured with~ﬁhe help of

a current transformer (figure 2,17).

A pair of miniature Rogowskii coils are constructed
specifically to determine radial and angular profiles of
the net current (beam + return current). Each of them
consists of hundred turns of thin copper wire wound on
8,0 mm i.d,, 10 mm o.d. toroidal mild steel. These coils
are wrapped together to form one loop. ©One end of the
each coil is grounded in such a manner that when one of
the coils gives a positive output, the other gives a
negative output., Both the coils are terminated by a
50 4% resistance and the signals are integrated at the
oscilloscope and subtracted from each other so that the
electromagpetic noise gets nullified while the signal

gets doubled,

A Faraday cup has been used to determine the



Perspex
Enclosure

= Current Transformer

| Voltage Output

Figure 2.17 Schematic diagram of the self integrated

Rogowskii coil .,
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transmission efficiency of the relativistic electron

beam through the cusp in vacuuwn, The Faraday cupris
meade of aluminium with 60 mm opening and has a

graphite disc as the collector. The current collected
by the collector is measured with the help of é standard
Pearson model current probe. A cross sectional view of

the Faraday cup is depicted in figure 2,18,

The inaccuracy in absolute current measurements
by the Faraday cup can occur duc to secondary emission
from the cup and reflection of the relativistic electron
beam from the collector, The sccondary cemission co-
efficient for graphite is less than 3% (Bruining, 1954)
and any currents generated by the secondary emission
will be opposed by the relativistic electron beam and
hence this effect is insignificant, The use of graphite
as the collector minimizes the reflection of high energy
electrons due to the low 2 of graphite. Further the cup
is made hollow and deep, so that a large fraction of the
reflected electrons are recaptured by the cup itself,

thus minimizing the effect of reflection of the REB.

To determine the life time and current density of

of the relativistic electron beam in the mirror in
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Aluminium Cup

Figure 2,18 Cross sectional view of the Faraday cup.

BNC S.S.Tube 6um Thin Aluminium foil

O

s
—

Disc Collector
Glass Cover

Figure 2,19 A schematic of the electron beam probe .
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presente of the plasma, an electron beam probe, capable

of collecting preferentially energetic electrons is
fabricated. The probe is made of a cylindrical s.s.
disc (or wirec) of 5 mm diameter covered with a 6_¥Lm'
thin aluminium foil (figﬁr@ 2.19). The thin aluminium
foil allows only the encergetic electron beam particles
to penctrate to the probe, and prevents the collection
of plasma electrons. A current transformer is used

to monitor the collected current.

— . . . " " ot o W SL Geas S ot s puy S St e e e

The profile of the external pulsed magnetic
field along the vacuum chamber is obtained by a millisecond
time response magnetic probe., In such a probe the changing
magnetic induction causes an induced voltage, preoportional
to -d #/dt, where @ is the magnetic flux threading the
probe. A measure of the field is thus obtained by

integrating the induced voltage.

The magnetic probe consists of a 16 mm long,
100 turns coil of 12 mm diameter. The coil wéé placed
inside a glass tube, closed at one end., A 50 m sec¢
passive RC integrator was used for integration of the
induced probe voltage. A schematic of the magnetic

probe is shown in figure 2.20.
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For relativistic electron beam propagation and
plasma response studies, a number of diamagnetic loops
were used in the present experiment. A diamagnetic loop
encircling the interaction region measures the change
injthe magnetic f£lux created by the beam passagec. The
voltage induced in the diamagnetic loop of cross- sectional

area A due to change in the magnetic f£lux is given by:

Where, N is the number of turns in the diamagnetic loop,
When this voltage is #ntegrated with a passive RC

integrator, the output voltage is given by

— )__ v
{Du¢-_¥'ng 5 \Hﬂ ct

In almost all the rotating REB - Plasma inter-
action experiments, the diamagnetic loop signals last
for a few microseconds while the magnetic skin time for
vacuum wall is fcw tens »of microseconés i.e. long
compared to the duration of the signal. Hence the
magnetic flux is conserved inside the experimental
chamber during this time. By assuming flux con-

servation, the output of the diamagnetic loop can
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OB ,,,;g;i,V@,n,,,,,a.S_m(MGm rber-et-al,,—-1977 )

- L -
v = Nmess Ry (o R
St RC /Ry Vv R
where R?’ ” |
ﬁlBZ is the change in axia; magnetic field,
N is the. number of turns in the loop,

RC is the time constant of integration,
R is the radius of vacuum wall,
R is the radius of Plasma column:

RL is the radius of the diamagnetic 1loop.

Figure 2,21 shows the construction of a typical
diamagnetic loop. The diamagnetic loops are fabricated
using thin teflon coated wire wound inside a copper tube
with 80 mm i.d,. The number of windings was kept at
five. 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 penetration
of change in flux into the loop windings. The output of
the loops are terminated with a 50 _./l.resistance and the 
signals are integrated by 22 stec passive RC integrator
at the oscilloscope. One end of the loop and the copper
tube are grounded at the oscilloscope in order to avoid

formation of any ground loop. The absence of an
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Figure 2,21 Details of diamagnetic loop and passive integrator
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Figure 2,22 The fast particle detector .
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electrostatic pick up was confirmed by the reversal of

lodp sighal polarity when the loops were rotated through
1800. The calibration of the loops wes- done by
registering the field in the centre of the 50 mm i.d.,
three turn coil driven by 35 Amps and 100 nanosecond

pulse,
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The acceleration of plasma ions by radial electric
fields has beeﬁ predicted by theoretical models on rotating
REB-plasma interaction., An electron multiplier has been
used in the present device wiﬁh an aim to look for these
ions or neutral fluxes (which can bo produced as a result
of charge exchange of ions with background neutral gas).
The multiplier has ten stages and a current gain of about
1O6land is placed in such a way that the fast particles
can fall directly on the Ist dynode of the electron multi-
plier (figure 2.22). The multiplier output is further
amplified by a current amplifier and the resultant signal
is displayed on the oscilloscope. The sensitivity of
the electron multiplier was determined experimentally
by measuring its response to a‘monoenergetié beam of

H atoms of known intensity and variable enerqgy.,
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Since the experiment involves high current and
voltage pulses, proper grounding and shielding of the
experimental set-up and associated diagnostics was
found to be necessary in order to avoid the electromagnetic
noise, For £his réason.the main experimental set-up and
the various diagnostics elements were electrically
isolated from each other and a massive copperplate,
placed right below the device was used for grounding
purpose in order to minimise the length of the
grounding connections., The signals were recorded on the
oscilloscopes, kept inside a shielded cage and all the
cables from the diagnostics to the omcilloscopes were

run through a copper tube for proper shielding.



CHAPTER III

GENERATION AND PROPAGATION OF ROTATING REB

3.1 INTRODUCTION

The laminar relativistic electron beam producéd
by the dgenerator is converted into a rotating beam prior
to injecting it into the plasma. This is done according
to a simple and different scheme suggested by Schmidt
(1962) for the production of a rotating electron beam.
According to the single particle orbit calculation, an
annular beam of electrons injected into a nonadiabatic
cusp mégnetic field will emerge out of the cusp with

velocity components.

.
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Where, Vo is the initial electron beam velocity before
entering the cusp, VIJ and Vl'are the axial and rotational
velocities respectively, r, is the radius of the annular
beam and f} is the electron Larmor radius. The motion

0of a charged particle injectéd axially into a cusp geometry
is depicted in figure 3.1, Experimental results on the
rotation of a laminar hollow REB by the nonadiabatic

cusp are briefly presented in this chapter,

Experiments on the injection of a short duration
high current electron beam into the nonadiabatic cusp in
vacuum have revealed that the beam propagation through
the cusp is poor. It has been found that transmission
efficiency of the cusp, defined, as the perdentage of the
number of particles transmitted through the cusp to the
total number of particles entering the cusp, is around
10% (Friedman, 1970 a,b; Rhee et al.,, 1974) i.e. a
significant fraction of the beam particles are lost
while propagating through the cuép.

Previous experiment performed (Kapetanakaqs, 1974)
to increase the cuép transmission efficiency by filling

the cusp and drift tube with neutral gas showed that in



Figure 3,7 Motion of & chargeq barticle injecteg
into g cusp gecmetry,
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the pressure range of 100-~1000 mllll Torr, 85% of the

beam partlcles ‘emerge out of the cusp. The main dis-

advantage here is that it is always essential to fill

the experimental chamber with the neutral gas which
limits the flexibility of the experimental configuration,
In beam generators with foilless diodes or“grid anodes,
this technique would not be feasible since the gas fill=-
ing, would impair the diode performance. In experiments
on beam interaction with magnetic fields, for example,

in the studies of intense microwave generation, the
neutral gas ionisation and subsequeht current neutralisat-
ion of the beam bring additional complexities to the

problem,

A technique for improving the transmission of
intense electron beam through the cusp magnetic field in
vacuum is described in this chapter. It has been observed
that dielectric tubes help in channeling the beam through
hard vacuum, resulting in an improved transmission of the

beam through the cusp,

The experiments on the propagation of a rotating
relativistic electron beam through a mirror trapped
plasma are also described and compared with the predict-

ions of the existing theoretical models.
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32 EXPERIMENTAL SET UP

The experimental system along with the magnetic
field configuration, described in the last chapter, is
shown in figure 3,2, During the experiments, the beam
parameters were; energy in the range 200-250 KeV, current
of the order of 10-12 KA and pulse duration equal to
80 n sec. The experimental chamber was evacuated to a
base pressure of 2 x 10—5 Torr. The plasma gun was operat~‘
ed in the density regime 1011—1013cm"3 during the study
of the rotating REB propagation in the plasma, but was
switched off while carrying out experiments on beam

rotation and cusp transmission,

Perspex tubes of three different diameters (50,
70 and 95 mm) were used as drift tubes during the
'study of transmission efficiency, .The perspex tube
placed immediately after the anode foil, extends
through the cusp plane to the other side up to 20 cm.
The thickness of the perspex tubes was so chosen, that
it was nearly ten times the range of the energetic

electrons,

The electron beam flux as a function of time,
before and after the cusp was determined with the help of

the Faraday cup, The life time and current densities of
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the rotating electron beam in the mirror were measured by

an electron beam probe, - The diamagnetic loop measures
the reduction in the magnetic flux /.4, resulting from
the rotation of the electron beam in vacuum. This
magnetic flux AW , can be written as (Friedman, 1970 b)

2 NE

‘,,}'\_L ‘ -000-.0--.(3.1)

Where ﬁi = V,/c, N is the number of electrons per unit
length and r is the radius of gyration. The ratio of
rotational to axial velocity of the electron beam can be
Obtained if in addition to A}{, the total number of
electrons emerging out of the cusp is also known. The
total number of electrons emerging out of the cusp can

be written as

resescees (3,2)

O

Where I is the axial component of the beam current

after the cusp. The equation (3.2) can be rewritten as:

Ve

G\ = | N V“ clr
Using equation (3.1), we have
A YTV
QA - S L Lo
( A ( ¢ ' \/:L Oi\
.\/_.!:~— /\’\"\""}i'g‘ A 'r] @ e e awoeea (3 . 3)
Vy (€

Where /A t is a characteristic time describing the

duration of the diamagnetic loop signal. Thus with the
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knowledge of the amplitude and time duration of the

diamagnetic signal as well as the number of particles
crossed the cusp, the average value of rotational to

the axial velocity ratio can be obtained.

3.3 EXPERIMENTAL RESULTS

During these experiments, the beam generator was
switched on 2 milli seconds after the magnetic field
capacitor bank was dischargedi.e. when the magnetic field
has reached a peak value. This ensures that the external
magnetic field remains constant during the beam propagat-
ion through the chamber, which last for a few nanoseconds.

A typical diode current signal is shown in figure 3.3.a.

Figure 3.,3.b. shows the éignal of the diamagnetic
loop kept at a distance of 22 cm from the cusp, when
the magnetic field was 800 Guass at the mirror point. A
reversal of the polarity of the signal registered, when
the loop is rotated through 1800, confirmed that the
observed signal was not due to electromagnetic noise.

As mentioned that the diamagnetic loop measures the
induced magnetic field because of the beam rotation
in vacuum. Thus, the observed finite loop signal shows

that the relativistic electron beam starts rotating
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after the cusp or in other words nonadiabatic cusp

converts a part of the beam axial energy into a rotational

one,

To determine the value of (Yi/vii>' the tofal
number of beam particles transmitted through the cusp
was monitored with the help of the Faraday cup. The
Faraday cup was mounted 22 cm, away from the cusp point
inside the wvacuum, such thaf it intercepts the entire
beam cross section. Figure 3.4 shows the Faraday cup
signal for the same experimental parameters as in the
case of the diamagnetic loop measurements. An integrat-
ion of the Faraday cup signal with respect to time and
a further division by electronic charge (equation 3,2)
shows that the total number of particles transmitted
through the cusp is 3 x 1013, which amounts to roughly
8% of the beam particles, produced by the beam generator.
The average value of YL/V11 obtained, fo;ésH = 5 Gauass,
/At = 200 n sec as shown by the diamagnetic loop signal

and 83 X 1013, is found to be 1.8.

The dependence of the electron beam flux trans-
mitted through the cusp magnetic field on the externally
applied magnetic field is shown in Figure 3.,5. It is

seen that the cusp transmission nearly remains constant
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up to 840 Gauss and a further increase in the field

results in a reduction of cusp transmission,
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As oObserved in the last section, the transmission
efficiency is found to be 8% in vacuum. Experiments
were performed with dielectric tubes in the drift region
to study their influence on the beam transmission in
vacuum, Figures 3,4 and 3.6 show the observed Faraday
cup (placed at the end of the tube) signals without
and with the perspex tube of 50 mm i.d.. It is evident
that the transmitted electron beam flux through the cusp
increases substantially in the presence of the perspex
tube, The enhancement of the cusp transmission with the
introduction of the perspex tube is also registered by
the diamagnetic loop (figure 3.3 c). An increase in
the transmission over the vacuum value by a factor of
2.5 results by 50 mm i,d. perspex tube (John and

Jain, 1981).

During these experiments, it Was noticed that the
first shot after pumpdown from- the atmospheric pressure
always shows a significantly large transmission
efficiency, and during the subseguent shots the

transmission efficiency continuously decreascs
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reaching a stable value. This 1s represented in

figure 3.7, where the diamagnetic loop output ié
plotted against the shot number. The time duration
between two consecutive shots is about a few minutes,
which is typically the time taken to recharge the
Marx generator and to pump out the gas load introduced
into the vacuum system, The enhanced diamagnetic
loop and Faraday cup outputs, depicted in figures

3.3 ¢ and 3,6 respectively were obtained after the

conditioning of the tube by several shots.

The study of the percentage transmission
efficiency of the cusp with perspex tubes of different
diameters shows that (figure 3.8) the beam transmission
increases with tube diameter and then attains a
saturation. The maximum enhancement obtained by the
introduction of the dielectric tube corresponds to four
times the vacuum value., The ordinate in figure 3.8
represents a diamagnetic loop output normalised with
respect to the wvacuum value and in all the cases the
perspex tubcs were conditioned by firing a few

initial shots.

A series of measurements have been made in order
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to study the propagation of a rotating relativistic

~electron beam through a plasma. These studies were
carried out using an array of identical diamagnetic
loops placed at different axial distances, two electron
beam probes, one placed at 25 cm and the other at.lOS cm
from the cusp, a witness plate and a Faraday cup. When
the beam was fired in vacuum (2 x 10_5 Torr), the
diamagnetic loops, the Faraday cup and the witness plate
registered the beam only up to a distance of 25 cm from
the cusp. At distances longer than 25 cm', all these
diagnostic elements recorded no appreciable signal,

thus suggesting thét in vacuum, the rotating electron
beam does not travel an appreciable distance inside

the mirror.

During the study of the rotating beam propagation
through plasma, the chamber was first filled with
hydrogen plasma (density :£r1012cm~3) produced by the
plasma gun. The beam is fired into this plasma and the
signals from different diamagnetic loops were registered
on theaoscilloscope, The studies show that in this
case all the diamagnetic loops including the one
placed outside the second mirror (figure 3.9) regiéter
the rotating beam induced signals. An electron beam

probe placed at the mirror minimum region, used to
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determine the life time of the beam in the mirror,

showsw(figure 3.10) that a substantial part of the

beam induced signal lasts for only 100 n sec which is
comparable to the beam pulse length, although the over-
all extent of the signal is about 250 n sec. From these
observations we conclude that the presence of plasma
has led to an efficient propagation of the beam all
along the chamber or in other=words the rotating
electron beam is not stopped by either the plasma or

the mirror field.

A relatively large rotating electron beam induced
magnetic field ( /.lB/Bo = 0.7) is observed with the help
of the diamagnetic loop B (See figure 3.9), located neaf
the end brass grid as cowpared to the signals recorded
at other axial position, as shown in figure 3.11 a. The
measured signal lasts for only 300 n sec and does not
have the characteristic of an induced return current.
This is attributed to the piling up of the rotating beam
particles ncar the brass grid after traversing through
the plasma. This is further confirmed by the dia-
magnétic loop A placed at the other side of the grid,
which registers a comparatively small signal, as 1is

seen from figure 3.11 b.
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The percentage of the axial energy lost by the

determined with the help of signals from two identical
electron beam probes placed at distances of 25 and 105 cm
from the cusp., Figure 3,12 depicts the recorded
oscillogrammes of the probe signals. Ffom these, we

find that the beam has lost at least 80% of its axial
energy while traversing a meter long column of plasma,
Further, the radial profile of the beam current obtained
with the help of the electron beam probe at the mirror
minimum shows that the beam is localised at the radial
distance of 2,0 cm from the axis. This indicates +the

absence of any macroscopic beam instability.

3.4 DISCUSSION

3¢4.1 REB Rotation

As per Schimdt's orbit calcuation, an intense
e¢lectron beam traversing the cusp magnetic field

experiences a J_ X B , .
P <y r force, where J, 1s beam's axial

current density and Br is the radial magnetic field.
As a result of this force, part of the axial energy
of the beam will be comnverted into rotational

energy. Further, the calculations show that above a
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energy and radius of the beam, the beam does not propagate

across the cusp magnetic field., This critical value of

the magnetic field is given by

i,
\ i
LT i "‘»

in homogeneous region of the cusp field,

D (i )

B

Here
R is beam radius
VO is beam's initial velocity

¥ is relativistic mass factor.

FOr parameters in our experiments i.e. VO = 0.7 ¢,
R = 1,6 cm, ¥ = 1.4, the BCrt is equal to 1,1 K Guass.
The experiments, conducted to study the dependence of
transmission through the cusp on the magnetic field
(figure 3.5) however, show a gradual decrease in the
transmission when the magnetic field is increased

above 840 Guass.,

The difference between the experimentally observed
and theoretically calculated critical magnetic field can
be visualised by examining the assumption made while
obtaining equation 3.4. It has been assumed that the
electron beam particles are injected parallel to
external magnetic field i.e. they do not have any
azimuthal velocity to start with. But in case of an

electron beam, injected with a finite initial V@A
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the equation 3.4 needs a modification. In this case,

the critical magnetic field i1s given by (Kapetanakos,

1974)

- 'w_’__. té \/()+ \Il/;‘(\) —:’ \/{’*‘l L.‘r‘___)‘t e e v o e . .0 ( 3 L4 5)

p

It 18 seen from equation 3,5 that Bcrt is smaller
for a beam having finite initial azimuthal velocity in
comparison with that of a beam with zero V@ﬁ The
initial azimuthal beam velocity could have resulted
from the scattering of the beam by the anode foil

having a finite thickness.
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The principal mechanism respohsible for low effici-
ency of particle transmission through a cusp magnetic
field in vacuum is related to the collective foects,
taking place in the vicinity of the cusp. As the
beam electrons approach the cusp, they start gaining
rotatipnal velocity at the cost of a reduction in their
axial energy. Due to this loss of axial energy at the
cusp region, there will be an accumulation of the
beam particles, This in turn builds up a space charge
potential hill in the vicinity of the cusp and this
potential hill scatters the beam particles, resulting

in a loss of particles in the cusp.
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The presence of a diclectric tube in the cusp ...

region enables a considerable reduction of the loss of
particles due to this space charge effects while passing
through the cusp. The mechanism by which the enhanced

transmission efficiency obtained, is as follows:

The beam is initially space charge limited and
so the beam hecad strikes the side walls of the perspex
tube. The charges accumulated on the surface of the
dielectric tube could generate electric fields having
a large component along the tube surface. These electric
fields cause a surface breakdown resulting in a thin
surface layer of the perspex getting sublimated or the
adsorbed gas in the dielectric getting released and
ionized, forming a background plasma in the tube. The
plasma electrons would be repelled from the beam column,
following the beam head, due to electrostatic repulsion,
leaving behind statiocnary positive ions, which charge
neutralise the rest of the becam and thus enhancing the

transmission through the cusp.

The observation of a higher transmission
efficiency with dielectric tubes during the first few
shots and a subsequent decrecase in the transmission to
a stable value is in agreement with the experimental

observations with laminar beams (Little et al., 1975).
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This phenomena is attributed to desorption and ionisation

of wall adsorbed gases by the beam., It should, however,
be noted that in the present experiment, the background
pregssure is of the order of 10— Torr and the'monolayer
formation time for most of the atmospheric gases is of

the order of 10-2 seconds, For water vapour, however,
this time is much more than an hour. The time lag between
two consecutivg shots during the experiments was generally
of the order of a few minutes. Thﬁs it is most likely
that water forms the bulk of the absorbed wall molecules
and that the walls are not recharged between the con-
secutive shots to contribute significantly to the
enhancement of the transmission after the first few

shots.,

Since the diameter of the perspex tubes were
chosen to be larger than the final electron Iarmor
radius, one would expect the transmission efficiency
to be independent of tube's diameter. However,
experimental (Rhece and Destler, 1974) and numerical
(Friedman, 1971, Bora and John, 1981) studies of single
particle transport through a nonadiabatic cusp have
shown that there is a radial translation of the particles
at the cusp planc, Although it is difficult to estimate

the radial translation due to the beam electric field,
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it should be an enhancement over the single particle

translation,  Thus, it {5 1ikely that due to this radial
translation, some of the rotating beam particles could

be getting intercepted by the dielectric tube with the
smallest diameter, This would explain the increése in
the transmission with larger diameter tubes and a saturat-
ion in the transmission when the diameter is increased

beyond a certain value,
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Molvig and Rostoker's (1977 a) magnetic diffusion
model has predicted the generation of angular return
currents in addition to the usual axial return current.
They have shown that the subsequent decay of these éounterw
flowing plasma currents can produce an efficient rgtarding
force on the beam. The stopping length of the rotating

beam thus calculated is: o
AN Y =y
(o= 1 ( 4'_’,*\) o
: Y, M . L%
where np is the plasma density, Dy, is the electron beam
density, Vil is the axial plasma velocity and Yy 1s the

relativistic mass Ffactor.

The collision freQuency”%éis a difficult para-
meter to measure during the interaction. Hence, it

has been determined by comparing the rising part of
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the observed diamagnetic loop signal with that of

numerical calculations using a diffusion model

(for detalls see next chapter), The value of )

A
thus obtained is 1O7sec—1. For n, = 1013,

D, = 1011, V“ =‘10locm/sec, Y = 1.4, the stopping
length turns out to be a few meters, much longer than
the length of the vacuum chamber, as confirmed by the

experimental results,

The accumulation of the rotating electron beam
near the end brass grid could be explained in the same
way as in the case of E layer trapping using resistive
rings in the ASTRON machine, It has been shown by
Nebenzahl (1973) that a rotating electron beam, passing
through a resistive ring, induces an azimuthal current
in the ring and the fields produced by the induced
currents interact with the beam electrons. The energy
diééibation as heat in the resistive ring is at the
cost of beam's axial energy alone while rotational
energy Of the beam remains unchanged. in the present
experiments, when the rotéting electron beam
approaches the brass grid, angular couﬁter currents
are induced in the conducting grid. These induced
currents interact with the beam and as a result
the beam slows down and a piling up of the beam

particles occurs.



CHAPTER IV

MAGNETIC RESPONSE OF THE PLASMA

This chapter describes the response of the mirror
trapped plasma to the passage of a rotating relativistic
electron becam through it. The spatial and temporal
evolution of the two componentsof the return current -
axial and azimuthal - have been extensively studied,.

The role of the mirror magnetic field in the evolution
of these currents and their subsequent decay is also
investigated. Numerical calculations of the plasma
response to the rotating becam using a magnetic
diffusion model are carried out and further, a com-
parison is made with the experimentally observed

results.
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4.1 EXPERIMENTAL SET-UP

The schematic of the experimental set-up along
with the various diagnostics deployed and the magnetic
field configuration are depicted in figure 4.1. The
ranges in which the various experimental parameters
were variced are listced in Table 4,1, Normally, the
experiments were conducted with a hydrogen plasma of
density = 107%em™3 at the mirror minimum and with a
magnetic fileld of 800 gauss at the mirror points.
Diagnostics used during the experiments were a miniature
Rogowskii coil, an electron beam probe and an arwmy of
spatially dispersed diamagnetic loops. In addition, an

electron multiplier was used as a detector for fast

radial ion or neutral flux.

The sequence of the experiment is as follows:
Initially the pulsed clectromagnetic gas valve is
activated. After a delay of 3.0 msec, wheﬁ the gas
density in the plasma gun reaches its peak value, the
gun is fired. The magnetic field condenser bank is
discharged 2.0 millisecond prior to the gun, so that
the magnetic field reaches its peak value at the time
of plasma gun firing. The beam generator is put into
operation 300 frsec after the firing of the plasma when

plasma density in the mirror minimum becomes equal to
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Table 4,1

Experimental parameters for the rotating electron beam-

plasma interaction experiment

Beam Energy 200 ~ 250 KeV

Beam current ‘ 10 - 15 KA

Beam Parallel velocity = 10locm/sec

Beam perpendicular velocity = 1,8 x 1010cm/sec'
Beam outer radius = 2.0 cm

Beam annular thickness = 0,7 cm

Magnetic guide field

at mirror point 500 - 1500 gauss
Plasma temperature 5 ~ 10 eV |

Plasma density 101t ~ 10%3em™?
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1012cm_3. The signals from the various diagnostic elements

scopes situated inside a shielded room and triggered by

the diode current signal.

4.2 EXPERIMENTAL RESULTS

e Ot e Bt e G B Vet S St O Mo Tt Wt T G A T bt o oo G000 O g

A miniature Rogowskii coil deployed at 65,0 cm
from the cusp plane and at a radial distance of 20 mm
from the axis, was used to measure the net currents.
It's axis® was oriented parallel to that of the system
sO as to enable it to register the axial component of
the net currents, Pulse duration of the rotating
relativistic electron beam injected into the plasma
column of density 1012cm~3 was 100 nanoseconds, as shown
in figure 4.2 a. Figure 4.2 b depicts a typical net
axial current monitored by the Rogowskii coil, A positive
signal corresponds to currents, flowing in the same
direction as that of the beam propagation. In the
figure, the net axial current peaks at 100 n sec, with
a current density equal to 100 Amps/cmz, It is also
seen that a substantial part of this current lasts for
nearly 300 nsecs, much longer than the beam duration,

This indicates that after 100 nsec, the signal registered
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Figure 4.2 (a) A typical beam current signal

(b) Net axial current density as function

of time obtained at 20 mm radial position,
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by the Rogowskii coil is caused by the axial return

currents established in the system by the beam passage.

The radial profile of the net axial current was
obtained by moving the Rogowskii coil along the radius.
Figure 4.3 shows the radial dependence of peak values
of the signals registered by the Rogowskii coil. The
net axial current has a maximum value at a distance of
20 mm away from the axis. In addition some finite
current also exists at distances of 90 mm away from
the axis. This suggests that the axial return cufrent
i1s localised at distance of 20 mmn away from the axis.

It was observed that the time evolution of the net axial

current does not change significantly along the radius.

4,2,2. Net aAzimuthal Currents.

O B POt o g Gt VO B et b Pt 0 TR Bt o W O g TR S O i e id P e o o

During the net azimuthal current measurements,
the experimental parameters were maintained in the same
range as in the case of net axial current measurements.
The Rogowskii coil was placed 65.0 cm away from the
cusp plane and at a radial distance of 20 mm from the
axis. The Rogowskii coil was placed such that it's
axis was perpendicular to that of the system. Figure
4.4 shows the time evolution of the net azimuthal current

registered by the coil for three different time scales.
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A positive signal in this case corresponds to a net

of the beam rotation. The net azimuthal current

appears only 50 nsec after the firing of the beam and
attains a peak value of 60 Amps/cmz. The absenée of any
appreciable current signal during the first 50 nsec,
indicates that azimuthally the beam is current
neutralised to a gozd extent. The later part of the

net azimuthal current signal is due to the azimuthal
return current induced by the rotating electron beam.
The net azimuthal current signal lasting for nearly

6 rLsecs shows a diamagnectic behaviour throughout.

From the temporal profile, we observe that the net
azimuthal current goes through a second maximum after

a time delay of 4.5 |-+ sec from the first maxima. In
order to verify whether the observed maxima are due to
the existence of any natural mode, the experiments

were repeated varying the plasma density and the magnetic
field. However, it was observed that the time

difference between the two peaks remains unaltered in
11

the density range 10 1013cm and in magnetic field
range 500 - 1200 gauss. This rules out the possibility
of the observed oscillatory behaviour being connected

with any mode of the plasma, As in the case of the

net aXial current, the net azimuthal current is also
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localised at a radial distance of 20 mm from the axis,

as seen from the figure 4.5,

A comparisdon of figure 4.4, with 4.2 b shows
ﬁhat the ncet axial current builds up faster and also
decays more rapidly, compared to the net azimuthal
current, which rises slowly and decays at a still
slower rate. Further, the amplitude of the net
axial current is more than that of the net azimuthal
current, however, the decay time of the former is

shorter by an order of magnitude,

In order to study the net currents floWing in the
intermediate positions, the Rogowskii coil placed at
20 mm from the aXis in the mirror minimum region was
rotated in steps of 30° from @& =-90° to & = +90°,
where ¢3 is the angle ketween the system axis and the
Rogowskii coil axis. For each position, four to five
shots were fired arnd the average peak amplitude and the
signal decay time (defined as the e folding time) are
plotted against the angle ¢ as shown in figures 4,6
and 4.7 respectively. The net current signal increases
initialiy when the angle ¢% is increased from
= ~9dj, reaches a maximum value at 3 = 6‘ and decreases
when ¢ is increased to +9dﬁ . On the other hand, the

decay time of the signal shows a reverse tendency i.e.
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a minimum . around % = 0 , Itis seen from these

figures that the signal amplitude and the decay time
[¥]
show a symmetric behaviour around 2 = 0 ,

N At Bt o i it - np o T St Doe Vot v e W W ot S e S ot o SO oo

Knowing the net azimuthal current density at various
points along the radius, the radial profile of the
induced axial magnetic field A BZ is obtained, as shown
in figure 4.8, We see from this figure that the induced
axial magnetic field is diamagnetic up to a distance
of 25 mm from the axis, having a peak value of 140 gauss.

This value of /. B obtained in the mirror minimum

7
region corresponds to a reduction of external magnetic
field by 45%. The induced axial magnetic field changes
polarity i.e, becomes paramagnetic after a distance of
25 mm from the axis. The peak paramagnetic field

observed is found to be very small as compared to the

diamagnetic field,

4.2.4 Trapped Return Current Layer‘
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The diamagnetic loops, placed at different axial
distances along the path of the beam within and outside
the mirror region, were used to study the spatial depend-
ence of the induced axial magnetic field. The output

from each loop was recorded on the storage oscilloscope



DT3eubew TRTX® psonput 24l 30 =2TTi0oxd TRIReY §°% =InbiTg

b R e 3 < fu]

0sd
O
i

O
&

Lk

P i
> o

P ke

«;5—
O

Ty £
!

e
St




115

as a function of time and later combined together to

obtain the spatial and temporal dependence of the magnetic
perturbstions. The shotto shot variations, common in
the intense pulse beam experiments, were taken éare of
by using the signal from the loop, located at the

mirror centre, as a standard., The magnetic perturbations
at the center of the mirror region reaches its maximum
value in 100 nsécs and then decays slowly (figure 4,9).
The peak value of the induced axial magnetic field
intergrated over the area of the loop as recorded by

the diamagnetic loop was found to be 42 gauss. For

the plasma densities in the range 1011—1013cm—3, the
signals from the diamagnetic loops do not show any
oscillatory behaviour, in agreement with the carlier
experimental observations (Kapetanakos et al. 1973,

Roberson 1978) .

The signal registered by the diamagnetic loop
could have been caused by three different prodes®es. = It
can be (i) due to the trapped particles of the rotating
electron beam (ii) a result of plasma heating or (iii)
due to the magnetic field generated by the net azimuthal
return current. As it was already explained in the last
chapter, the significant part of the'rotating electron

beam current lasts only for about 100 nsecs in the mirror
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Figure 4.9 A typical dlamagnetic loop output showing

the magnetic perturbation at the mirror

center as a function of time,
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region and therefore the rotating electron beam particles
cannot be contributing in a significant manner to the
loop signal., A further verification of this conclusion
was made by introducing the diamagnetic loop and the
electron beam probe which drain off any trapped beam
particle, simultaneously in the interaction region,

The absence of any change in the diamagnetic loép

signal even in the presence of the electron beam probe,
rules out the possibility of the diamagnetic loop

signal being caused by any trapped beam particles.

As seen from section 4.22, there are significant
currents flowing in the azimuthal difection, which in
turn produces an induced magnetic field in the axial
direction, With'th@ help of the radial profile of
this induced axial field as shown in figure 4.8, we
have calculated the contribution to the loop signal
due to the azimuthal current alone, The contribution
to the loop signal by the azimuthal currents was cal-
culated by integrating the induced axial magnetic field

ﬁ\EZ over the area of the loop. The calculated
integrated induced magnetic field comes out to bhe
equal to 36 gauss, which is 85% of the registered
diamagnetic loop signal. This shows that most of the

loop signal is caused by the net azimuthal current,
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The rest of the signal, unaccounted by the azimuthal

—CUErents,—i-s—attributed—to—the—heating of-plasma—by the
rotating elecctron beam., The value of nk(Te + Ti)r
calculated from these considerations is found to be .

15 éV/cm3. The above calculations, showing

w~3 x 10
the contribution of the azimuthal return currents to the
signal registered by the diamagnetic loop, clarly indicates
that the interpretation of the diamagnetic signal as
being solely due to tﬁe plasma heating is incorrect as
has been done in the earlier rotating electron beam-

plasma interaction experiments (Kapetanakos et al, 1973,

Roberson 1978).

The signals obtained from the various spatially
dispersed diamagnetic loops, show the following signifi-
cant aspects (figure 4,10); During the rotating electron.
beam passage, the entire plasma column shows a dia-
magnetic behaviour caused by the azimuthal return currents,
In about 100 nanoseconds after the beam injection, the
observed signéls all along the chamber start decreasing.
After 300 nanoseconds, the diamagnetic loop signal at
the cusp plane and at the end brass grid, both the points
being situated outside the mirror region, reduces to
zero, while the diamagnetic loop signéls in the mirror

region are still significant. The signals in the
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mirror region last for times of the order of a micro~

~seconds—Experiments—conducted-withan axially movable
diamagnetic loop show that the region, where the
diamagnetic loop signals persist for a long time, is
about 60 cm long and is situated symmetric about the
midplane of the mirror i.,ec. between the two mirror
points; From these experiments we conclude that the
azimuthal return currents, produced by the beam passage
through the plasma, get decoupled from the two ends of
the chamber and persist in the centre of the mirror,
thus forming a mirror trapped return current layer.

As time progresses, the spatial extent of the return
current layer starts reducing i.e. the layer starts

shrinking axially.

The dependence of the azimuthal return current
on the plasma density was studied, by firing the beam
generator at different time delays with respect to the
plasma gun discharge, thus corresponding to different
plasma densities. The plasma density attains a
peak value of 107%cm™® at time delay of 200 |4 sec.

For delays smaller or larger than 200’& sec, the plasma
density decreases. From figure 4,11, we observe that
with a decrease in the plasma density, the strength of

the azimuthal current also decreases. The value of



122

the inducced axial magnetic field obtained from the

diamagnetic loop signal is about 48 gauss at np =
1013cm"3 and 8 gauss at np = 1Ollcm—3. Further, the
dependence of the diamagnetic loop signal on the.
external magnetic field at the mirror center was also
studied. 4as shown in figure 4,12, the loop signal
peaks at a value of .~ 900 gauss at the mirror point

which corresponds to the observed cusp cut-pff magnetic

field, for 200 keV REB in vacuum.
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An important aspect of the rotating electron
beam-plasma interaction studies is the investigation
of the process by which the azimuthal return current
decays. A series of experiments were conducted to
study the decay behaviour of the observed diamagnetiq
loop signal, at the mirror center, under different
experimental conditions., The decay time of the loop
signal is found to be independent of plasma density

11_ 013cm"3 and the external

in the range 5 x 10 1
magnetic field in the range 600 - 1200 gauss. Tt is
observed that in the case of hydrogen plasma the diamag-

netic loop signal decays in about 1.2$Asec.

According to Chu and Rostoker's magnetic

diffusion modd, the net space charde established in the
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radial direction sustains the azimuthal return current,

by the radial flow of plasma particles, which can result
in the decay of the azimuthal return current, Because

of the low collision freguency in comparison  to the
cyclotron frequency, the plasma electrons drift azimuth-
ally rather than flowing radially under the influence of
the radial electric field Er' On the other hand the ions,
little affected by the magnetic field may get accelerated
in the radial direction, thereby shortening Er' In this
case, the decay time of the azimuthal return current
should depend upon the ion mass. In order to verify
whether the azimuthal return currents are causecd by Er'
experiments were performed with different gases in the
plasma gun. The weak dependence of the decay time of

the loop signal with plasma ion mass is seen, as is
evident from Table 4.2, The maximum value, of decay

time for hydrogen plasma is 1.2 k. sec whereas for argon

and neon plasma, it is 0.7 (4 sec.

Since the experimental observations show that the
azimuthal return current layer persists in the mirror
for a time much longer than the beam pulse duration,
experiments were conducted to study the effect of the
mirror magnetic field on the decay time of these return

currents. For this purpose the magnetic mirror near



Table 4.2

Ubserved decay time of the diamagnetic loop signal for

different plasma species

Plasma

Hydrogen
Nitrogen
Argon

Neon

Decay time (i1 sec )
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the plasma gun was lowered by shorting a fcw coils of the
magnetic field assembly, as shown in figure 4.13., When
the magnetic mirror ratio on the gun side was lowered
from 2.6 to 1.2, it was observed that the decay time of
the diamagnetic loop signal reduced to 200 nsec (figure
4,14) from 1.2 }L sec, The rapid decay of the diamagnetic
loop signal obscrved with the reduced mirror ration
clearly shows the important role of the mirror field

in trapping theagimuthal return currents.

4.3 NUMERICAL STUDIES ON THE MAGNETIC RESPONSE OF

THE PLASMA o :

A mumerical study of the magnetic response of the
plasma to the rotating relétivistic electron beam has
also been carried out using a magnetic diffusion model.
Since radial plasma oscillations are not »bserved in
the present experiment, the use of a diffusion model

is justified,

The beam current has been modeled as an infinitely
long, thin annular current shect of radius 20 mm
embeddd in a cylindrical plasma column of radius
40 mm, Following assumptions have been made to

simplify the calculations.
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i. The systemris infinitely long and

axisymmetric i,e.

ii., Displacement current is neglected.

iii., The azimuthal current density f@HCﬁ,t)
in the plasma is proportional to the
azimuthal component of the electric field

by the relation

— K
Jethtd= I b e al)

P
Where @  1s an effective conductivity which

is independent of space and time.

The return and net azimuthal currents which are
proportional to Eéﬁ and BZ respectively, are obtained
by solving diffusion equation for vector potential Ay -

Obtained from Maxwell's equation and Ohm's law i.e.

s (;@, YR

. X H 3
. D% ) ) i R

PR B = (I «3
Sy oo L 5p = O ( 4.3)
and then introducing A, 1nto equations
| B X A
B =L 2 ¥R,
Z ¥oaa
£ = _dhe
G 24

The integrated signal from a diamagnetic loop
enclosing the plasma column and having 80 mm diameter
is obtained by intcgrating the magnetic field BZ over
the plasma cross section. Details of the procedure

adopted to obtain the solution of equation for A@

(‘) e “ ot (\\ N | seercvaoe (4‘ 01 )
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is given in the paper by Striffler and Kapetanakos

~(1975).. A beam-current pulse [(t), —resembling the one
observed in the experiment (figure 4.15) is used while

solving diffusion equation 4,3.

s et | T o o s S " o Sl s i - P o o ot s e P

The azimuthal electric fields E(? is plotted as
a function of time for various values of plasma
conductivities td C“FUT(&”where}J,is permeability,
o~ 1s plasma conductivity and a is plasma radius),
in figures 4,16 andr4.17 at four radial positions. In
these figures, td and t are normalised with respect to

the beam current pulse duration 7 . At R = 2,0 cm

which corresponds to the beam radius, we observe that
for low plasma conductivities, there is a large induced
electric field during the rise and fall of the beam
current pulse. The amplitude of E . decreases

rapidly with an incrcase in conductivity. There is a
change in the direction of Eéb and hence, that of the
return current, when the beam leaves the system,

The negative values of EQ, correspond to the flow of
azimuthal return currents in a direction opposite to that
of the beam rotation and vice-versa for positive

values,
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for obtaining the numerical response,
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The time dependence of E ., , obtained for various

valuesmgf R and conductivities td' shows thagj uniike
the case at R = 2,0 cm where the Eg reaches the maxima
at the same instant o»f time for different values of
conductivity, at other radial positions the maxima
appear with increasing time delay with an incrcase in
the conductivity. It is also obscrved from figure 4.18
that when the conductivity is increcasced to higher values,

E

o and as a result the azimuthal return current gets

localised Mainly to the radial position of the beam.

The induced axial magnetic field B, proportional
to the net azimuthal return currcnt is plotted as a
function of time for various values of td along the
axis, as shown in figure 4.,19., For zZero conductivity
the magnetic field is identical in shape to that of the
beam pulse. The amplitude of B, decreases with an
increase in the conductivity. When the conductivity
is inc:eased above certain value, we notice that the
maximum of thc magnetic ficld occurs after the beam
pulse is over, The decay time of the induced magnetic
field also increascs with an increase in the con-
ductivity. At R = 1,0 cm, the magnetic fiecld is
always diamagnetic as in the case, at the axis.

However, at positions beyond the beam radius, for
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example at R = 3,0 cm, the magnctic field is paramagnetic

~Aduring.a-substantial portion—of-the beam pulse and
becomes diamagnetic cduring the falling time of the

pulse, as shown in figure 4.20.

In figurc 4,21, the normalised output of a dia-
magnetic loop, enclosing the plasma column, is plotted
as a function of time for different plasma conductivities,
The peak amplitude of the 1oop signal decreases with an
increase in the conductivity. On the other hand, the
decay time of the loop signal is found to increase with

the conductivity,

-—-..-._.—._.-_—-..-._....—.-—-—-.--....-..—._.—-...—..._.......—-_..___—-.—...._.—..—_--...

A comparison of these results with the experimentai
Observations shows a qualitative agrecment at radial
positions between the axis and the beam radius i.e., both
numerical simulation and the experiment show a diamagnetic
bechaviour, However for positions more than 20 mm radially
away from the axis, there is a distinct difference, while
the experiments show a paramagnetic behaviour, the |
numerical results predict a paramagnetic behaviour only
during the initial stages which continues up to the
moment when the beam leaves the system and at later

instants exhibits a diamagnetic behaviour.
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For computing the net azimuthal current density

and the output of a diamagnetic loop, in the present
calculatiosn, we have used the various experimentally
meisured beam and plasma parametcrs, except the plasma
conductivity, Due to the uncertainty in the detérminat~
ion of the plasma conductivity, it was obtained by a
comparison of the rising part of the observed dia-
-Mmagnetic loop signal with the numerically calculated
curves., The net azimuthal current density at

R = 20 mm, as numerically calculated is found to be

80 Amps/cm2 whercas the experiments have shown it to

be equal to 60 Amps/cmz. Further, the diamagnetic

loop signal as calculated from the numerical simulation,
is equal to 48 gauss, as compared to observed value

of 36 gauss,

4.4 DISCUSSION

There are two different theoretical models
existing on return current procecsses, as mentioned in
the first chapter. The model of Berk and Pearlstein
(1976) deals with the physical conditions, necessary
for the generation of axial and azimuthal return
currenfs. This model consgiders +the plasma as a slab,

which is homogeneous in the Y-Z direction and spatially
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Varying in the X direction with conducting walls at

x =+ L, The response of the plasma to the beam current
having TLr as the rise time, has been det@rmined, It
has been shown that the axial return current arises

only when ‘HHLTI%!, where = is the beam pulse duration

.

and 7”@ is the Mmagnetic diffusion time given by

where + is plasma conductivity. In the present

experiment, v ig equal to -+ 100 nsecs and initially
the electron temperature Te .- 5-10 ev, which corresponds
to T q = 1.0 msec, thus satisfying the condition Ty e

for axial return current generation,

As per Berk and Pearlstein's model the necessary
condition for the azimuthal return current generation
is 'ﬁh<ﬁ.LAQ: where \Q%is the Alfvén velocity, The
rise time of the beam current is « 40 nsecs and at the
Mirror minimum, the external magnetic field is 300
gauss, thqs giving a valuc qf L/VA equal to 200 nsecs
(for np = 1012cm"3, L = 15,0 ecm), so satisfying ﬁhe

Necessary conditiosn for the azimuthal return current

generation.

The magnetic diffusion model by Chu and Rostoker
(1974) and Molvig and Rostoker (1977a) deals with the
physical mechanism responsible for the generation of

axial and azimuthal return currents and also the effect
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of decay of these currents on the rotating beam itself.

The assumptions made in the model are: (1) the plasma
electrons are magnetised while ions are not (ii) plasma
collision frequency 1s independent of space and time
(iii) annular thickness of the rotating electron beam
is larger than plasma skin depth. It has been shown
that when these conditions are satisfied, the axial
return current results due to the induced electric
field EZ and due to the rotation of the electron becam,
electric field E . and as a consequence of E.x B,
drift of electrons, Er are created, The radial
electric field Er, leads to an azimuthal return current
through the Er X Bz drift of plasma electrons. However,
in cases when plasma ions are also magnetised, the dominat-
ing mechanism for the generation of azimuthal return

current is of the resistive type i.e. J,. =""E, .

For the initial experimental parameters Te = 5-10
12 =3 . -
ev, np = 10""cm 7, the electron and ion collision
£ o : 5 -1 4 -1

requencics are egual to 10 sec and 10 sec

respectively. The electron and ion cyclotron frequencies
at the mirror minimum are 5 x 109 and 3 x 106
respectively. Thus, in the present experiment, both

electrons and ions being magnetised, the azimuthal

return current will be driven dominantly by azimuthal
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electric field E, . rather than by Er ble BZ drift of

electrons, Experiments were conducted for further
verification whether Er X BZ is the mechanism for the
generation 5f the observed return currents. An electron
multiplier placed in the system to register any fast
ions or cherge exchanged neutral fluxes which should

be a natural conseguence if E. is genecrated as per the
model, did not.detect any ion or neutral particles.,

The experiments conducted to verify the dependence of
the diamagnetic loop signal decay on the mass of the
plasma ions also did not give the expected dependence
if Er was being generated as per the model. The above
considerations lead us to the conclusion that in the
present experiment Er b4 BZ is not the mechanism for

the generation of the azimuthal return current.

As was mentioned earlier, the rotating electron.
beam induced diamagnctic signal does not show any gross
oscillatory behaviour of the plasma in the density

013cm~3. Similar results have been

range 1011—1
reported by Kapetanakos et al (1973) and Roberson
(1978). 1In thesc twn experiments, only above

3 x 1013c:m“3 plasma density, magnetosonic modes were

observed., Further, the theoretical model predicts
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that the magnetosonic mode will be critically damped

~1f (Movig _and Rostoker —1.977—a) , [

.L"!)'*""_ ‘ ‘Nﬁ, ){ /«/r);—,( ( ‘ "%"' e e 0 ( 4 . 4‘>

Where

Ve 1s the plasma collision frequency

Wy is the lower hybrid frequency
Wb is the plasma frequency
K = %;f, a 1s the beam radius

It is evident from the expression 4.4 that the magneto-
sonic mode will be critically damped at low plasma
density while oscillatiosns can be excited only above

a certain plasma density, as is confirmed by the

prescent and carlier experiments.

The present expecriment has shown that the
azimuthal return current laycr, generated by the
beam passage through the plasma, decouples itself
from the ends of the chamber and persists inside
the mirror after the beam has left the mirror, This
phenomenon has not been obscrved in any of the earlier
experiments. The main difference between the ecarlier
and the present experiment is that all the earlier

experiments have becen performed in uniform magnetic
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fields, with the field lines extending axially and in

contact. with. the.e nd-walls Tn—this ceﬁ—ﬁi-»g-u—ra—ti on the——

axial drift of the electrons under the influqnce of
the induced Ez would short out the electric fields,
necessary to sustain the azimuthal return currents.

In the present experiment, the presence of the mirror
fields would inhibit the casy electrons flow to the
walls, This is confirmed in the present experiment, in
which the 1.0$Lsec long diamagnetic signal is observed
only with the mirror field, and when the mirror ratio

is ¥Fcdueed, the same signal decays in 200 nsec,

The observed shrinking of the azimuthal return
current layer in tho aXial direction could be explained
by the laws of electrodynamics, whereby the pondermotive
force acting on a current carrying conductor will always
be such that it will tend €5 increase the inductance of
the conductor, Applying this analogy to the present
experiment, the azimuthal return current layer, as a
result of thoe pondermotive Force acting on them,

contracts axially.

4As mentioned earlier, in the present experiment
Er X B7 1s not the driving mechanism for the azimuthal

return current, thus ruling out any decay due to the
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shorting of radial electric fields by the ions., The

trapping of the return current layer by thec mirror, as

Observed in the experiment, shows fhat the decay is
not due to losses at the end walls., As a third
possibiiity we have considered the resistive decay of
the cross ficld current by eithor classical or

turbulent process.

According to classical consideration, the
azimuthal rcturn current should decay as L/R, where
L and R are inductance and resistance of the plasma
respectively. However, the return current is observed
to decay at a rate (~~ 1.0?4 sec) much faster than
the calculated value (~=1.0 msec), thus implying an
anamolous resistivity of the plasma,., Since, the

condition V_ CS (V, and v are plasma electron

a” Vene 7 a the
drift and thermal velocities, Cs is ion sound velocity)
is satisfied in the present experiment, the beam can
excite ion acoustic or Buneman turbulence, resulting
in enhanced plasma resistivity. For the case of a

return current initiated ion acoustic turbulence,

the decay time is given by (Sandel, 1973)
~

g
RN R (._.;"’"Q"'];L ) 1 P



s
=
~

where Wbi is the ion plasma frequency. For our case,

?;i thus calculated is «~ 1 nsec i,e. three orders
of magnitude smaller than the observed value. Similarly,
calculations taking into account Buneman turbulence
(Okamura et al,1977) show that T is around a few
nanoseconds, Thus, observed value of the decay time

lies in between the classical and the one calculated

from ion acoustic or Buneman turbulence,



CHAPTER V

CONCLUSION

Experimental studies on interaction of rotating
relativistic electron beam with a plasma trapped in a
magnetic mirror has been carried out. Determination of
the response of the plasma to the rotating beam as well
as propagation studies of the rotating beam through the
plasma are the main objectives of the experiments
described in preceding chapters. In addition, injection
of the intense electron beam in vacuum and plasma
filled non-adiabatic cusp magnetic field has also

been investigated.
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The conclusions drawn from the present investigat-—

1l ©Space charge neutralisation »f the rotating

- relativistic elecctron beam is necessary for its pro-

pagation up to an appreciable distance. The propagat-
ion of the rotating beam to distances more than 150,0 cm
is observed in the preserce of plasma of density

oll_

1 1013cm—3.

2. The rotating electron beam loses a significant
fraction of its axial energy while propagating through
the plasma. No macroscopic beam instability is observed

during its propagation through the plasma.

3. An improvement in the beam transmission
through the cusp configuration is observed, in the
presence of a dielectric tube in the cusp region.

The maximum transmitted flux is = ermhanced by a factor
df four compared to vacuum value, duec to space charge
neutralisation of the beam by background plasma, created

by the electrical breakdown of the tube surface,

4, The responsec of the plasma to the rotating

e¢lectron beam is of magnetic diffusion type, when the

11 4 13,,~3

10 « In

plasma density lies in the range 10
this density regime, no radial oscillations of the

plasma are observed.,
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5: The rotating electron beam induces axial and

Tazimuthal return currents in the plaé&a. The 1life timem
of the azimuthal return currcnt is longer by an order of
magnitude as compared to that of the axial return current;
and these return currents are localisced at the beam
radial position, The experimental results indicate

that the azimuthal return current is of resistive

nature rather than of drift type,

6. In earlier experiments, the diamagnetic ioop
signal was attributed to plasma heating, Howevecr, the
present experimental studies show that by and large
the azimuthal return current diamagnetism contributes
to the loop signal, rather than plasma heating., Thus
interpreting the loop signal as due to plasma hqating
is not correct in the rotating elecctron beam-plasma

interaction experiments.,

7. The observed spatial and temporal variations
of the azimuthal return currents have shown that the
return current layer is trapped in the magnetic mirror,
After the beam passage, the finite azimuthal return
currents are localised in a region about 60,0 cm
within the mirror and symmetric around the mirror

centre,



151

8. At the mirror centre, the diamagnetic loop

signal decaysrapldly in absence of the mirror ficld,
The non-occurance of tholong azimuthal return
currant decay without the mirror shows that the
magnctic mirror field plays an important role in.the

formation 2f the trapped return current layer.,

9. The observed azimuthal return current
decays at a rate much faster than what the classical
decay should be but is slow as compared to the rate

estimated from ion acoustic or Buneman turbuloence.

10. Numerical results of a magnetic diffusion
model for the response of the plasma to the rotating
electron beam, are in general agreement with the

experimental observations.

5.1 SCOPE FOR FUTURE RESEARCH

The experimental results of the present investi-
gatioh provides the basis to carry out further
detailed experimental and theoretical work, in order to
acquire a more complete and thorough understanding of
the interaction of the rotating relativistic electron
beam with plasma and the bcam rropagation through
the cusp magnetic field. The research work need to be

carried out in the future are enumeratcd as follows:
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(1) Injection of intense electron beam into_a cusp. .

magnetic field in the presence of a dielectric drift
tube have shown a significant increase in the beam
transmission through the cusp. The observed phenomena
is interpreted as due to the presence »f a background
plasma, created by the electrical breakdown at the tube
surface. To determine whether the above predicted
physical process is responsible or not for the

observed enhancement, a more systematic experimental

investigation is being planned to be carried out,

(2) Theoretical models have revealed that the collision
frequency plays a crucial role in determnining the

response of the plasma to the rotating electron beam,

When collision frequency is large enough, rmagnetic
diffusion is the dominant process whereas the rotating
electron beam excites magnetosonic modes in a
collisionless plasma. In the experiments reported so

far, no measurements on the collision frequency are
available. ©Nor is it known how response of the plasma
to the rotating electron beam depends upon the

collision frequency.

(3) Another aspect which would be interesting topic

for future research work is the physical mechanism
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responsible for the azimuthal return current generation.

The present experimenﬁ indicates that the driving
mechanism responsible for the generation of the azimuthal
return currents is azimuthal clectric field, however
more experimental work needs to be done tn identify

the exact rrocess,

(4) A rise in the interaction strength of the
rotating electron beam with plasma is observed with an
increase in the plasma density, in the regime 1011~1013cm~3
The question arises as to how the rotation of the
electron beam results in an increase in the energy
transfer efficiency from the beam to the plasma at
higher plasma to beam density ratios, in contrast to
thé case of a linear beam - plasma interaction.
Experimental investigation necds to be carried out

in a wider plasma density range to establish the
scaling for encrgy transfer efficiency from the

rotating electron beam to the plasma,

(5) As has been concluded from the present experiment
that the diamagnetic 1oop signal is dominantly caused
by the azimuthal return currents, indicating that the
above diagnostic is not reliable for plasma energy
measurements in the rotating electron beam - plasma

interaction expcriments, Therefore: the plasma energy

.
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needs to be determined by more sophisticated diagnoétics
such as Thomson scattering and charge exchange analyser,
These diagnostics will also be of help to determine

the distribution of the beam energy to ion and

electron components of the plasma.

(6) The observed decay of the azimuthal return current
could not be explained by either classical analysis

or by ion acoustic or Buneman turbulent process, thus
indicating the necessity of a new theoretical model

on return current decay.

(7) In the magnetic diffusion model used for numerical
simulation, the beam is regarded as a specific current
soufce, immersed in the plasma and the interaction

is turned on at t = 0, Such a model neglects the
details of the diode and the cusp field regions, the
entry of the beam into the plasma and the effect of the
conducting boundary. Determination of the plasma response
to the rotating electron beam using a more realistic
model would be an added justification for comparing

numerical results with experimental observations.
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