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ABSTRACT

The energy transfer from a high-current, relativistic electron
beam to a dense hydrogeq plasma without an external magnetic field is
investigated experimentally. The electron beam consists of
3.6 X lOh amperes of 3.8 X 10° &V electrons and has a duration of
100 ns. The average electron number density is 5 X lO12 cm73.

The plasma is produced by either a z-discharge ( with electron number

ol3 15 -3

density between 5 X 1 and 3X 1077 cm ~ and with initial electron

temperature between 0.2 to 2.0 eV) or by the beam propagating into

3 to 10 Torr).

neutral hydrogen (at a pressure of 5 X 10

The first measurements of the plasma electrons' number density and
velocity distribution in such a beam-plasma system are reported using
90o ruby-laser scattering. These results are interpreted to show that
the energy density of the plasma electrons is consistent with
anomalous heating through the ion-acoustic instability.

Energy transfer from the beam to the plasma ions is also effected.
by the jp x B force, on the plasma, where ip is the plasma current
density and B is the magnetic field of the net current. Evidence
for this energy transfer is presented through the interpretation of
the net-current waveforms and the image-converter streak-photographs
of the plasma channel.

The electrons' velocity distribution was found to be non-
Maxwellian and can be interpreted as arising from an azimuthal current

density in the plasma.
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NOTE ON UNITS

Unless otherwise noted, rationalised MKS units will be used

throughout the thesis. However, results will often be quoted in the
most convenient units,f&r example, number densities in en™3 and

kinetic temperatures in electron volts. In such cases, the units will
be clearly marked. The co-ordinate system used throughout the

text is  right handed cylindrical co-ordinates with the relativistic

electrons in the beam moving in the positive 2 direction.
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CHAPTER 1

INTRODUCTION

1.1 The Application of High-Current, Relativistic Electron Beams

to Plasma Heating

In 1964, J.C. Martin and his associates at AWRE, Aldermaston,
began the development 5f the‘technology for relativistic electron beams
with currents between lOh and 106"amperes. ~ These beams were designed
as radiation sources for material studies, and subsequent developments
have been directed toward problems relevant to this appliecation,

i.e., beam production, focusing, transport, and combination. How-
ever, these beams also offer an efficient source of energy to heat
a plasma since typically 30% to 50% of the energy in the capacitor
bank is extracted as beam energy. This compares favorably with
the corresponding efficiency of approximately 1% for Nd:glass laser

systems.

1.2 Thecretical Motivation for the Present Experiment

To heat a plasma with these beams, the energy must be transferred
from the beam electrons to the plasma particles. The classical
energy and momentum-transfer process of electron-ion collisions
is inadequate for efficient energy transfer.

The mean free path for classical, non-relativistic electron-ion

collisions is given by Spitzer (1962) as

h

wt_ = 6.2 x 10720 ¥_ cn.
D n

i

w

A
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for an electron with velocity w cm/sec and an ion density n cm™3,

For w =1.5 x lOlO‘cm/sec and n, = lO15 cm_3, A~3x 106 cn.
Consequently, a beam electron loses very little energy to the plasma
by classical electron-ion collisions in its passage through the
experimental chamber. However, theoretical work by Fainberg,et
al. (1969) indicates that the anomalous collision frequency arising
from the two-stream instability between the plasma electrons and the
beam electrons may efficientiy transfer energy from the beam to the
plasma. Lovelace and Sudan (1971) have suggested that the enersgy
| could be transferred to the flasma through the ion—acgustic
instability excited with the plasma current induced in the plasma by
the beam. In both cases, electron temperatures of approximately

1 keV at n_ = 1014 em™3 were optimistically expected.

1.3 Experimental Evidence for Energy Transfer in 1971

When the present experimént began, one paperAhad been published
on the observation of keating by such a beam: Altyntsev, et al.
. (1971) injected a 10 kA, b4 MeVyand 50 ns electron beam into a magne-
tized plasma and found that the signal from a diamagnetic pick-up
coil increased as the initial plasma number denéity was decreased.
They also ohserved very high energy electrons travelling in the
opposite direction from the beam and interpreted these as eleétrons
scattered by the turbulence. The authors interpreted these
results as evidence of anomalous heating of the plasma via the two-

stream instability. ' .
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1.4 Purpose of the Present Experiment

The purpose of the present experiment was to seek direct
evidence for the energy transfer from the electron beam to the
plasma particles through the streaming instsebilities. The present
experiment was designed to use a higher current electron beam than
Altyntsev, et al. used and to diagnose the heating with ruby laser
scattering. The use of laser scattering is important because it
measures the energy distribution of the plasma electrons directly.
The diagnostic can be used to determine whéther the energy is in the

plasma electrons as opposed to the ions or trapped beam electrons.

1.5 Results of the Present Experiment

The present experiment yielded the first measurements of the
plasma-electron number density and temperature during and shortly
after a high-current, relativistic electron beam. The energy
density of the plasma electrons was measured to be approximately
twice that expected from classical electron-ion and electron-neutral
collisions alone. The additional electron energy was consistent
with the heating expected from the ion~acoustic instability. There
was no evidence for energy transfer from the beam to the plasma
through the electron-electron two stream instability.

In addition, the experiment provided evidence of significant
energy transfer from the beam electrons to the plasma ions. The
experimental evidence supports the hypothesis that the ions gained
‘significant energy through acceleration by the j x B force charac-
teristic of the beam-plasma system. Under some conditions, the

ion energy was very much greater than the measured electron energy.
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1.6 Special Nature of "High-Current" Relativistic Electron Beams

The fundamental difference between experiments in the high—
current regime and other beam experiments is the dominance of the
self-magnetic field of the beam in all phenomena. The criterion
for "high-current" was first derived by Alfyen (1939) in relation to
the transport of proton currents in inter-stellar space. The
limiting current in an electrostatically neutralized plasma was found
to be the current which produced a magnetic field sufficient to
deflect its own beam particles through 180°. pParticles in such a
magnetic field cannot propagate, which limits the total current to
IA, the Alfvén cufrent.

Alfveén derived IA for a homogeneous, electrostatically neutra-
lized beam by finding the current at which the Larmor radius r. at

L

the beam radius r, equaled r /2. Under this condition, if an

electron at the beam edge experienced the éame magnetic field
throughout its trajectory as it did at the beam’s edge, it would be
travelling in the opposite direction at the center of the beam.

An electrcﬁ with mass m, charge e, velocity/Bc, moving in the

msgnetic field B, has a Larmor radius r_ given by

L
= Ym Bec

B
L e 8

r

in which/e and Y are the usual relativistic factors, and ¢ is the

speed of light. The self-magnetic field B, of the beam is

u, 1
B, = ———
6 2n r
b
at the beam radius - I is the current within a distance ry of

the center of the uniform current distribubtion. The condition for
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deflection of an electron at the beam edge by 180° can be written

as
r, = rb/2
r =(_Y-IE.B_.C._.__. 27r)r =1r t imiti V ﬁ
L Py uo IA b 2 Ty for the limxting current IA.

Solving for IA gives

+ o (bwme
I, (—-———-eu) B Y

(1-1)

17,000 By amperes.

Thus, for 5.350 keV electron beam, IA = 23 kA. rNo one has ever
reported propagating a beam with a net current greater than its
Alfveh current.

However, when s high-current beam is injected into a plasma, a
return current is induced in the plasma. The plasma current
7 partially cancels the beam current. If the resulting net current
Inet = Lieam = Iplasma is very much less than I,, the beam can still
propagate even for Ibeam>> IA' However, the non-relativistic
plasma electrons experience a large magnetic field from Inet
perpendicular to their drift velocity andlin such a direction as to
accelerate them out of the beam channel. This field also alters the
usual dispersion relation for plasma waves in a beam-plasma system.

The physics that arises from this magnetic field justifies the study of

- the high-current, relativistic, electron beam-plasma interaction.
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CHAPTER 2

THEORY

2.1 General Description of the Beam-Plasma System

The physical.picéﬁre that will be discussed can be summarized
as follows: A beam of electrons is injected at time t = O through
a conducting plane (the anode foil of the diode) into a drift tube
with conducting walls at T The beam electrons each have a

kinetic energy eV, and a velocity Bec in the z direction, (perpen-

dicular to the entrance foil). The total beam current rises
linearly to its maximum value I in a time t. and remains at Ib
until time tb. . The current then decreases linearly to zero at

t = tb + tr. The beam density n, 1s uniform to a radius Ty and

is zero for r > T, . The plasma frequency associated with the beam

number density Qpb is given by

2
2. S
b €, v3 (2-1)

where e = 1.6 x 1017 coulombs, m = 9.1 x 10~3L kg,

€, = 8.85 x 10712

farad/m, and y is the usual relativistic factor.
The drift tube may contain either a preformed plasma or a

neutral gas at time t = O. If a plasma is initially present, the

electron number density and electron temperature are n, and E;.

The ion number density is n, =n_ +n and the ion temperature is

-Ti' If there is a neutral gas present initially, the beam creates

its own plasma through direct ionization by the beam (primary)

electrons and by Townsend avalance of the plasma (secondary) electrons.
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The concepts that have been developed to describe the injection
process can now be defined to identify the main features of the beam

plasma model before they are discussed in greater detail.

1. Primary ionization: the ionization of a neutral gas by the
primary (beem) electrons to produce ions and secondary (plasma)
electrons.

2. Electrostatic neutralization: the expulsion of the secondary
electrons from the beam channel by the electric field from the space
charge. When the ion number density equals the beam number density
in the lab frame, the system is said to be electrostatically neutra-
lized.

3. Induced electric field EZ: the inducti&e electric field
caused by the change in the azimuthal magnetic field Be with time
during the rise of the beam current.

k., Gas Breakdown: Townsend avalanching of the secondary
 electrons in the induced electric field, which causes a rapid increase
in the plasma number density. The avalanching continues until the
plasma becomes sufficiently conductive for the plasma current to be
comparable to the beam current. After this time (tbd) the increase
in the plasma current cancels the increase in the beam current and
al/at décreases. The induced electric field Ez which is proportional
to dI/dt also decreases after tbd and becomes too small to drive
additional avalanching. The time tbd is called the breakdown time.

5. Plasma return current: the ﬁlasma currenf that is induced
in the plasma by the rising beam current after_breakdown. IP is in
the opposite direction from the beam current and is called the plasma

return current.
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6. Electron drift velocity of the plasma electrons in the

axial direction is given by

Vez = —Jp/ne

Where-jp is the current density of the plasma current Ip.

T. Net current Inéf: the vector sum of the beam current Ib
"and the piasma current ;P. | It is always in the direction of the
current driving the system, i.e. in the direction of the beam
current.

8. Magnetic neutralization: the fractional magnetic
neutralivation f is’ the ratio of the Ip to I, and is effectively
the fraction of the beam's magnetic field that is neutralized by the
plasma current. ¢ |

9. Vv/Y : the ratio of the line number density of the electron

beam per classical electron radius to the relativistic factor Y of

the beom electrons.

2
L& &
Te ™ 2 -
bne me bnm
v = (n mr)r = 2T .
%o b Y mm
i _ 2
Since Ib Sn wIre B ¢,
v Ib — Ib
v T mmey .. T T (2-2)
Gj;irﬂ By Ia
from equation {1-1) for I,. Therefore, the ratio of the beam

current to the Alfven current appropriate to the beah electron energy
is é/Y . The expression is used in the literature as a strength

parameter for high current relativistic electron beanms.
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Many of the processes and concepts -defined above occur simul-
taneously in the beam-plasms system. However, to make the discus-

sion intelligible, they will te discussed separately.

2.2 The Beam-Plasma Model

The phenomena defined in Section 2.1 and associated with the
injection of a high-current, relativistic electron beam into a

neutral gas will now be described in greater detail.

2,28 Eiectrostatic neutralization

For an intense ‘electron beam, injected along a strong magnetic
field into a hard vacuum, the space charge of the beam is sufficient

to stop the beam electrons in a distance clo as shown by Poukey

pb
and Rostoker (1971). At this distance the potential from the
space charge relative to that of the anode entrance foil is —Vb and

is sufficient to stop the electrons with an initial kinetic energy
' eVb.L Unless the beam produces seco?dary electrons and unless those
electrons escape to the walls leaving the positive ions to neutra-
lize the space charge, the beam is electrostatically stopped.

For injection into a vacuum without a strong magnetic field,
the one-dimensional problem described by Poukey and Rostoker is
altered. The net radial force on a beam electron is the

~

difference between the radially outward electrostatic force Fe and

the radially inward magnetic force Fm. The ratio of Fe/Fm is
- Carae \ - -
ES ) ek . E, _ (1 fe)(I/deBcso, ) (1 fe) _ (1 fe) (2.3)
F eBcB = T 2.2 - 2 -
n ] BeBy (Be uoI/ew r) B e e ng B8
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n

2y 2

where fe = —, the fractional charge neutralizsastion. For fe< 1-8 7,
the electrostatic force doﬁinates and the beam defocuses. Thus,

for the beam to propagate, the space charge must be neutralized by
ionization and by the escape of secondary electrons frbm the bean
channél. In a low pressure gas, the mean free path of the secondary
electrons is sufficiently large for‘thém td éscape quickly to the
walls once‘they are produced by ionization. Thus, the time taken
for charge neutralizatiqn tcn is the time required for fe to.equal 1.
For a linearly rising beam number density n, in a gés with an

ionization crossection Q and a neutral number density n ., the charge

neutralization time tcn is derived as follows:

on.
i

;;— =n,8cQ Tbean

t t
n, =jL nbeam n, Be Qdt = n, Be Q . Dy cam dt

t
= <
nbeam tr y for t tr

= nb,for tg 't?r.

After integrating and solving for tcn = ¢t at vhich n, = n., one has

2
E cm—————— r 4
en noBC ) for ¢ tr
1 tr

1

Sngegtz TRty

For 400 keV electrons in h&drogen, Q is given by McClure (1953) as
4 x 10-19 cmz. - Therefore, for a pressure of P Torr, n, = 3.5 x 1016

3

Poem - and + is
cn

ton 4.7/8P ns, for tqﬂ <t

(2-k)

2.4/8P+ t /2 ns fort >t
r - cn r
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n.
Since one expects the beam to defocus for £, = =+ <1- 32,
: “beam
the beam defocuses until t = tf for
2 2
_2(1-8%) _ (1-87)
tff = 5 Teq - bt ap s for t, < t,
2 t ‘
_ _(1-8%)  r
te = n BeQ . S : , (2-5)
, 2 t :
= 8P +2 nsfortf >tr
from 1'13.‘/ne = 1- 32 in the derrivation for tcn' Thus, the energy

transported to the end of the experimental chamber should vary as

tb
. I (t) Vb(t) at . (2-6)
P .

For a 350 keV beam with tr = 30ns and tb = 100 ns, tf = tr for

P = 94 mTorr H, and t, = t, for P = 17 mTorr Hz. Thus the energy

transported is expected to be reduced for P < ok mTorr H2.

2.2b  Electron Avalanching

Once the beam is sufficiently neutralized electrostatically,

it pinches under the net radial E-M forces and propagates. If
: 3T
tf xx t, the rising beam current Yy produces an axial electric

field Ez in the drift tube. Since the walls of the drift tube are
conducting, the boundary condition on Ez is EZ=O at rEr . For

an axially independent problen g—- Er=0 and the application of
z , ,

A

Faraday's law

3B

Vx_E_:..-a—E-

along a path of integration shown in Figure 1 gives



E =0
7
.
- “~Conducting wall
- ®2® \
~.Path for line integral
/' - b, "—
e I
CNT Direction of e-beam
b net propogation

Beam-plasma
current channel

/

Conducting wall

Figure 1. Path of the line 1ntegral for the calculatlon of
electric field E .

i}

the induced axial

ge
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1 Ez(r)

:I
ol
jto
1=

5 r
=-a—-j B,(-1) ar
T
v
3 r
E (r) == S B, dr
3 ]
r .
W
UOI ~ . -
Be = - o Q,for r > Ty - (2-T)
- Mo T "
= - 3 rpg,forr < rb
21rrb
¥ : r
- .03 . (W
Ez(r) = 55T, In (r ), r > rb,

=)
(o]
a>
[ ]

[y 4
o &

2
)+% L£3~1,mrr < T
r2/]

2 B

L
For al _ ;P - 3x10 amps ,

r 3 x lO"8sec.

end for a drift tube with r_ = 4t em with a beam radius ry, =1 cm,
the axial electric field at r=0 is 3.8 x lOSV/m. This field
accelerateg the plasma electrons to sufficient energies for
avalanéhing. The plasma number density increases until the plasma
is sufficiently conductive to short circuit EZ; the electrons are
no longer accelerated to sufficient energies for ionization and the
avalanching stops. The time at which the field is shorted is
called the breakdown time thge For t ; toa ele?trons emerging

through the anode see a plasma, and the analysis for the injection

into a plasma is appropriate to this case also.
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2.2¢ Induced Plasma Current and Magnetic Neutralization

The formation of the plasma current for injection of a high
current, relativistic electron beam into a plasma has been studied
~ theoretically by Hammer = and Rostoker (1969), Cox and Bennett (1970),
Lee and Sudan (1971), and Rukhadze and Rukhlin (1971). Their
calculations are appropriate for injection into neutral gas after
t = toa (i.e. after the plasma is formed) and for injec£ion into
a preformed plasma at t = O. All of these papers show that if
n, £<ne, if the plasma electrons' collision frequency for momentum
transfe? %n is very much lESS'thanl%p, and if the beam channel radius
r, is vé;y much greater than cﬁsp, then the induced plasma current
Ip is nearly equal and opposite to the beam current Ib and flows
almost entirely within the beam channel.

Thus, for injection into a preformed plasma, the net current
Inet defined as I, - Iﬁ is approximately zero,and the plasma current
density jp is almost equal to minus the beam current density jb
inside the beam channel,as shown in Figure 2. The fractional
 magnetic neutralization fm is defined as £, = Ip/Ib'
For injection into a neutral gas, the self-magnetic field at

t = t_. is "frozen in" after break-down. For t » t the plasma

bd ba?

current increases to counter the increase in the beam current as

)

since the plasma current is zero at that time. Thus if the plasma

shown in Figure 2. The value of Inet at t =t , is Ibeam(t=tbd

current is not dissipated through the finite resistivity of the

plasma channel, Ine remains constant and the fractional magnetic

t

neutralization is

: EE. Ib - Inet _ Ibeam (t=tbd)
7 - (2-8)

Ib Ib
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a) Injection into neutral gas
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b) Injection into a plasma

Figure 2. Magnetic neutralization of the return current. Until t=t_,
the resistance of the plasma channel is large and the plasma
current is very small. Thus the net current equals the beanm
current for t<ty. After t=tj, the plasma resistance drops -
to a very low value, and the plasma current is induced to
counter the additional increase in the beam current. In the
neutral gas case (a), the gas must be ionized by the beam, and
then must avalanche to produce a dense plasma at t1=tys{ t,.
Thus, the net current at t=t, is comparable to the final beam
current. In contrast, for the case (b) with a preformed
plasma, the plasma is already present at t=0, so it must
simply be heated to increase its conduetivity, which happens
for t.<<(t_. Thus the net current at t=t} is much less than
the final beam current for injection into a plasma. After

t=t;, the additional increase in the net current is governed
by the resistive decay of the plasma current.
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Consequently; the net current is expected to be.nearly zero
for injection into a preformed plasms and somewhat larger for
injection into a neutral gas. Roberts and Bennett (1968i and
Levine, et al., (1971) measured Inet for injection into a neutral
gas and into a plasma, and their results supported the theory.

After the plasma cufrent is formed, it decays with an L/R time
from the inductanée L and resistance R associated with the beam-
plasma current channel, as proposed by Yonas, et al. (1969). They
assumed that the product © T of the electron cyclotron frequencytnce
and the collision time T for electron momentum transfer was very
much less than one. Thus the axial electric field was propor=-
tional to the scaiar resistivity n. For a uniform beam and plasms
channel extending from r = 0 to r = r, and lying in the center of a
conducting drift tube of radius r s the induced axial electric field
Ez equals quz, i.e. |

T
0, =B, = - %E S By (r') ar' (2-9)

<< : ~ T
For r T Ez(r) ~ EZ(O)'

j I
E = - 8_ To fgﬂggz_f dr + v 29——£Eﬁ ar
z at o} r 2nr
e}
H r oI
= -9 111+ln-1 ___net .,
2m r. at
b
Thus for a uniform beam
U r 59X
. n _ o | 1 )4 net 0)
nj =11 ~-—~(a+ln(——-)>-——— (2-1
D Trr2 P 2w Ty 9t

For gn axial length 1 of the current channel, the inductance L defined

'by
B.H

1+ 22 _ - = .3

z L Inet —ﬁjg' 2 d’R
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2 (e Inlr /n)) ' (2-11)

is L=

O P \ _
For<ig = JP z and<ib = -j, %, equation (2-10) becomes

’ a1 81
nl - I =RIL =-1 ‘net _ - s)
o P P ot ot
31
- _R
Ip =-7 ot
(~(t-t_u/R)
I(t)=1I (t=t ) e (2-12)
P P r

Yonas and Spence report that this expression gives an adequate
description for their data in air at a pressure above 1 Torr.
Levine, et al. (1971) used the same analysis to find R and[with
the Spitzer (1962) conductivity] inferred an electron temperature
Te‘ Their data implied Te was 0.35 eV for injection into a CHh
plasma (P = 150 mTorr) and into neutral air at 880 mTorr.

More recently, the analysis of inet has been exteqded by
McArthur and Poukey (1973). They used a computer solution of
Ohm's law, Maxwell's equation, and the rate equations for ionization
to calculate I . (t) for injection of a beam into neutral nitrogen.
Their calculations matched their experimental waveform +to 20% for
P % 1 Torr N2. Their computer solgtion gave w,, 1> 1l for P <1
Torr. Below 1 Torr they were not able .to obtain agreement between

theory end experiment for I (). No one has presented a theory

et

for the low pressure case with.quz 1 and no ome has reported

measuring n_ and Te to find Ve T experimentally.
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2.24 Additional Ionization after Breskdown
After breakdown, the high energy tail of the electron velocity
distribution f(w) causes additional ionization.

T ) T ) Qg ny v (2-13)

for an isotropic velocity distribution f(w), and a neutral number
density n  with an lonization cross-section Qioniz(w)'

2.2e Plasmsg Heating

If there is no additional ionization and if the expansion .
velocity of the plasma is zero, the rate of increase of the particle
energy per unit volume Wb is

o _ 3 aTe _ .2
SEE- EnkT_nJ ) (2-14)

3

where jp is the plasma current density and v is the plasma resistivity.
Equation (2-14) is valid if the heating takes place on a time scale
short coﬁpared to the electron-ion energy equilibration time, and

long coﬁpafed to the eleétroné' energy'relaxation fime.\ The energy

is then deposited in the three degrees of freedom of the electron

distribution. The resistivity is given by
= m -
n = 5 Verp , (2-15)
n_ e
Y .
The effective collision frequency Vopr for momentum transfer

to the electrons is given by

; : + v
eff e-l - e-n anom
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where the terms correspond to electron-ion collisions, electron-
neutral collisions, and anomalous collisions arising from streaming

instabilities, respectively.

2.3 Heating via Streaming Instabilities

2.3a Heating via Electron-Electron (e-e) Modes

Buneman (1959) has shown that when two streams of charged par-
ticles pass through each other, an electrostatic instability grows,
and energy is exchanged between the two streams. if the plasma
frequencies of the two streams are very different, the wave is
nearly at rest in the frame of the species with the smaller plaéma
frequency. In this frame one seesua partic;e of the other stream
approaching a small perturbation in charge degsity. The electro-
static field of the perturbation accelerates the particle (e.g. a

negatively charged particle approaching a negatively charged perturba-

tion slows down). As it is accelerated, it contributes to the local
electric field of the perturbation. The particles behind it see a
larger retarding field, and the perturbation grows in time. The

electric fi@ld of the wave has the effect of slowing the particles in
one stream and accelerating partiecles in the other stream, and energy
is transferred from one to the other.

Excitation of the instability requires a double-huﬁpéd velocity
distribution with significant energy in the "bump in the tail”.
The quasi-linear, relativistic theory by Fainberg, et al..(l969) shows

that the saturation level of the field energy of the instability is
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proportional to Y(E_)l/%ﬁﬁﬁhére the two streams are the beam elec-‘
trons and the plasmapelectrons.with densities ny and np respectively,
and ¥ is the usual'relativistic factor for the beam electrons. It
is assumed that a large field energy in the instability would Dbe

" correlated with a 1arge.energy transfer to the plasma electrons.
Coﬁsequently, it is desirable to have nb/np large an& to have ¥
large. Since high-current, relativistic electron beams can provide

3 and Y¢=10—20, the prospect of using these beaums

n, up to lOlh em
to heat a plasma for thermonuclear fusion appears very attractive.
The excitation of this instability requires that (1) the
relative velocity of the two streams be much larger than the thermal
velocities of the particles in their respective stream frames and
(2) the electron collision frequency be sufficiently small, as
described by Singhaus (196&). Since one stream is relativistic,

the first criterion is easily satisfied. The second criterion can

be expressed as

oy, Vo - )
Verr < 0.7 mp —;" AV = vSinghaus (2-16)
Y. D ‘o

vhere v

L Pp is the effective collision frequency for the plasma elec-

trons, V_ is the axial.beam velocity, andHAVo is the axial spread
in the beaﬁ\velocity. The physical picture contained in this
expression is that if the spread in the velocities of the beam
particles is too large, there are few particles with the phase
velocity of the fastest growing wave, so few beam particles couple
to the wave. If the collision frequency of the plasma electrons
is too 1argé, the plasma eiectrons do not stay in phase with the

electrostatic: field of the wave. Fither effect would reduce the
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correlation of (§E *éng) and hence reduce the strength of the

instability. The expression was derived by finding the Verpp which

caused the growth rate of the instability to go to zero for a given
AV, .

Siﬁce the present experiment began, nunerical studies have been
published on the non-linear development of the instability. Thode
and Sudan (1973) included the effects of finite wave-energy and of

particle trapping. In addition to these effects, Toepfer and
Poukey (1973) included the effect of ion density flucfuations.
Thode and Sudan found that thé growth of the instabiiity ceases when

the wave energy density"wfield reaches a fraction f of the beanm

energy density W e am given by

f =

o 2
Wos Za‘ B
field — =0.15885 (2-17)

Wbean .oy yme -

for S < .5, where S is a strength parsmeter given by

1/

S by °
S = BO Y 2np (2—18)

After a transition region for 0.5 < 8 < 0.66, f decreases as S
ihcfeases. Consequently, for a given ratio nb/np, there is an
optimum value of y defined by S = 0.66 for the magimum field energy
in contrast to the quasi-linear result in which f increased
- monatonically with vy .

In addition, the calculations of Thode and Sudan (1973) showed
that the particle energy density at saturstion is a\weak function
of the strength parameter and is 20% to 30% of the initial kinetic

energy density of the beam. The "numerical experiments" of Toepfer

and Poukey (1973) gave this fraction as 10 to 20%. The second
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figure includes the effect of the ion density fluctuations. 1In

the present state of the theory, it seems best to take the value of

Wplasma .= 0.2 wfeam ) (2-19)
to compare with experiment for energy transfer to the plasmé via
the electron-electron instability.

It should also be noted that Toepfer and Pouéey (1973) found
that the saturation level of the particle energy dropped by 37% as
the initial plasma temperature was raised from O to 660 eV.
Consequently, it appears that the efficiency of the interaction

drops as the plasma is heated.

2.3b Heating via the Ion-Acoustic (e-i) Mode

When the thermal velocity of the plasma electrons exceeds their
drift velocity Vez relative to the ions, the ion acoustic instability
may develop when Vez exceeds the sound speed; as discussed by

Kadomstev (1965) and others. In contrast to the case treated
above, in which the two streams were the beam electrons and the plasma
electrons, this instability develops between the plasma electrons and
the plasma ions. The beanm is a source of energy to drive the return
current in the plasma and imparts a drift velocity Vez to the plasma
electrons relative to the ions.

The increased collision frequency between the plasma electrons
and the electrostatic fluctuations associated with the instability
produces an znomalous resistivityand increases thé energy dissipated

“in the plasma. .
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When the experiment began, the prevailing theory for the ion~
acoustic instability was based on the saturation of the instability
by ion trapping, as developed by Sagdeev (1967). This leads to an

effective collision frequency

v 2
e ze
- Vsagdeev ~ -01 T. ( Wpe? Te I3 (2-20)
1 Vth

where Te and Ti are the eleétron and ion tempe?atures, VZe and
V%h are the electron drift velocity and thermal velocity respectively,
and L%e is the plasma frequency.

Caponi and Davidson (1973) suggested that the saturation |

mechanism is dominated by ion-resosnance broadening, thus producing

a different collision frequency:

vc+D‘ h\ll"z'v'r | T | wpe,' for E;« 1 | (2-21)
for the approximations choéen by the authors, i.e. (A]s)lD = i,
ki'if%?= 1 and wﬂivig— = } where .k is the width of the excited
spectrun in momentu;espace, AD is the Debye length, k, is the center
of the excited spectrum, and mpi is thg ion plasma frequency. In
contrast to the Sagdeev value, the Caponi end Davidson resistivity is

\ . .
only weakly dependent on the ratio of the 2= Caponi and

V'
Davidson compare the resistivity from their tieatmeﬁt with several
experiments, and the agreement is quite good. Their value of the
anomalous resistivity may differ from that of Sagdeev by more than
two orders of magnitude and is generally smaller than the Sagdeev

~value. Since the detailed kinetic treatment of the instability

and the agreement with experiments favour the Caponi and Davidson

3



35

resistivity, it will be uéed in the comparison of this experiment
with the theory.

If the ion-acoustic instability is excited, the effective
collision frequency of the plasma electrons must be added to the
electron-ion and electrén-neutral collision frequencies in the
Singhaus criterion for the electron-electron mode. Consequently,

if the ior-acoustic mode is excited, the e-e mode may be suppressed.

2.3c  Application of the Theory to One Example

The' heating that.is expected from (1) the e-e mode, (2) the
ion-acoustic mode, (3) classical electron-~ion collisions, and (k)
electron-neutral coilisions as a function of the initial plasma
number density is shown in Figure 3. The beam in this example has
a current density of 2.5 x lO8 A/mz, an electron energy of 350 keV,
and a duration of 100 ns. ' The beam's number density is, therefore,

= -3 ' civ is W =
n, = 6.3 x Mfz/cm and the beam's energy density is W,
2

2.2 x 10 eV/cm3. The initial plasma temperature is 1 &V.
The final temperatures for the various heating mechanisms are
calculated as described below:

E~-E Mode ~ at saturation, the plasma energy density nkT = 0.2 W_.

b
Therefore,
0.2 W .k x 2073
kP =22 Wh o F A X 2D eV (2-22)
t Be - Do .

vith n_ in 13 for the post-1972 theory.  The pre~1972 theory of
Fainberg, et al., (1969) assumed the particle energy nkT equaled the

field energy at saturation. Thus
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Estimates of plasma heating as a function of the plasma

number density n_. The graph gives the final electron
energy kTe expec%ed from heating a plasma with a number
density n_ by a beag of 350 keV electrons with a current
density o% 2.5 x 10 amperes/m2 for 100 ns. As explained
in Section 2.3c, the calculations were done for a) heating
by the e-e mode as described by Thode and Sudan(1973),

b) heating by the e-e mode as described by Fainberg,

et al. (1971), c) heating by the ion-acoustic mode as
described by Caponi and Davidson (1973), d) heating by

the ion-acoustic mode as described by Sagdeev (1967),

e) heating by the classical electron-ion collisions,

and f) heating by the classical electron-neutral collisions
with a neutral gas pressure of 10 mTorr HZ'
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t

1/
0.158 § W,  0.158 502 y (;PQ 3
kT, = = L/ (2-23)
n 3
e n,
= 17
3
n
e
and is shown for comparison.
Ion-Acoustic Mode -~ The resistivity that arises from the

anomalous collision frequency given by Caponi and Davidson (1973)

is

. 6
} T . 5x10° _ . _
oD 17 ohm-m, _ (2-24)
n
e
with n, in m73 and-Te/Ti = 10. The increase in the electron
energy is given by
' 1077
3 _ .2
A 5 nkT = n JP dt
o)
16
£ 3:1 %107 Soules/m .
1/2
e
: . 35
kT =1 ev s+ 2323107y (2-25)
£ 3/
c-4d n 2

e
The resistivity that arises from the anomalous collision

frequency given by Sagdeev (1967) is

22
8, = 1.§ X107 G | (2-26)
€ n®T (ev)?
e e
Te EE
for T 10, Vd eyl
i
Fron 3 n'k i =.. n 52
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1
T2 4T =-§- A R e at

kT = —_ 4 o (2-27)
Sag e

Classical Electron-Ion Resistivity - The classical electron-

ion collisions in strong magnetic field produce a resistivity given

by Spitzer (1962) as

-3 :
- 1.75 x 10 _ -
NSpitzer 3/2 ohm~-m for ln A = 10, (2-28)
T (eV)
e
Integrating the equation for g%- from zero to 100 ns, gives
- ' 2
3/2 n}:S £ 32 g = 1.75 x 10 3j (2.5 x 108) dt
T . 0
o
5/2
n
e
. AL0
KT, = _2_;5__%%_ eV. (2-29)
Spitzer ng

Classical Electron-Neutral Resistivity - The electron-neutral

resistivity for collisions with H2 molecules is given by
\

-6 n
N, = 6.6 x iO o ohm-m A (2-30)

e

from the data for the momentum transfer cross section for electrons

in H, given by Delacroix (1960). The cross section varies as(Vé-l
QVe was taken from the value of QVe for 10 eV electrouns. For

n=3.5 x 1022 P m'3 and P in Torr, integration of %%~gives
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Ls
T - 6 X 10

f n @
en e

P ev (2-31)

In the example, the neutral number density is taken to be 3.5 x 1020

mf3 which corresponds to P = 0,01, For large values of kT

f,
additional ionization would certainly lower the actual value of the
electron temperature. Nevertheless, the heating via electron-

neutral collisions must be included in a comparison of theory with

an experimentally measured value.
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CHAPTER 3
APPARATUS

3.1 General Description of the Apparatus

A brief description of the major items of the apparatus and of
their purpose will give a perspective for the more detailed discussion
that follows. A block diagram of the apparatus is given in
Figure L. The various items of hardware are divided into two

categories according to their function as follows:

I. Generation and handling of the electron beam
A. High voltage generator
1. D.C. pover supply
2. Marx generator
3. ﬁiumlein transmission line
B. Beam production and focusing
1. Vacuum diode

2. Cone focusing chamber

I1. Plasma source
A, Z-discharge chamber -

B. Experimental chamber.

The desired characteristics of the apparatus were partially
determined by the capabilities of the diagnostics that were used to
study the plasma. The primary diagnostic in the present experiment
was laser scattering, which measured the number density and velocity

distribution of the ﬁiasma electrons. The power available from the
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Figure 4. Block diagram of the experimental apparatus,
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laser (100 MW) placed a lower limit on the plasma number density of

1k 3

n, > 107 cm °, which in turn placed a lower limit on the beam number

density o, > 1012 o3 to obtain a measurable effect. The basic
experimental requirements were (1) as dense an electron beam as
practical, and (2) a homogeneous plasma with as high a percentage

4

ionization as practical with an electron number density between lOl

and 1036 en~3.

3.1a Generation and Handling of the Electron Beam
%igh voltage genérator

Thélfirst problem of producing a high-current, relativistic
electron beam was to produce a voltage pulse of several hundred kilo-
volts from a generator of a few ohms and for a duration of approxi-
mately 100 ns. A DC power supply charged a set of N capacitors in
parallel. The capaéitors were then switched to series, which
resulted in a transient voltage multiplication of approximately XN.
The capacitor network that was charged in parallel and discharged
in series is called a Marx generator (hereafter called the Marx for
brevity). The Marx pulse charéed,.é fast storage capacitor, which '
vas in the form of a transmission line;

In general, an additional voltage multiplication of less than
2 can be achieved by charging a load capacitor through an inductor
from another capacitor. This technique is commonly called
resonant charging and was employed to charge the transmission line
from . the Marx.

The transmission line was the pulse forming network and the
impedance matching element for the voltage generator. Since the

transmission line was pulsed charged, it had to maintain the high
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voltage for only a short time. The time dependence of breakdown
phenomena could then be used to reduce the dimensions of the fast
storage system (the transmission line as a capacitor while it was
being charged) which lowered its inductance and its output impedance.
However, it is Weli known that an ordinary transmission line
of impedance Z0 delivers fhe maximum energy to a load when the
load impedance is also Zo' Unfortunately, the output voltage at
the maximum output energy is only half the chargiﬁg voltage on the
line. After working so hard to achieve a high voltage, one would
regret having to use only half the charging voltage. The type of
trénsmission line known as the Blumlein transmission line (hereafter
called the Blumlein for brevity) avoids this difficulty. The
Blumlein is composed of two transmission lines, each charged to a
voltage Vo’ with one common conductor and with the logd impedance
inserted between the two lines in the other conductor as shown in
Figurg 5. Tﬁe impeddnce of the two lines need not be equdl, but
maximum power output is aéhieved if each ling has an impedance ZO
and if the load impedance is ZZO.. When one end of the first line
is shorted by a spark gap (commonly called the fast switchj, a pulse
travels down the line into an impedance Ztotal (frbm the second line
in series with the load). The transmitted voltage is given by
the usual éxPression

2 Z A

vev potal g 20) 3y
o “total o ZO+3ZO : o]

with 2/3 of that voltage(i.e. % x-g vV = Vo) dropped across the load.
The duration tb of the voltage scross the load is the double transit
time of each of the two lines. At t = tb’ the reflected wave in

the first line and the transmitted wave in the second line return
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Voltage = Vb
0 Z, Zo
4 - AAA
1 2z,
Fast switch T

Load impedance

a) Blumlein configuration

.Zo 22 Zo 00

Figure 5.

AV=0

Wy

b) Voltage distribution

Schematic diagram of a Blumlein. The Blumlein configuration
is shown in (a) and the voltage distribution in the line

as a function of time is shown in (b). The horizontal
position corresponds to the position along the line as
shown in (a); the impedance in the circuit at that position
is shown on the top scale., Time increases down the page.
The wave begins at the fast switch and moves with the velocity
of the E-M wave in the dielectric. The locus of each
electromagnetic wave is shown with the amplitude of the
wave (the voltage across the line in front of the

wave minus the voltage across the line behind the wave).
PThe full charging voltage V develops across the load

for the double transit tlme of each half of the Blumlein.
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to the load and the voltage across the load becomes zero. . The out-
put into the load is then a square pulse at the full charging
voltage. During the pulse all of the energy that is stored in the

Blumlein is dissipated in the load.

Beam Production and Focusing

The load impeéance of the Blumlein was the diode, which contained
a cold cathode as the source of electrons and a thin anode foil as
an output window for the relativistic électrons. The voltage pulse
‘V is applied across the gap between the anode and the cathode.
Electrons are accelerated across the gap and acquire an energy eV.
The impedance of the diode is determined by the Child—Langmﬁir Law
for space charge limited current. This law for plane and parallel
anode and cathode surfaces is

2
7 = —13’—6-—‘1- ohms : (3-1)

ve r2
for a céthode of radius r in cm, an anode-cathode gap of 4 em, and
an applied voltage V in mega-volts (lO6 volts). Since the diode
impedance scales as (d/r)e, the area of the beam ( 7 r® ) can be
reduced and the beam particle density increased without changing
the diode impedance if the gap separation is also reduced.
However, the anode-cathode gap cloées with a velocity of 1 to 3
cm//usec, depending on the current density at the cathode. If the
gap is too small or if the current density in the diode is too high,
the impedance will changelsignificantly during the pulse.
Consequently, there is a limit to the beam densify that can be

produced in the diode. To increase the beam density beyond that
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limit without losing control of the beam (i.e. without having a
tightly pinched beam.that is difficult to control) one requires a
focusing systemy,external to the diode. Converging magnetic fields
reflect the electrons as well as focus the bean. A converging
metal cone filled with an optimum pressure of gas focuses the beam.
Olson (1973) describes the process: The converging sides of the cone
causes the inducéd electric field Ez from the rise of the beam
current (Equation 2-T) to decrease with distance from the anocde.
Since the breakdown time tbd depends on Ez’ the beam current
Ib(t‘bd(Z)) is therefore different for different axial

positions. The axially dependent, gas breakdown produces a net
current that incfeases with distance from the anode. The beaﬁ is
then focused by its own net current. The cone-foecusing mechanism

was used in the present experiment to increase the beam density.

3.1b Plasma Source

The plasmg number density must be sufficiently high to scatter

a significant number of photons from‘%he laser into the collection
system. The required number density depends on the intensity of the
plasma light and on the electron temperature, but is generally greater
than 5 x lOlh w3 for a typical scattering system. If the

density is too large, or the temperature of the plasma is too low,

the scattered spectrum is dominated by collective effects (scattering
from plasma waves) rather than by free electron écattering. Free

. electron scattering places an upper limit on the electron number

6

density for the target plasma of /lel cm_3. The electron

momentum transfer cross section must be sufficiently low to satisfy
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the Singhaus criterion (Eq. 2-16) for excitation of the two-stream
instability. The initial electron temperature should then be
greater than or equal to a few tenths of an electron volt. Such a
plasma is easily produced in a z—pinch; which was the plasma source
for the present experiment.

If thg electron beam is injected into a neutral gas, it will
produce a plasma. This method was also used, although it had the
disadvantage that the initial plasma parameters after breakdown were
not known.

The walls of the plasma sourcé conﬁained ports for the laser
input, t.e laser outpﬁt, a light dump for the main laser pulse, and
a viewing dump to accommodate the laser scattering experiment. In
the final version of the experimental chamber, the plasma source was
attached to a brass chamber containing the four ports to facilitate
replacement of the glass z-pinch, Whichlfrequently shattered undef the
high-voltages produced during the experiment and under direct bom-

bardment by the beam electrons.

3.2 Marx Generator

J.C. Martin and his colleagues kindly arranged the loan of a

~ Marx from A.W.R.E., Aldermaston, for the present expériment. Since
the Marx was supplied, rather than developed for the experiment, a
detailed description of the design features would be inappropriate

in this thesis. General information about Marx\generators is
available in standard references, such as Craggs and Meek (1954),

The technology employed in building the Marx for the present experi-

ment is given in Storr (1969).
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The schematic diagram of the Marx used in the present experi-
ment is given in Figure 6. It is composed of eight ICSE, O.S/JF,
100 kV capacitors which are charged in parallel and discharged in
series with a pressurized column of ten spark gaps. The eight
capacitors were each charged to 75 kV to give 600 kV across a

capacitance of 0.062 }JF when the Marx was switched to series.

3.3 The Blumlein

3.3a The Water Dielectric Blumlein

The Marx chérged the Blumlein, the particular configuration of
a transmission line described in Section 3.1. The Blumlein was
composed of two parallel plate transmission lines folded together
with a common plate at high voltage, as shown in Figure 7. The
oute? lines remained near ground potential during charging and the
centerline was charged to the full negative voltage Vb' When the
full voltage was reached the fast switch broke down,and the high
voltage pulse wﬁs delivered to the diode.

The lines in the present experiment used de-ionized water asAthe
dielectric between the plates. The water héd a resistivity greater
than 5}:106 ohm-cm, which gave a resistance of approximately 1000 ohms
through the water in parallel with the Blumlein capacitance. The
RC time to discharée the Blumlein was, therefore, 27 //secs compared to
a charging time of 1.5 }{sec;. The advantages of using water
included: (1) water was inexpensive, (2) the high dielectric constant
- of wvater gave a low velocity for electromégnetic‘radiation at these

frequencies, which allowed a long duration beam pulse to be produced

vith a short length of transmission line, (3) the energy stored per
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Figure 6. Schematic diagram of the Marx generator. The capacitors
are 0.5 FF’ 100 kV, low inductance capacitors.
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Supports

Top view of Blumlein

Bottom support

Top support

Figure 7.

Construction of the Blumlein supports. The center
line rests on a metal ball which is held by the
molded socket in the nylen stalk. The rest of the

support is polypropylene.
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unit volume ( eE@/Q) was large, so the spatial dimensions of the low
impedance Blumlein Were small, (4) the breakdown strength of water
was quite acceptable for short times, and (5) water, like all fluids,
was self-healing after ﬁhe occasional breakdown in the stressed
volume.

However, the high dielectric constant of vater produced severe
high-voltage tracking problems at interfaces. Since the boundary
18 =& 5

and the relative dielectric constant of water is 80, the small stray

condition perpendicular to a dielectric interface is €

electric fields at the water-air interface are multiplied by 80 in
air and cause breakdown. The problem is illustrated by the break-
down around a perspex cylinder with a 40 cm tracking distance

rather than through a 1 cm water gap shown in Figure 8.

3.3b Conmstruction of the Blumlein

.In spite of these difficulties, water was used for each of the
three Blumlein systems that were built during the course of the present
experiment.

Each of the three systems was balanced, i.e., the impedance of -
each of the two lines was Z, and was half the load impedance
Z =27 . The first lines were for a 20 ohm system (20 ohm load)
and produced a 30 kA beam of 600 keV electrons for 100 ns. These
lines were loaned by AWRE and had been used with an o0il dielectric.
The supports for the center (high voltage) line were inadequate to
withstand the electrical stresses of a water system, and oil leaked
from the inside of the lines. These two problems ensured that they

vere temporary lines for use until I learred enough to build a

permanent set of lines.



Figure 8.

High voltage breakdown at the water-air
interface. The streamer ran 40 cm along the
surface of the water, over the perspex edge,
down the side, around the chamber, and across
to the cpposite side, rather than breakdown
tre 1 cm water gap.
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The next two sets of lines were for 6 ohm systems to produce
100 kA at 600 kV for 100 ns; The first of these was constructed
of chipboard which was sealed in araldite and covered with copper,
a standard construction. The lines quickly sabsorbed water and

split along the seams. For the final set, the wood was replaced

by poly-propelene. It was clad with copper, which was soldered and
smoothed on the edges. This construction did not prove completely

satisfactory either, since the electrolytic action between the lead-
tin solder and tﬁe copper and aluminum in the tank'deteriorated the
soldered joint. The EM forces on the copper (from the currents)
then rinped the joints apart. If another system were to be built,
a better comstruction technique would be to turn the copper over the
rounded edge of the poly-propelene, fasten the copper to the poly-
propelene with screws in the field-free regions, and recess the heads
in the high~field regionms.

Various methods of supporting the center lines were tried, and
the final system is shown in Figure 7 with drawvings of the Blumlein.
The phosphor-bronze balls mated to the nylon stalks worked well.

A simpler design of poly-propelene qirectly touching the center line
wvas found to be inadequate, as shown in Figure 9b. The support was
destroyed.

The design of the Blumlein was relafively simple. The length
of the Blumlein was determined by the length of the pulse required.
The separation was determinéd by the breakdown time for a given
electric field, and the width was then determined by the required
impédance for the desired load. The empirical formula for a water

breakdown is given by Martin (1970) as



Fifpure 9.

(a) (View into Blumlein tank) (b)

High voltage fault modes in water. High voltage breakdown through the support
for the center line is shown in Figure 9a; the discharge destioyed the support.
Tracking along the creases ir the PVC liner at the rear of the tank is also
evident in 9a. Discharges between the center line and an outer line and from
the ground conductor towards the Marx are shown in Figure 9b.

19
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= MV/cm (3-2)

t .
where k = 0.3 for positive streamers and 0.6 for negative streamers,
t is in psecs, and A is the electrode area in cm2. The

eff
appropriate time teff is approximately the charging time divided by 7T .
For V= 0.6 MV, t = Q.4 psecs, and A = 3.2 x th cm?, the minimum
separation is 2.1 cm for breakdown. The separation of T cm used in

the experiment gives a safety factor of 3.5.

The impedance of a strip transmission line is

N

{)
;]'—:
R I
£ o

ohms o (3-3)

with d = the plate separation, w = the plate width, and €. is the
relative dielecfric constant.  The iﬁpedancé is 3 ohms for the present
systemn. For a plate separation of T cm, the impedance determines
the mean width to be 1.05 meters. The center line is wider than the
side lines by twice the gap separation to lessen the likelihood of
edge-edge breakdown.

For a pulse length of 100 ns, each line is requiréd to have a
50 ns sing}e transit time. Iﬁ water this makes the line 1.6 metefs

\
long. In oil, the length would be six times that.

3.3c The Fast Switch

The fast switch was a pressurized SF6 over-volted gap, shown in
Figure 10. The current path was along the ;xis of the cylinder.
The electric field along the water-perspex boundary was predominately
tangential o the interface, which reduced the likelihood of tracking

along the interface (since the local field in the perspex is not
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F6 inlet

O-ring /‘//
\ H
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Blumlein

Lan

Brass electrodes

™\

Perspex

i

Figure 10.

Self-breaking, pressurized SF, spark gap for the
Blumlein. The design featureg 1) large diameter
feeds that reduced the V/R field in the perspex,
2) a perspex-water interface that was parallel to
the electric field in order to reduce the effect of
the dielectric mismatch, 3) an input for the

SF, that was located in a region with a nearly
uniform electric field, and 4) a gap separation
that was small compared to the tracking length
along the walls to prevent contamination from
wall breakdown.
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enhanced if E; = 0). The brass feeds were 1" diameter to reduce
the field enhancement in the perspex. The disadvantage of this
design was thatatrack would run down the side, across the bottom,
and up the other side of the gap when the discharge debris
collected on the bottom; Consequently, the gap requiréd cleaniﬁg
with alcohol and drying under vacuum about every 100 shots.  The
gap was completely sealed with Simplex, which is a cold-setting
acrylic cemént for persPex.‘ It was important tﬁat no bubbles were
caught in the interface since the irregularities increased the
likelihood of tracking. This design was developed for the present
experiment. After the gap had been conditioned by several shots
which removed whiskers from the electrodes, the breakdown was reproducible.
The breakdown voltage versus SF6 pressure is given in Figure 1l.

The rise time of the pulse delivered to the load by the
Blumlein is determined by the rise of current in the fast switch. .
The rise time as discussed by Martin (1970) is the sum of a resistive
term t 7 (the time taken £o establish the current chamnel) and the

r

usual inductive term tL=L/Z vhere Z is the impedance of the generator

feeding the line. The resistive term is given by
- y1/2
+ = 88 (po/p,) ns .
L/ 3gH/3 (3-4)

where E is\%he field along the channel at its closure in units of

'10 kV/em, p/po ig the ratio of the density of the gas to air at NTP,
" end Z is the impedance of the generator driving the channel. In the
present experiment, t; is )4 ns and is small compared to t
For a disk feeding a spark channel of length 1 and radius'ro at

the center of the disk, the inductance is
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i L, 1 1 1
10 20 . 30 Lo 50

SF¢ Pressure (psi absolute)

Figure 11. Calibration curve for the Blumlein switch
after conditioning with several shots at
low voltage. )
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L 2-1(cm)*1n(R/r;) nano-henries, - (3-5)
This expression negiects the reduction of the effective inductance
caused by the velocity of light in the medium. The finite velocity
of light in the medium aiso increases the effective impedance

vfeeding the channel for timeé short-compared to the width of the strip
transmission line divided by the local speed of light. The usual
approximation over estimates L and under estimates Z, so it over-

estimates t The rule of thumb is to take 1ln (R/ro) as 6 or T

L'
and not rely on the answer.

For our gap of 1 = 10 cm fed by an impedance of 3 ohms

_ 2(10)(6)

L 3 = 40 ns

t

The 10% to 90% risetime is then = 80 ns compared to the observed

rise time of 30 ns.

3.4 Charging the Blumlein with the Marx

The Marx charged the Blumlein.  Since the charging time was
much longer than the time required for the electromagnetic wave to
travel the length of the Blumlein and back, the Blumlein behaved like
a simple capacitor during the charging. The schemgtic diagram of
the charging circuit is shown in Figure 12 and the location of the
circuit elements relstive to the Blumlein are sﬁown in Figure 13.

The Blumlein was charged through a resistor‘RS and through
inductors to the center line (L3) and to the side lines (Ll and L2).

The resistor helped dissipate the energy left in the  Marx after the
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Figure 12. Marx-Blumlein charging circuit.

=
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el

_%_Risolation(= %0 ohms )

V, = the charging voltage

p = the number of stages iﬂ the Marx with ¢’ per stageA'

Cm = C?p, the capacitance of the erected Marx

Cb =2 x CE’ the capzacitance of the Blumlein

Rs = R + Rc’ the series resistance in the Marx plus the

resistance in the charging resistor

R_ = the resistance in parallel with the Marx from the

P Marx charging resistors, the voltage monitor, and the
water

Lt'= the total inductance in the circuit

7% = JLt(Cm+Cb)/Cme

V=pV_ ¢ .
PY “m (exp(— T[RS) + exp(—TTZ ) , the Blumlein voltage

Ca* G 57 2R,

T = xL C, C /(C +C ) , the time to charge the Blumleln to
peak voltage V



Li=0'6 yH

Fast switch \\\ 7L2=l.5 yH

N 1
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1%? , _ ‘\Blumlein ‘\Qﬂﬂﬂﬂ___.

/ \ Water tank ' /

Stray capa01tgnce in dler L3=h.0 H

L.=0.6 pH
= /) Argldite

interface

Figure 13. Relative locations of the components of the charging circuit for the Blumlein.
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Blumlein's fast switch fired. Tﬂe inductors to the earihy sides

of the lines kept the voltage at the water-air interface sufficiently
low to prevent tracking through the tank's water liner and to isolate
the two sides of the Blpmlein when the fast‘switch fired. The
inductor to the center line (1) provided some isolation for the Marx
when the fast=switéh fired, (2) slowed the charging to reduce the
charging imbalance (which produced & voltage prepplse on the diode)
of the two halves of the Blumlein and (3) provided some voltage ring-
up through resonant charging.

For a line of impedance Zo, the criterion for the isolation
between adjacent ends of the folded Blumlein is that the impedance
between the ends is large (a factor of ten) compared to the line
impedance for the double transit time (T = 100 ns) of the line.

For two equal inductors L..in series this gave

1
w= 2n/T
w(2L,) =10 2

. STZO
1 21

2 0.6 4H each for T = 100 ns.

The voltage that appeared at the water/air interface when the

fast switch fired for the arrangement shown in Figure 8, was

R
=V (————) = V.. /h

interface line R+w(Ll+L2) line

<

which assisted in preventing tracking through the water liner at the
earthy interface.

| The interface for the high—volfage input into the water was a
two-inch diameter stainless-steel tube poited in a six~inch-diameter
cylinder of araldite.- The large diametef conductor reduced the

electric field ~ (V/r) on its surface,and the epoxy helped reiuce
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the dielectric mismatch in the high-field region. The dielectric
mismatch is 80 to 3 for water to araldite and then 3 to 1 for
araldite to water.  Even with this precaution, tracking could
occur from the high voltage iﬁput to ground in air or between the
-water liner and the wood, especially if there was a ridge or crease
in the liner near that region. If the track then re-entered the
water and punctured the liner, the water drained out. Such a
"disaster" is illustréted in Figure 9a.

When all of these things are avoided, the Blumlein charging wave
form is as shown in Figure 1. This waveform was analyzed with the
charging circuit given in Figure 12 to find the series resistance
Rs and the total inductance L for the system. The parallel resis-
tance RP was neglected in this analysis since-the Rﬁ C time for
systems of this size was much greater than the charging time, where
C was the total capacitance of the ci?cuit{

The differential equation for the charging circuit is

% 31 Ly % (3-6)
—-6—'+Lm'§—+ IR +Lb-a—t— +"C';—0
m

where the circuit elements are defined in Figure 7 and

G+ =8,
Qu(t=0) = q_
Q,b(t=0) =0

Let

Q
o

L = = -2
Ly+ 1 and C= =%
m b

and assume a solution of the form



Figure 14. Voltage waveform of the Marx charging the
Blumlein through an inductor. The sweep speed
is 16 usecs full sweep.
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Q =4 sin(wt + §) + Aot

R
The solution for E)) -éﬁ, is
% % L R_tycos(6//T0) | |
% =g * ! 1‘exl°('.~5r_) NSO (3-7)
‘ m b :

The voltage Vv, across the Blumlein is given by
BT g (3-8)

Let V_ =Q/p Cy» the charging voltage on each of the p capacitors

in the Marx. The gain of the system is defined as
- vb max CIn /C
¢ = PV, = CRER (1 + exp(- TR C/2vi)) (3-9)

at t = 7 JLC for the maximum voltage V on the Blumlein.

b max

If the voltage V', is measured across the charging inductors

2

Lb in series with the Blumlein, the measured voltage is reduced,

since the capacitative and inductive reactances have opposite signs.

. . . .
The ratio of V > max to V2 max 1s.g1ven by
2 2
r
Vo'max _ Vomax * Ly %/t SO
v = TLC (3-10)
2 max 2 max

Consequently, this effect (usually ~ 30%) must be considered
in the measurement of the gain.
The total inductance L of the circuit is found from the frequency

g of the ring of the waveform with
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.
’ /IC
C = Cm Cb
Cy*Cy
e
B~ C

From the period of the ring in Figure 14, %8 = E%Z = 2.3 x 106

sec‘l. The Marx and Blumiein capacitances are 62 nF and 27 nF
respectively, so C = 19 nF. Thus L is 10.3 /JH for the charging
circuit.

The series resistance Rs is obtained from the slope of the

/
differenceslV-V‘|between the waveform extrema for each half cycle

of the ringing waveform, as shown in Figure 15.

R, = 2 ﬁ B (slope of |V-V'] plot)

= 24%—E x (0.17) = 2.7 ohms.

The Marx inductance Qm = 5 pH, since

Lo=14 pE (calculated)
L
1

L,+—==1.3 pE (calculated).
2

The measured resistance in the series resistof is 1.5 ohms, so there
is 1.2 ohms (0.12 ohms/gap) in the Marx's épark gaps.

With these values of the circuit elements, the gain calculated
vith equation‘(3—9) is 1.2. Consequently, a Marx charging voltage

of only 63 KV will charge the Blumlein to 8 x 1.2 x 63 XV = 600 XV.
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Figure 15. Plot of the differences |V - V'| of the voltage
extrema for analysis of the charging waveform.
[V - v'| is defined in the top figure and is
plotted on a semi-log scale in the bottom figure.
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3.5 The Diode

Initially the diode consisted of three perspex sections
separated by aluminum rings as shown in Figure 16. The aluminum
rings divide the perspex segments to form capacitors along the
length of the diode. The capacitance per unit length is made
uniform in this ﬁanner, so the voltage drop along the interface is
uniform. This technique of capacitively grading the diode is
commonly used to distribute the electrical stress and, thereby, to
prevent flashover.

The inductance of the diode is proportional to the length of
the current channel in the diode, and the rise time of the current
is the L/ZL time of the diode for a fast rising voltage pulse from
the Blumlein. To redﬁce the rise time of the beam current, one of
the three segments of the diode was removed.

The voltage for interface flashover under vacuum is given by

Martin (1971) as

Efrashover - 'tl_}%iﬁio KV/en (3-11)
for a pulse of t ysec and a surface area of A cm2 with the electric
field at approximately 45° to the surface. The 45° inclination of
the inside surface prevents electrons that leave the perspex from
striking the surface to cause avalanching and flashover. The angle
of inclination is not very critical. For the diode in the present .

experiment, E = T00 KV for each section for a 100 ns pulse.

flashover

Since each segment is only stressed to 300 KV, the design is

conservative with a safety factor of 2.3.



Foil anode

1

|
Perspex
insulator

..vb

Al field
grading ring

Connections to Blumlein

Figure 16.

Schematic diagram of the diode.
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The diode consists of

a high voltage envelope (the perspex insulators separated
by the field-grading rings), the cathode, and a thin foil

anode.

into the cone focusing region.

The Blumlein produces a voltage pulse across the
anode-cathode gap,and the electrons are accelerated
from the cathode to the anode and through the foil
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After each shot, the surfaces were cleaned with alcohol,
wiped with a clean paper, and coated with a thin layer of silicone
vacuum oil, which helped prevent flashover.

Various cathodes were used. The dull side of a hacksaw ‘
blade worked but emittéd very unevenly. Un-coated Gillette Tech~
matic razor blades gave very uniform emission but had to be replaced
after each shot. Finally, a POCO Graphite cathode ﬁas adopted
following successful use at NRL, Washington, D.C;, and Sandia
Laboratories, Albuquerque, N.M. A plasma quickly forms over the
surface of the cathode and is the source of the eieétrons for the
field-emission process. The work function of the plasma is very
low and allows the necessary current to be extracted.

The anode foil is normally aluminized melanex,0.00125 cm thick,
to minimize the scattering of the electrons in their passage through
the foil.

The impedance of the diode was consistent with that given by
Equation 3-3 for a space ;harge limited current densitj. However,
since the anode-cathode gap closéd after the formation of the cathode
plasma during the prepulse, the appropriate spacing was determined
by trial and error. 1In the present gxperiment, an initial.gap of
6 mm, a cathode radius of 3.2 cm, and an applied voltage of 350 KV
produced ;h impedance of 6 ohms. This compares with a gap of 5.1 mm
5iven from the Child-Langmuir law, so the gap has closed 0.9 mm

during the prepulse.

3.6 Beam Diagnostics

The large stra&~electric and magnetic fields involved in these
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experiments and the fast response times required for the diagnos-
tics, bosed considersble difficulties. The stray capacitance of
the voltage monitor to its surroundings caused an erroneous output
signal if the voltage distribution in the monitor differed from that
in its surroundings. Consequently, every effort was made to place
the voltage monitors along field lines to reduce this effect. The
resistor chain was made uniform so the voltage g?adient in the
mOnitér Waé uniform. Initially, 2 watt carbon resistors were
potted in araldite and placed across the diode as shown in Figure 17T.
The output was taken through the copper pipe serving as the ground
conductor to the system, to an oscilloscope. . These monitors
wvorked well until fhey blew up. Since the breakdown voltage of
solids is a function of the number of times it is stressed, the
monitors eventually tracked through the/araldite. An alternative
monitor was made with a CuSO)4 resistor placed along the electric
field lines, as shown in Figure 1T. For a resistive load, the
voltage and current waveforms matched to 10%,and the value of the
voltage signal was consistent with the line voltage to -~ 8%.

The LAI/dt contribution to the sigral was measured with a short in
the diode and subtracted from the signal.

The Marx voltage monitor is shown in Figure 18 and was placed
between the Marx and the water tank in a region with a nearly
uniform field. It was calibrated with a 10 ampere, DC current
source with both polarities, as well as a 1 psec, T kV pulse.

These calibrations agreed to 5%.
| The current monitor was a single loop of wire with cross-
sectional area approximately equal to 4 e terminated vith a

stainless-steel foil. resistor 0.0025 cm thick, which is approxi-
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Figure 17. Diode diagnostics: current and voltage monitors.
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High voltage lead

‘ f*_______ Phosphor bronze ball

N

¢~ PVC tubing

CuSOh solution

Copper plate

- e e -

50 hm cable to scope

Voltage monitor for the Marx generator. The monitor
was placed parallel to the Marx column and in an
approximately uniform field to minimize the effect

of stray capacitance between the resistor and its
surroundings. The total resistance of these monitors
was 5 to 10 kohms. Each monitor was calibrated
with a sufficiently large DC current to burn away
the capacittive film at the electrodes and with

a T kV pulse. ' \
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mately the classical skin depth for the rise-time of the’current
signal. This gives an L/R self—integrating, pick-up coil that has
been described by Pellinen and Spence (1971). | The coil is shown
schematically in Figure 17. The coil was calibrated in position
by firing the Blumlein into a resistive load and calculating the
current from the signal of the voltage monitor across the load.

This proéedurecorrectedfor the unknown current distribution in the
feeds from the Blumlein to the diode..

The signal with the Blumlein fired into a short circuit with
a known line voltage and iine impedance gave a check on the linearity
of the monitor and on the effect of the stray electrie fields. A
plot of a typical signal vs. current calibration for both arrange-
ments is given in Figure 19. Typical‘voltage and current waveforms
are given in Figure 20.

These monitors measure the voltage across the diode and the
current through the feeds from the Blumlein to the diode. One would
like to measure the voltage across the anode-cathode gap and the
current of beam eiectrons that enters the experimental chamber. A
check on the relevance of the measured quantitieé to the desired
quantities is provided by calorimetry and x-ray data. Total
stopping calorimetry measures the integral of IVdt, and the total

x-ray dose measures the integfal of IV2°8d

t as discussed by Forster,
et al. {1971). An evaluation of both quantities gives an

adequate check on both the current and voltage monitors. The calori-
meter was built of graphgte which could absorb the beam energy with a
minimum of vaporization and spalling. Several have been made of tﬁe

same design, which is shown in Figure 21. Five thermocouples were

wired in series to give an average temperature of the calorimeter.
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-~ Figure 19, Calibration curve for the diode current monitor.
The output V in volts into 50 ohms is plotted
as a function of the diode current. Shots were taken
with either a resistive load or a shunt in the diode.



Figure 20.
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Voltage and current waveforms from the diode
diagnostics.

76



77

Top'view showing location of thermocouples

Omri Carbon block
-7in \\\\*

L

Thermocouple

A

O-ring

Nylon tubing

Epoxy heat sink — o

—— Output

Side view showing construction

Figure 21, Construction of the carbon calorimeter used to measure
' the beam energy.
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The fhermocouples were copper-constantine and were calibrated in the
usual way with a mefcury thermometer in a water bath, with the output
taken on a ballistic galvonometer. The calibration curve is shown
~in Figure 22. The heat capacity of the carbon (POCO Graphite) was
méasured by the temperature rise following a known energj deposition
from a resistance wire (from the integral of IVdt). The calorimeter
was insulated with cotton wool and the readings were taken either
with the heater between two flates of carbon or with the heater
between carbon and cotton wool. The measured heat capacity was

0.8 joules/g C° compared with 0.71 joules/g C° for pure graphite.

Thus the calorimeter was absolutely calibrated. The rise time of
the signal for uniform energy deposition was —~10 sec and the decay
time of the signal was ~ 150 sec to decay by 10%. Since the
measurement of the calorimeter required approximately 15 to 20 seconds
after the experiment, the response time of the calorimeter gave a
systematic error of ~ 10%.

The spalling of the carbon and the possibility of elastic

reflection of high energy electrons from the surface (whiéh may be

as high as 10% for a 350 keV beam into a metal plate from a Monte
Carlo calculation reported by Miller and Kuswa (1973)) may cause a
low reading if the calorimeter is far away from the diode. If the
calorimeter is very near fo the anode, reflected electrons are
returned to the calorimeter after passing twice more through the anode.
With the calorimeter one centimeter from the anode, the reading and
the'bfagrduJ,Powef “agreed to within 10% under the experimental
coﬁditions. This agreement was the best check on the adequacy of
the diode monitors.

The x-ray measurements were taken in the experimental arrange-
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Figure 22, Calibration curve for copper-constantine thermocouples used for the calorimeter.
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ment shQWn'in Figure 23. The dose registered witﬁ quartz fibre
dosimeters at the angle to the axis of the diode is given_in |
Table 1 with the correction for self-absorption for the target
and intervening material of the vacuum chamber. The primary
absorption was from Coﬁpton scattering and was therefore only mass-
dependent. The effective mass-absorétion co-efficient for the
bremsstrahlung x-ray spectrum was obtained by measuring the dose on
either side of the séme quéntity of absorber fhét was present during
the experiment. A filter of 0.45 g/cm2-c0pper around each dosi-
meter absorbed x-rays below L0 keV and filtered the spectrum to
reject lov-energy Cdmpton—scattered X=-rays from the background.
The resulting x-ray polar diagram is given in Figure 24 with the
. expected polar diagrams for various half-angles. The polar diagrams
for a given half-angle wefe generated by computer code ETRAN from
a distribution of electrons that uniformly fill a cone to an angle
{%max' The average half-angle is E}% = 0,656ﬁax as described by
Forster et al. (1971). The average angle{E% is seen to have been
approximately zero degrees.

The dose on axis at one meter was 143 mr. The expected dose

on axis for the carbon target is given by Forster, et al. (1971) as

D=3.7T x 102 v2'8 Q rads (3-12)

for V in megsvolts and Q in coulombs. The calculated dose for the
60 kA current and 400 kV voltage for 85 ns agrees with the measured
value of 143 mr. The agreement is fortuitiously good for the data

is only ¥ 10%.
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Figure 23. Arrangement for x-ray dosimetry of the electron beam at the anode. ' The polar diagram
of the bremsstrahlung was measured from the x-ray dose as a function of the anglee
from the axis of the beam. The four aperture camera gave an indication of the
uniformity of the bean. ‘
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Table 1. Data from the x-ray polar diagram measurement.
The radiation dose at one meter is given by

R=X aexp(pclc/cose) -exp(ub}b/cose)-re

where
u, = absorption co-efficient for carbon = 0.24/cm

~
[} n

ot
it

c!_-
it

absorption co-efficient for brass = 2.54/cm

the dosimeter reading at position (r,e)

thickness of carbon in target = 0.30 em

thickness of brass in target = 0.32 cm

r = the distance from the target to the dosimeter in meters

8 = the angle between the dosimeter and the beam axis
8 X R R/Rmax
(degrees) (mr) (mr)
-31.5 58 96 0.67
-21. 95 143 1.
-10. 102 12 1.
0. 98 137 0.95
0. 99 139 0.99
10. 87 122 0.90
21. 69 10k 0.73
31.5 55 91 0.6k
k2, 52 96 0.67
52.5 34 T1 0.50

. The x-ray data is plotted in Figure 24 and is compared with

the theory to find the beam's half-angle.
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Figure 24, X-ray polar disgram of the bremsstrahlung from the carbon target at the anode.
The calculated polar diagrams for various beam-electron half-angles are shown

for comparison.

half-angle was less than lOo.

The beam electron energy was 350 keV. The measured

€8
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The uniformity of thé beam was measured through x-ray pinhole
photography. Two lead pinhole cameras were constructed as described
in Figure 25. The four-aperture camera showed that the beam was
approximateiy uniform as shown in Figure 26, although the linearity
of the Kodak RP-Royal énd Blue Brand xz-ray film with image intensi-
fier plates was not ideal. Nevertheless, the beam was not grossly
one-sided and the cathode was emitting nearly uniformly. The
exposure with the second lérgest pinhole in Figu;e'26 shows a more
intense spot on the axis, although the photographic reproduction of

-the original x-ray film enhances the appearance of the central spot.
This spot is consistent with a pinch in the diode at late times or

on a second, lower energy pulse after the main pulse. The x~-ray
polar diagram shows that the perpendicular energy of the beam electrons
was small, which would not be the case if a large fraction of the

beaﬁ were pinched in the diode. Consequently, the beam emission was
uniform during the main beam pulse.

The usual method for.checking for uniformity on lower current
machines is to use radiation¥senéitive blue cellophane that bleaches
under beta radiation. Beams with the present integrated energy
density vaporize the material, thus making that technique impractical
as & direct measure of uniformity.

From\%he measurement of the beam's cross section in Figure 26,
the beam current density was calculated as 1.9 kA/cmeu Thus the
beam density was 5 x 0™ en3. This gives a ratio of m to n,

less than 0,005, which was too small for the experiment. Since I
was really interested in heating a volume with 1 cm? Ccross éection,
allowing the e-beam to have a 30 cm2 cross section was a waste of

most of the beam energy. In principle, by reducing the cathode

diameter but keeping the same aspect ratio (cathode radius to gap
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Figure 25, Construction of the x-ray pinhole cameras. The cameras
used RP-Royal or Blue Brand film by Kodak wrbh regular
Kodak x-ray intensifier screens.

L_J Film Pack
] .
Pinholes along line --
] of sight to object on axis
] at 80 cm from camera.
2 inch lead plate % inch lead plate

N

Four Aperture Camera

/

Film Pack

+ 1 inch lead plate

Single Aperture Camera



Figure 26. X-ray pinhole photograph showing the beam distribution
on a carbon target at the anode. The magnification is
0.38. The four images are from the four pinholes, each of
which has a different aperature.
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separation), one could obtain a higher beam density and keep the
same diode impedahce. However, this procédure caused the diode gap
to close fastef, and the impedance changed significantly during the
pulse. To go to a smaller area with the same gap separation led
to beam-pinching in the diode under the beam's self-magnetic field,
vhich produced a hot beam (one with a large value of-€}%). Such
hot beams were found to head to the nearest wall“when they were

propagated.

3.7 Cone Focusing

The beam was focused by firing it into a 10% half-angle copper
cone as shown in Figure 27. The rationaie was to use the currents
induced in the wall of thé cone to reflect the electrons, towards
the center of the coﬁe. The focusing worked, but possibly for
the wrong reasons. Olson (1973) has subsequently published a theory
on cone focusing that argues that the focu;ing is caused by non-
uniformity in the breakdown process in the cone (See Section 3.1).
The net current then increased with axial distancevfrom the anode
to self-focus the bean. EXperimenté by Davitian (1971) revealed
that if the beam did not pinch in the diode, Olson's mechanism
explained his data for cone focusing. If the beam pinched in the
diode from the beam's self-magnetic field, the pinched beam propagated
vithout additional focusing to the cone exit.

. My observations were that the beam was not pinched at the anode;
the evidence came from the x-ray photogréphs-ana from the damage
pattern (or lack of 1t) on the carbon calorimeter 1 cm from the anode

foil, and from the dlode impedance (calculated from the voltage and



Scattering chamber

Anode foil Cone exit foil
Cone focusing '
region

Cathode

Figure 27. Schematic diagram of the cone-focusing system. The electron beam is injected through the
anode foil and into the copper cone. The cross section of the cone at an axial
position z determines the net current in the axial direction. The axial net current
and the associated azimuthal magnetic field increase with increasing z. The beam electrons
are focused by the azimuthal magnetic fieldas they bravel down the cone.
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current traces). However, more than 60% of the energy réached the
cone exit, and the bean's crosé-sectional area at the exit was less
than that of the cone's aperture. The beam distribution at the
cone exit was not uniform, and the center of the beam was shifted
away from the Blumlein; as measured frém the damage pattern on the
calorimeter at the cone exit.

X-r&y rhotography was not very qseful for measuring the angular
distribution of the beam electrons at the exit since the x-rays from
the cone walls(were found to contribute significantly to the x-ray
flux. (Approximately 50% of the total dose could be_ attributed to
electrgps hitting the walls. ) Consequently, the beam diameter was
measuréa in three ways: (1) the demage pattern on the carbon
calorimeter, (2) the Al-foil/blue-cellophane dosimeter package, and
(3) the diameter of the luminosity of the plasma channel taken with
an image-converter streak camera. These megsurements gave an
effective bean diametér of 1.5 cm and a current density of 20 kA/cme.
Examples of each type of measurement are shown in Figure 28. The
length of the streak camera photograph corresponds to the full
100 ns (with 20 ns resolution and a 30 ns beam rise time), so the
energy and current must be lost thr;ughout the pulse as opposed to
only at the beginning or end of the beam pulse. Since the heating
is a function of the plasma current squared, knowledge of the bean's
current distribution is very important. _

The transmission of the cone did noﬁ appear to be critically
dependent on the pressure, in contrast to lower current measurements
taken by the author on other machines in the past. The energy

. . + .
transmitted remained 60 - 6 percent as the pressure in the cone was

varied from 300 mTorr to 1.k Torr of air. There was usually damage



Figure 28.

—
~——

(c)

Time sweep is 100 ns/cm. Radial magnification s .5.

Measurements of the beam diameter &t the exit
from tke focusing cone. The diameter of the
beam was measured by a) the damage pattern on the
carbon calorimeter placed at the cone exit, b)
the danage pattern on the Al-foil/blue-cellophane
dosimeter packet at the cone exit, and c) the

luminosity of the plasma channel observed with
a streak camera.
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to the side of the cone about 15 cm from the anode at a cross
section of 9.6 cm?, which was fairly reproducible. The mechanism
that leads to this damage and the associated energy loss is not
understood.

Attempts were made to measure the half-angle of the beanm
electrons which was expected to have increased as the beam was
focused.v However, the x-ray technique failed because of the x-rays
from the copper walls of the cone. However, the x-ray pattern on
the walls of the experimental chamber during injection into plasma
with rapid charge and curient neutralization wés a measure of the
beam's -half-angle, as discussed in Section 4.2. The erergy
collected on the caloriméter at 20 cm was also a measure of the half-
angle, assuming the beam filled a cone to the angle O oy 85
discussed in Section L4.5. These two measurements gave the angle
0oy 2 30°, so 0;.= 0.65xemax = 20°. Consequently, the

transverse velocity of the beam electrons apparently increased during

the focusing process.

3.8 Summary of the Beam Parameters .

. The electron beam has been diagnosed as having the following

characteristics as it left the cone:

Electron energy eVb: 375 ¥ 40 xev

Total current Ib: 36 ¥ 6 xa

Effective cross-sectional area: 1.8 cm?

Average current density jb: 20 kA/cm2

Average beam density n: 5 x 10%? o3 _
)

(
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Average electron half-angle 8y* 20°
8=0.8
Y= 1.7
$-=%'= 1.6
A

3.9 Experimental Chamber.

In the experimental chamber, the bean interactei with the plasma.
A laser beam was admitted,and the scattered light was observed through
sultable ports. |

During the course of the experiment, the experimental chamber
and plasma source evolved through several stages. Originally, a
z-pinch was constructed from a perspex cylinder (15 cm diameter and
2 meters long) with the anode foil of the diode as one electrode and
an aluminum plate'the}other end electrode. A hydrogen plasma which
formed on axis was obseréed spectroscopically, and no impurities were
observed. However, the electfon beam did not reach more than 30 cm
from the anode (as determined with the calorimeter), and the laser
scattering ports were at 40 cm. Examination of the damage to the
perspex walls indicated the beam was defocusing and hitting the walls.

Conséquently, the tube was shortened and the laser scattering
region was placed at 20 cm from the anode. At £illing pressures
sufficiently low to get a reasonable fraction of ionization and a
sufficiently large ratio of nb/np, the complicated joints in the
séattering ports trackeﬁ under the voltage applied with the z-discharge
(before the gas was ionized) and the voltages associated with the
dInet/c}.t of" the beam. These discharges repeatedly destroyed the

drift tube.
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Then a glass scattering charber of length 40 cm and inside
dismeter of 7.5 cm was built with the scattering region 15 cm from
the anode. Several of these chanmbers weré destroyed by the high
voltages in the experiment and the occasional pinched-beam hifting
the wall near the end of the tube.

Consequently, a brass scattering-section was constructed with
a replacéable z—-discharge section attached to the end;vas shown in
Figure 29. The scatteriné region was now only 4 em from the
entrance foil and the construction of the water ténk blocked the
optical path from the laser to the scattering volume. To make the
scattering volume accessible to the line of sight for the laser, a
drift section was installed to drift the beam 20 cm from the anode
foil, through a second foil and into the experimental chamber.

The drift efficiency was found to be nearly 90%,and the beam was
uniformly distributed across the 7.5 cm diameter, as observed by the
x-ray photographs and calorimetry. The use of the drift region
also ensured that the anode-cathode gap was independent of the
pressure in the experimental chamber since the drift section ﬁas held
at the constant pressure of 500 ngrr air, while the pressure in the
experimental chamber was altered for various initial conditions.
Experiments with this arrangement indicated very little additional
plasma heating or ionization, because the beam number-density was

too low.

The cone focusing technique described in Section 3.7 was
introduced to increase the beam density and also to bring the
séattering region to within 8 mm of the entrance foil. This
version of the experimentallchamber was used in the final experi-
menté, and is shown-in Figure 30.

Before each shot, the diode was cleaned, the cathode was
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Figure 29. Construction of the brass experimental chamber for
the laser scattering experiments. The light dumps
were 0B-10 glass mounted at the Brewster angle for

the laser light.
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30. Diagram of the experimental arrangement for the experiments with the focused beam.
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.

resurfaced, the anode and cone—exit foils were reélaced (they wvere
completel& vaporized during the experiment), the window; and light
dumps were cleaned, the scattering system was re-aligned and
re-calibrated, and everything was pumped down.

In the new arranégment, the breakdown of the gas in the z-
discharge was not as satisfactory as it was in the perspex tube.
Although the breakdown was assisted by a spark discharge in the
chamber, at low preésures-(less than 10 mTorr Hé) the breakdown was
through an arc along the wall. Nevertheless, Rogowskii coil measure=-
ments of the current flowing through the cone exit (and away from the
walls of the pinch) indicated a plasma current flowed through the
experimental volume. The time integrated spectrum of the plasma
light taken through the laéer—input window showed manyrimpurity
lines as well as the hydrogen lines. It was found that the wall
material arrived in the scattering region approximately 30 psec after
the z-discharge.  The arrival of wall material was measured by the
increase in the Rayleigh scattered light at 69h3 A° after 30 psec
as shown in Figure 31. Thus the technique of varying the initial
plasma conditions by simply waiting for the plasma to recombine and
cool could not be used.

The proximity of the entrance foil to the scattering region
intially caused concern because the closure velocity of the anode-
cathode gap was typically 1 to 3 cm/};sec. If the gap closure were
caused by the foil velocity and if that same velgcity were applicable
to this foil, the material would arrive in the scattering region in
0;3 to 1.0 psec. The gap closure in the diode was expected to be
primarily from the expansion of the exploded whiskers on the cathode.

The anode velocity was expected to be much slower. However, a
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Contamination of the plasma by wall material. The
arrival of the wall material in the scattering region
was observed from the increase in the Rayleigh
scattered light at 6943 A® as a function of time
after the beginning of the z-discharge. The
contamination limited the useful lifetime of the
decaying afterglow for the experiment.
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Acheck vas made for contamination by the foil material by measuring
the Rayleigh scatte.red laser light after the beam. 'I'here was no
indication of the arrival of foil material 2 psec after the beam.

This result is understandable from the energy deposition of
the slectron beam in the foil. From the data by Berger and

Seltzer (196L4),.the energy deposition for 350 keV electrons is

% = 2.21 MeV per g/cm2 of foil material.

For a foil of lo e lg/cm3, and dx = ,00125 cm,

3

OE = 2.21 (.00125) (1) = 3 x 10"~ MeV

~3 hkeV.

16

The beam contained ~ 2.2 x 107 electrons, so the total energy
deposited was ~ T x 1019' eV ~ 10 joules.  For a mass of

2.5 x 1073

grams, V= 3 x 10° em/sec, which is approximately the
expansion velocity of the foil since the thermal equilibration
time at solid densities is so small. The foil should have R
arrived in the séattering region at t = Lk ysec. It was
observed to be 3.5 usec for the increase in luminosity for
injection into 1.6 mTorr neutral gas, in reasonable agreement

with this calculation. Consequently, the foil material did not

contaminate the plasma during the experiment.
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CHAPTER L

EXPERIMINTAL RESULTS

'4.1  Introduction

The understanding of high-current, relativistic elecﬁfon
beam-plasma interaction is still in its infancy as evidenced by
the fact that the present experiment was the first to measure the .
number density and tempe;ature of the plasma during énd shortly
after the ﬁ;am pulse. Very few assumptions could safely be
made about the beam-plgsma systen. Consequently, a wide range of
disgnostics were employed to determine the parameters needed to
compare the theory with the experiment. To interpret the plasma-
heating experiment, one must know the number density, temperature,
and current density distribution of the plasma and the current
distribution of the beam electrons. Since the energy transfer via the
ion-acoustic instability depends on the ion temperature, one must also
estimate or measure Ti'

The accepted model for the beam plaéma system presented in
Section 2.2 has several features relevant to the interpretation of this
experiment: (1) the predicted charge neutralization time for‘injection ’
into & low pressure gas exceeds the beam duratipn in the present experi-
ment, (2) the beam and plasma current channels are coincident, and (3) the
ion motion (radial expansion or contraétionféén be neglected. These
three points must be investigated experimentally. .

The diagnostics employed and the type of information obtained
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are summarized in Table 2.

The experiments fall into two categories: either the beam
wvas injected into a preforﬁed'plasma or into a neutral gas.
Table 3 contains a summary of the experimental conditions.
Cases I through IV are the experiments with a preformed plasma
and cases V through VIII are those with a neutral gas, as shown in
Table 3.

The experimental limitations on the range ;f systems studied

were defined by the following experimental diffiéulties:
(1) For injection into neutral hydrogen below 60 mTorr
;Tfilling pressure, no scattered light was observed.
(2) For injection into neutral hydrogen above 10 Torr
filling pressure, the background plasma light was
too large to allow data to be taken.
(3) For sufficiently short delay between the beginning
of the z-pinch and the beginning of the beam pulse
to have a high initial plasma temperature (Te') 2 ev),
the plasma was not very reproducible, and the
z-discharge current was still flowing significantly.
(4) The excessive plasma light and the relatively low
plasma number density during the beam made observation
of laser scattered light impossible during the beam

pulse, except in a few cases.

Each.diagnostic will be discussed and itsvresults‘given.
The irnformation will then be interpreted in Chapters 8 and 9.

Since the measurement of the gross plasma éosition and beam
position set the stage, so to sPeak,Afor the more detailed measure-

ments, they will be described first.



Table 2. Summary of the diagnostics employed in the present experiment.

Diagnostic Description Type of information acquired
Laser . . . . . .
scattering Analysis of the spectral distribution and Plasma electron number density and velocity

Net current
X-ray pinhole
photography

Calorimetry

Streask camera
photography

Plasma light
Witness plate

Electrostatic

abgsolute intensity of ruby laser light
scattered by the plasma electrons

The waveform of the beam current minus
the plasma current at. the exit from the
focusing cone

X~-ray photography of the x-ray pattern
produced by the beam electrons as they
strike the walls of the chamber

Total stopping calorimetry of the beam energy

transmitted to the calorimeter at the end
of the experimental chamber

Image-converter streak p%otOgraphy of the

‘radial extension of the plasma light

emission versus time

The waveform of the background emission
in a band sgbout 6943 A®, Data was taken
with the laser scattering collection system.

Target composed of layers of Al foil and
radiation sensitive blue cellophane was placed

in front of the beam and the damage was. recorded

distribution

- Self-magnetic field, mass motion of the plasms

channel, breakdown time of the gas for injection
into neutral hydrogen at low pressure

Gross beam behavior, half-angle of the beam electrons

Beam energy transmitted through the focusing cone,
half-angle of the beam electrons, force neutralization

time tf of the beam electrons

Radius of the plasma channel versus time, duration
of the beam pulse, dismeter of the beam, charge
neutralization time of the beam at low filling pressures:

Data on reproducibility of the plasma, time scale
for expulsion of plasma from the scattering region,
energy loss through vibrational excitation of H,
Time integrated spatial distribution of the '
beam's energy density

TOT.

Waveform of charge collected on a plate behind Charge neutralization time for injection 6f the
energy enalyzer biased grids to exclude slow electrons

beam into low pressure hydrogen



Table 3. Summary of the initial experimental conditions.

Case No. Filling - Electron Electron
Pressure Number Density Temperature
(Torr) (en”3) (eV)
I 0.01  3x10™®  Log <1
11 0.003  Tx10™ + 50% 1.5 + 30%
111 0.2 2x10%? + s50% 0.6 + 20%
v 0.1 5x10> + 40% 2.5 + 20%
\ 0.06 - -
VI 0.1 - -
VII 1.0 - -
VIII 10.0 - -
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4.2 X-Ray Pinhole Camera Measurements

The construction of the.cameras and the film package have
already been described in Figure 25. The basic information
obtaired from this disgnostic was the co-ordinates (r, z) at which
the beam electrons struck the walls. | The plasma case and the
neutral gas case gave two distinctly different types of x-ray
pattérns on pinhole photographs. X-ray photographs for these
two types of experiments are shown in Figure 32, with the features
of the experimental chamber overlaid. A1l photographs of the
Plasma case gave similar photographs to Figure 32a, and all of the
neutral gas shots produged photographs similar fo 32b. The loss
of electrons in the cone exit, the x-ray flux from the exit foil,
the main wall rediation within the solid anglé subtended by the
dotted lines, and the spot at the calorimeter can be seen in the
photographs. Clearly the beam defocused in the plasma and had

an spparent half-angle 4§ _ of 30°,and therefore 8y =

.65 9 = 20°. This is understandable from the nearly complete

/Ib-: 0.95 for injection into the

plasma. Consequently, the force on a beam electron was very

magnetic neutralization I
plasma
small, and its Larmor radius r; was larger than the chamber radius;

for example,r. ~~ 12 cm compared to a chamber radius of 4 cm for injec-

L
tion into a preformed plasma.

For the neutral gas cases, the ratio Inet/Ib varied from 0.6
to 0.25. The maximum magnetic field, calculqted from the measured
values of Inet’ varied from 5000 to 2100 Gauss, and the Larmor
radius for the beam electrons varied from 4 mm to 1 cm. Consequently,

the beam electrons were constrained to a channel of nearly constant

-radius.,
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Cone Scattering Z-discharge Chamber
Chamber .

a) X-ray pattern for injection into plasma with
n=8 x 1013 cm=3 and 7= 2 v

4 | g K
E v

Cone Scattering ~ Z-discharge Chamber
Chamber ,

b) X-ray pattern for injection into neutral
hydrogen at 3 mTorr

Figure 32. X-ray pinhole photograph of the experimental chamber.
The film recorded the x-rays from the walls of the
chamber. When the beam was injected into a preformed
plasma, it apparently defocused and struck the walls.
However, the beam remained focused with less loss to the

walls for injection into a low pressure gas.
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The implications of these measurements are that for injec-
tion into a preformed plasma, the beam number density decreased
rapidly with z (the disfance from the entrance foil) and that the
resistance and inductance per unit length of the net current
channel were strong functions of the axial position. This z-
dependence complicated the interpretation of the results. In
contrasﬁ, the beam-plasma system for injection into a neutral gas

was essentially independent of z.

4.3  Witness Plste Measurements

The damage done to a solid target (the witness plate) as the
beam electrons were stopped in the material was used to determine
the dimensions and position of the beam channel. Basically, the
energy per unit volume agbsorbed by the target material is a function
of the beam's energy density and the range of the beam electrons.
The melted and vapofized materizl is blown away before it solidi-
fies. The resulting cavity then defines the volume that was
heated above the threshold for melting and/or vaporization. Ir
the material is brittle, like carbon, it may spall and produce a
crater that is difficult to interpret. If the mass of the target
is small, it can move apprecisbly during the/beam by the rocket effect.
If these difficulties are avoided, the witness plate can reveal
the\}eam's spatial distribution.

The witness plate used in these experiments consisted of layers
of‘aluminum foil (0.059 g/cm? sreel density),‘periodically
separated by sheets of radiation-sensitive blue-cellophane. The

aluminum sheets absorbed and attenuated the beam to the point that
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the blue cellophane survived the shot and could be read with a
microdensitometer to give a relative dose distribution within the
bean. The blue-cellophane analysis gave the same pattern of
energy deposition as observed by the damage pattern on the foils.
Figure 33 shows a typical damage pattern taken at one centimeter
from the cone exit foil in 100 mTorr initially neutral hydrogen.
This is a typical profile. The energy deposition at the entrance
foil is centered on the side away from the Blumlein.

The position of the laser-scattering volume is shown relative
to the beam profile in Figure 44~ The volume of the plasma
sampled is approximately 3 mm off the beam axis.

A very large dose of beam electrons on the POCO graphite of
the calorimeter was found to discolor the material. The dis-
coloration of the graphite placed at the end of the experimental
chamber was nearly circular.and centered slightly off the chamber
axis awaj from the Blumlein. ,With 100 mTorr H2 and 60 mTorr H2
in the experimental chamber, the spot size was 10 mm and 6 mnm,
respectively. Above 100 mTorr the beam density was insufficient
to discolor the carbon. The damage on thg calorimeter was
evidence that the pinched beam remained well defined and approxi-
mately of constant radius for injection into'neutral gas at these

pressures.

4.4  Image-Converter Streak Photography

The x-ray measurements and witness plate work established the
dimensions'of the beam-current channel. The accepted model for

injection into a neutral gas specifies that if the breakdown time



Figure 33.
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Dlumlein —p

Witness Plate

Megarads
L 10

44— Blumlein

i
-1 0 +1 r (cm)

Microdensitometer Trace

Typical witness plate measurement of the beam's
energy distribution at the scattering volume.

The blue-cellophane tehind the foil was bleached
by the electrons, and the electron dose was
measured frem the change in the transmission

o the cellophare. The distribution of dose is
shown on the microdensitometer trace of a piece
of bliue cellophane behind 0.95 g/cm2 of aluminun.
The secattering volume was at r = O.
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of the gas is much less than thé beam's rise time, the beam and plasma
currents flow in the same channel, as discussed in Section 2.2.
Nevertheless, after the system is established, the Xé x g; forces on
the plasma electrons and the beam electrons are in the opposite direc-
tions since their axial velocities are.in the opposite directions.
The beam and plasma current channels could conceivably depart from
co-incidence during the pulse.

An image—converter stré;k—camera”was used, as shown in
Figure 34, to photograph the time history of the radial profile of the
light emitted when the beam was propagated int? neutral gas at 10 Torr,
1 Torr, 100 mTorr, and 60 mTorr hydrogen. The camers was focused on
a position 1.5 cm from the entrance foil. The camera aperture was
fully open on éll~shots. The results are shown in Figure 35. The
light emission in a band around 6943 A® was recorded with the laser
scattering system on other shots under the same experimental conditions
reported here. The light emission measurements are described in

Section 4.9. The plasma current Ib =1I I ¢ was recorded under

» beam “ne
the same experimental conditions, as described in Section 4.7.

The waveforms for the light emission and the plasms current
waveforms are shown for comparison with the photographs.

For the 1 Torr and 10 Torr cases, the plasﬁa channel is
relatively stationary. The luminosity recorded on the photographs
follows the plasma current waveform, as does the continuum emission
from the plasma during the beam.

Thé sudden rise in the plasma emission at 10 Torr after the
plasmé current has decayed, is recorded in the photograph and in the
continuum emission. The light was emitted from thé plasma, not

from fluorescence of the walls. This was the first indication that

the molecular excitation of the gas was important at high pressures,
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Figure 34, Experimental arrangement for image-converter streak
_ photography to measure the radius of the plasma
channel as a function of time.
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Figure 35. Streak photographs of the radius of the plasma channel as a function of time.
The plasma channel had a nearly constant radius when the beam was injected
into 1 Torr and 10 Torr hydrogen. However, for injection into 100 mTorr
and 60 mTorr hydrogen, the charnel expanded during the beam pulse. The
plasma current profiles and the intensity of the continuum around 6943 A°
are shown for compariscn with the luminosity recorded by the photographs.

The plasma current is given In kilo-amperes by the solid lines.

The luminosity is given in relative units by the dashed lires.
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as will be discussed in Section T7.6.

The radial profiles of the 100 mTorr and 60 mTorr cases were
guite different from those at higher pressures. The initial burst of
luminosity shown in the photographs was associated with sécondary
electrons escaping to the wall and casusing it to fluoresce. The
light emitted by high energy electrons colliding with glass is primarily
Cherenkov radiation and is mainly in the blue region of the spectrum.
This was visible on the image;;onverter camera photographs and not on
the photo-multiplier signals because (1) the bandwidth of the former
was gpproximately 80 times that of the photomultiplier channels and
(2) the spectral sensitivity of the S~20 phosphor in the streak camera
peaks in the blue,while the fegion of the spectrum monitored_by the
photo-multipliers was in the red. The Cherenkov radiation is emifted
in a cone about the direction of the electron velocity, so it is not
observed at the top and bottom of the drift tube. - The duration of
this light was small compared to the 20 ns resolution of the photographs.
' At higher pressures, the secondary electrons did not reach the walls
with sufficient energy-to cause fluorescence.

For the 60 mTorr and 100 mTorr cases, the plasma light became
sufficient to expose the film at about 70 ns after the beam began.

At this time the luminosity reached at least a radius of 2 cm. The
apparent radius continued to increase until t =120 ns and then
decreased as the discharge pinched to the axis at 200 ns.

Finally, the correlation of the plasma light ﬁrace with the
photographs established that the photo-multiplier recorded light from
the piasma, not from the walls. Consequently, interpretation of the

plasma light trace should be a meaningful exercise. -

’
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L.s Calorimeter Measurements

The construction and calibration of the calorimeter has already
been described in the Section 3.6. The same or a similar calorimeter
was placed at the end of the z-discharge region for the experiments

. with a preformed plasma or at the exit from the scattering section for
the experiments with neutral gas. The energy transmitted as’'a function
of initial conditions for the experiments with a neutral gaé is given
in Figure 36. The energy transported to the calorimeter in the
experiments with a preformed plasma varied from 15 to 300 joules for
1 kilo-joule injected energy. '

Thefhalf-angle .e% of the beam velocity can be estimated from
these -data. Assume the beam expands uniformly into a cone with a half-
angle Omax and with its apex at the entrance foil to the experimental
chamber. The ratio of the energy that will be collected by the

calorimeter to the injectéd beam energy (Wc/Wb) is the ratio of the

solid angles subtended by the calorimeter and the cone.

2,,2 ) 2
Wc Tr, /1 r,

2 2 2 2 2
%o m®cot®ey, )17 1% cotley, )

where r, is the radius of the calorimeter and 1 is the distance between

the calorimeter and the entrance foil. Conseguently,

-1, 2 3 ‘ 4-1)
B oy = 0t (r, belzwc) |
if the expansion is not hindered by the self-magnetic field of the net

current, which is the case when the net current is at a minimum. For

" 0
W, = 1KJ, W, =0015KJ, 1 =20 cm, and r, = 4 em, O ey = 31+ The
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average half-angle is % —O.65>femax 207,

The calorimeter data can also be used to investigate the force
neutralization time te for the beam electrons when the beam is injected

into neutral hydrcgen. Let the beam have a current I and an electron

energy eVb given by

1 = 10 t/tr, and eVb = evo t/tr for t«r

I= Io’ ané 'eVb = evo ’ for tb>t>tr
bty t=ty x

1=1,0- o8 )y and eV, = eV (1 - —;c;—), for t,+t >t>t,

vhere tr and tb are the beam's rise time and duration respectively.

For the cases for injection irto neutral H2 at a pressure P, the time

to is given by equation (2-5) for 350 keV electrons as

_ 2.1
tf = —Er-ns for tf< tr

_ 1.05
== o+ tr/2 for tb> tf> tr

" where P is the initial gas pressure in Torr. The total beam energy

WiT that has pass€d the anode foil at time t for tb = 100 ns is

4
W, o () =f0 I(t)v, (t) at

IV

- o 0 ('t3/3tr2) fOI‘ 't<tr,
9 x 10_8
IV

__eo = (t - 2tr/3) for B.E<ty
9 x 10 ) ' ’
v
0 o ' 3 2y -

I T
9x 108 T ot i

for Fb<t<tb+tf‘

If one assumes that all the beam energy is lost for t <t ;» and then

g

%
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after tf all the beam energy reaches the calorimeter, then the trans-

mitted energy is

W onsmitted = WbT(t=l30ns) -‘wa(t=tf) (4-2)

and is plotted in Figure 36 for comparison with the experimental
' measurements.

The réading on the calorimeter was used withrthe diode diag-
nostics to ensure that a shot*%as a good one; 1i.e. that there was not
an equipment failure such as a charging inductor becoﬁing discontinu~
ous or the Blumlein falling off its supports.

i

4.6 Electrostatic Erergy Analyzer Measurements

H. Chuaqui had built an electrostatic energy analyzer to analyze
the ion energy spectrum of the Polytron plasma at Imperial College.

» The analyzer proved unsuitable for his experimental geometry, and he
kindly offered to let me adapt it to my experiment. An apparatus
was constructed as shown in Figure 37 and 38.

The experimental arrangement caused several problems that limited
the use of the analyzer. The particles that entered the analyzer
were moving perpendicular to the magnetic field of the net current so
ions were likely to hit the wall before reaching the collector. The
distance from the plasma to the collector was approximately 3 em, which
corresponded to the charge-exchange mean free path for H2 at 16 mTorr.
Above that pressure, few energetic ions would arrive at the collector.
The secondary el_ectfons expelled by the beam during\ space-charge
neutralization yere.sufficient to ionize the gas in the analyzer and to

cause current to flow from the third grid to the collector. These

i
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Experimental arrangement for experiments with electrostatic analyzer. The time
history of the secondary electrons expelled from the beam was measured.
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Construction of the electrostatic energy analyzer.
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difficulties made the analyzer useful to measure only the secondary fast
electrons expelled from the beam during the charge neutralization process.
The retarding potential on the first grid was -250 V to reject low energy
electrons. The signals reaching the oscilloscope from the collector are
shown in Figure 39.

Sinée the signal at 40 mTorr decreased after 35't 5 ns, the charge
neutralization time at 40 mTorr must have been approximately 40 ns which
should be compared with the theoretical value of 90 ns, calculated from
Equation 2-k.

The trace at 10 mTorr showed that electrons were expelled through-
out the beam pulse. Consequently, at this pressure and in this experimentai
geometry, the beam might not be space~-charge neutralized. .

At higher pressures, the secondary electrons caused additional ionization
of the backgro;nd gas. The cross section for ionization of ﬁz by an electron
17 2

vith energy between 30 eV and 20 eV is approximately Q =8 x 10 ' cm

ioniz
from Massey (1969). Consequently, the mean free path for ionization is
O 1 =
A= T cm = 0.35/P  cm.
3.54 x 10 QionizP(Torr)

At 1 Torr, the secondary electrons produce additional jonization in the beam-
channel to reduce t,, below the 6 ns value calculated from Equation 2-k.

The small charge meutralization time would not be observed with this apparatus.
The bump after the main pulse is consistent with a discharge from the third
grid (at -250 V) to the collector after the gas in the analyzer was ionized by

the fast electrons.

ﬁ.? Net Current Measurements

The present experiment used a self-integrating Rogowskii coil placed
behiﬁd the nozzle of the cone exit to measure the net current in the plasma
channel near the coﬁé exit as shown in Figure Lo,

The construction of the coil is shown in Figure 41. The coil was
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Figure 39. Time histories of the secondary electron emission
from the beam during charge neutralization.
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Net currenf flow for injection into a preformed plasma
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Figure 40. Net current flow for injection into a preformed
plasma and into a neutral gas. The z-dependence of .
the problem could be neglected for injection into a
neutral gas, but not for injection into a preformed
plasma. The Rogowskii coil measured the net current,
i.e. the current with a return path outside the beam
channel,
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Rogowskii Coil
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> SOOI

Nylon tubing

Copper shield with
slit .along inner
circumference
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hJ resistor

I‘.I Y~~~ Aluminum box

Output to scope

Construction of the Rogowskii coil to measure the

net current. The coll was wound on 50 ohm mini—coaxs
stripped of its outer conductor, with polypropelene insulated
copper wire. The coil was at atmospheric pressure

to prevent flashover and was shielded inside a

copper tube with a slit running around the inner
circumference.
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calibrated with a 1C0 ns, lowramplitude current pulse from a pulse generator.
- The L/R decay time of the observed signal for a 10 psecs current pulse was
2.0 psec. The net cur¥ent monitor was fhen cross—~calibrated with the diode
current monitor by shunting the Blumlein.current through the net current
monitor and firing the Blumiein at a low voltage. The two current monitors
agreed to within 10%.

The.information obtained with the x-ray camera, the streak camera, and the
witness plates indicated that the beam and plasms currents flowed in the
patterns shown in Figure 40 for the cases with a preformed plasma and for those
with neutral hydrogen. The net current measured by the Rogowskii coil was the
beai current minus the plasma current in the region of interest, which included
the scattering volume. It was axially independent for the neutral gas cases,
except weakly dependent at 1 Torr (the pressure for maximum magnetic neutrali-
zation).

The value of the net current at 100 ns after the beginning of the beam is
given in Table 4 for the various experimental conditions.

Sample waveforms for the net current under different experimental condi-
tions are given in Figure 42. The noise was often excessive in spite of the
shielding and has been reported by other experimenters, e.g. McArthur and
Poukey (1973). Shots with the beam stopped.beforerit reached the scattering
chamber showed the high-frequency pick-up was symmetric about the baseline of
the -trace and could, therefore, be averaged out.

\
In Figure L3 the net current waveforms vefsus time are plotted for

initial conditions. The net current actually increased after the beam pulse.

The dotted line is the expected L/R decay after the beam.

4.8 Laser Scattering Measurements
The measurement of the plasma number density and temperature in the
.presence of a high~current,relativistic electron beam required a technique

that would not perturb the plasma and an apparatus that was not destroyed
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Table 4. Net current for various experimental conditions.

Case No. Pressure Number I (t=100ns) Max I

. et net
i Density -

{Torr) (cm73)~ (10° amps ) (lO3 amps)
I 0.01 351013 1.84+20% 2.24208

I 0.003 7x10H — —
111 0.2 2x101? 1.7+15% 3.0+15%
v 0.01 8x10-> 1.8415% © 2.2+15%
v 0.06 — 11.+15% 12.+15%
VI 0.1 - 13.+15% 14.+15%
VII ' 1.0 - 5.+20% 8.5+20%
VIII 10. -~ 11.+20% 13.+20%

- 0.002 - 15.415% 20.+15%



(a)
13 kA/em, 550 ns/en

(b)
35 kA/cm, 160 ns/cm

6 kA/cm, 500 ns/cm

Figure 42. Net current waveforms for selected experimental
conditions: a) 2 mTorr neutral H,, b) 100 mTorr
neutral Hy, and c) ny =2 x 1014“em=3 and Too =
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~ by the beam. Thomson scattering of laser 1ight'offered the possibility

of measuring the number density of the plasma and the electron veloeity
distribution projected aloﬁg a particular direction in a small volume of
plasma, as described by several authors, for instance Evans and Katzenstein'
(1969). Laser séattering vas the principal diagnostic in the present experi-
ment. The time resolution was approximately 20 ns and was>1imited by the
laser pulse width and the rise time of the collection system.

The laser light was focused on a spot in the plesma,and the”scattered
light was collected along a line perpendicular to thé laser beam as shown in
Figure 44. The collected light was directed through a spectrometer to
photomultiplier tubes. The photomultiplier tube signals were recorded on an
oscilloscope, and the peak of the signal on all channels was measured from
the resulting photograph. Since the photomultiplier channels were cross-
calibrated and since the sensitivity of the system was calibrated absolutely,
the number of electrons in the velocity interval observed by each photomulti-
plier was then known. The plot of that number versus the velocity (wavé-
length) interval is the electron velocity distribution, along the direction of
the scattering vectof Es = Ein - Eout’ as shown in Figure Lk,

The significance of the scattering vector arises from the fact that the
observed light has been Doppler shifted twice in the scattering process:
once from the lab frame to the electron frame along the vector Ein and again
from the electron frame to the lab frame along the vector Eout' The net
result is a single Doppler shift along the scattering vector k. If this
scattering vector corresponds to the wave vector of ﬁlasma vaves, the spectrum
of the scattered light yields the frequency distribution of the plasma turbu-
lence with the selected k-vector, and the intensity yields the strength of
the fluctuations. Since plasma waves with wavelengths less than the Debye

length Ap are quickly damped, the criterion of
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Laser ligﬁt ——S—:_?

Cone exit
Collected light

Scattering volume

Beam channel

Figure 44, Schematic view of the laser scattering chamber. The
center of the beam-plasma channel was displaced
horizontally by «3 mm from the center of the
scattering volume. The direction of the scattering
vector k_, i.e. the direction along which the electron
velocity distribution was measured, is shown in-
the bottom drawing. '
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1 _
Es = Ewave implies that a:-———f—— > 1 , (4-3)
k A
s D
for the regime of collective scattering. For the opposite case,

& < 1, there are no plasma wavés with the appropriate{k and the
scattering is done by free electrons. In the present experiment the
value of o was 0.2, so the interpretation of the spectrum followed

that of free-electron scattering3i i.e. the shift in the wavelength

was given by é%—: §Sé¥e.%% = 2%& sin(8/2) where v, was

the component along gs and 6 was the scattering angle. The location
of the scattering volume and the direction of the scattering vector
for this experimenf is shown relative to the measured beam channel in
Figure 4k,

The experimental difficultiés of performing a laser scattering
experiment in the environment produced by currents with dI/dt of

2 x 1012

amps /sec and by x-ray fluxes of 107 rad/sec were formidable.
The physical layout of the scattering system is shown in Figure U45.
The ruby laser was either a Laser Associates Model 501 or one built by
Mr. John Westlaké of our research group. Both were rated at 100 MW
with pulse widths of 50 ns aﬁd 20 né (full width at half maximum),
respectively. The divergences were ~ 3 milliradians and ~2.5 milli~
radians, respectively. To assist in aligning the system, a HeNe
laser was aligned with the cavity of the ruby laser through a beam
spiifter, so the light reflected from the faces of the lasgr rod was
colinear with the ruby laser light. Since the séattering'chambe; “
had to be dismantled before each shot, a quick and accurate method of
re-alignment was necessary, and this method was adépted.

A small fraction of the ruby laser's light was deflected to a’

photodiode to monitor the laser output of each shot. This signal
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was used to normalize the data to the laser output. The assumption
that the distribution of power within the laser beam's cross section
was reproducible was verified by the reproducibility of the calibre-
tion shots taken before each experimental shot. The scatter in the
calibration shots was typically 10%.

The laser light was first focused with a 3 m focal length lens
to reduce light loss from the laser di&ergence. The light was then
sent through a 90o prism and focused by a second lens of focal length
15 cm to a spot approximately 1 mm diameter at the center of the
’scattering chamber. | The unscattered light was absorbed by blue
OB-10 glass at the Brewster angle in the laser dump.

The scattered light was viewed against another OB-10 light dump
to minimize the parasitic light at the unshifted wavelength. The
light collection system had an overall f number of f/4.5, which was
limited by the aperture and focal length of the first field lens.

The light collected by the’ﬁield lens was relayed through a hole in
the 20 cm thick concrete wall of the x—réy shielding to a second leus
that focused the.light onto the spectrometer slit. A polarizer was
'used to attenuate the plasma lightlby rejecting the component perpen-
dicular to the laser light's polarization.

The spectrometer had a grating with 1200 lines/mm and gave a
dispersion o; 13 A°/mm in first order. The entrance slit to the
spectrometer was set at O0.75 mm. The output slits were formed by
light pipe bundies 1 mm wide. The resolution was 134°. The
collection system had a magnification of 1.3, so the 0.T5 cm high and
0.075 cm wide scattering region was imaged onto the 1 cm high and 1 mm
wide light pipes. The arrangement of light pipes and photomultipliers

permitted simultansous observation of four wavelength ~“intervals.

The light pipes and photomultiplier tubes were contained in a
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lead box with 5 cm thick walls to give an attentuatioﬂ of A/lOBO to
the x~rays. This was found to be necessary to prevent the_x-ra&s
from causing fluorescence in the light pipes.

RCA 7265 photomultipliers were used. They have S-20
cathodes, a rise time of ~3 ns, and a quantum efficiency of 2% at
A= 6943 A°, They were contained in a copper box with 0.044 inch
thick walls with doubly shielded high-voltage and signal leads from
a Screened room, which‘housed‘the oscilloscopes an& high voltage
supplies. This arrangement produced no observable x-ray pulse and
a pick-up signal of less than 20 mV, which was adequate for the
experiment. The wavelength interval monitored by each of the
four photomultipliers is shown in Figure Lé. Fach experiment
observed either the red- or the blue-shifted light. The photomulti-
pliers were checked for their response time and'linearity, and they
were cross-calibrated with a fifth RCA 7265 (looking at 6943%6.5 A°)
with a 100 ns pulse from inside the spectrometer. The pulse had a 250 A°
bandwidth centered on 6550 A°. The diode emitted light uniformly
onto all of the light pipe channels. The cross calibration was
‘checked periodically to ensure that it remained constant. The system
was sbsolutely calibrated with the fifth photomultiplier by observing
the scattered light from a knowﬁ pressure of C02 in the scattering
chamber just before the experimént. Normally three calibration
shots were taken with the C02 in the chamﬁer,and then three were taken
with the chamber pumped out. The parasitic signa; (signal with
chamber evacusted) was subtracted from the signal observed during the
shot; The.ratio of the Rayleigh scéttering cross section to the
Thomson séattering cross section provided the calibration for the elec-

~tron number density of.the plasma, from the relation
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Figure 46. Diagram showing the wavelength, velocity and energy

intervals monitored by each of the photomultipliers
in the light collection system.
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L =3

1 TorerO =2.1x 10 cm

2
in total scattering power. This procedure had to be repeated for
each shot.

Sample dats is shown in Figure L47. For the data taken after
the beam, the signal was usually sufficiently above background to

make the correction for the plasma light negligible. However, during
the beam the plasma light often changéd on the same time scale as the
;laser pulse, and the reproducibility of the plasma light was used when
possible to subtract the plasma light and recover the scatteréa signal.
This was rarely possible and even when it was, the estimated error was
approximateiy b 30%. Nevertheless this method showed reprodﬁéibility

-of the number density to within 20% which gives confidence in the results
and in the reproducibility of the phenomena.

The intrinsic error from the photon shot noise is 10% from

Poisson statistics with the-noise given by Jf/n, where n is the
number of photons counted. The shot noise of the plasma light, the
_pickup from the currents in the system, the uncertainty in the plﬁsma
light, and systeﬁatic erroré involvéh_in cross-calibration and the
energy distribution in the laser ﬁulse were used to arrive at a
realistic es?imate of the error, vhich is shown in the error bars of
the data. The fact that the measuremeﬁts were reproducible to an
accuracy of less than the indicated errors justifies this procedure.

It was not possible to take a large number of shots for eéch case at
each time because of the experimental difficulties.

The basic datum for the experiment was the number density

that co;reéponded to the amount of light scéttered into the

Anej

jth channel monitored a velocity interval AAVej centered at a velocity
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Figure 47. Sample data from the laser scattering experiment.
This shot was taken 190 nsec with 100 mTorr H, in
the scattering chamber. Traces 1-4 were centered
at wavelengths -39 Ao, -13 A®, -123.5 A°, and -T1.5 A°,
respectively, from 6943 A”. The laser monitor and
x~-ray signals were also displayed on traces 2 and
} with known time delays inserted in the signal cables.
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Vj' The electron velocity distribution was obtained by plotting
the ratio of Agnej/zsﬁej at the velocity Vj for each of the four
channels.

The data taken for the various cases and at the various times

are given in Figure 48. The data was reduced to give the number

density n,s the electron energy per unit volume nkTeff, and the

average energy per electron kT (since the distribution was non-

“eff
Maxwellian}. These quantities were defined as follows:
/M"ne o= 25 (ht)
n = 2 — Qv _ = Lon . -
e o Ave e 7= eJ )
.
— & 2
DL o= 2/// v (zmeve-) dve
0 ‘e
4 2
-~ '1 . ‘-—
= 2 Z—_ (Ane,j Emevej ) ()‘f 5)
J=1
k%ﬁg%mﬁy%. (4-6)

Figures 49 through 51 give n

o? KT ppy and nkT .. respectively for the
neutral gas experiments, and Table 5 gives these reduced quantities
for the experiments with a pre-formed plasma.

A Maxwelllan electron velocity distribution would produce s
Gaussian spectral distribution of the scattered light. Many of the
observed spectra in Figure 48 are inconsistent with Maxwellian

velocity distributions. In particular, the distributions do not

monotcnically decrease with increasing velocity.
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Table 5. Summary of the electron number density, average electron energy and

electron energy density for injection of the beam into a preformed plasma.

-

Case No. Time Number Density Average Electron Energy Eiectron Energy Density
(ns) - (107 cn3) (ev) (1016 &V cm )
| ' +30% +30%
175 3.5+20% ' 5.2+30% | 1.8+30%
290  2.4420% 8.0+30% - | 1.9+30%
II 100 1.2+20% 20.+40% 2.4+k0%
160 1.8+20% 28.+30% 5.0+30%
460 T 2.9+20% 5.9+30% 1.7+30%
520 2.4+20% , 8.4+20% 2.0+20%
+30% +30%
III‘ 20 - 3.T430% . %97 00g 18. "7 004
100 1.2+20% 10.+20% ; 1.2+20%
200 h.2+20% 5.T7+20% ' 2., 4+20%
v 150 0. 4h+20% 14.+20%  0.6+20%
2ko 0.5k4+20% 11.5+20% 0.6+20%
220 — 11.+20% -—
440 - ‘ 2.+30% ' -

64T
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4.9 Plasma Light Measurements

4.9a Introduction
Since the plasma light limited the use of laser scattering in
the beam, understanding the source of this light is important.
Analysis of the plasma light also assists (1) in interpreting the
streak photographs, and (2) in identifying the ion species in the plasma.
The collecting system for laser scatitering and the background-
light dump described in Section 4.8 allowed the continuum emission
from the plesma to be measured. Since the system was calibrated -
‘absolutely for the laser scattering measurements, the absolute values

for the light emission from the plasma were measured.

4.9b Analysis of the Level of Plasma Light
If the plasma light were from free-free bremsstrahlung, and if
the theory of fluctuations were valid for the scattered light intenmsity,

the ratio of scattered light to plasma light would be

Is = 14,1 x 1013 I (A/n sin(8/2)) Vs
i o € v

p ’ p

for low alpha (free electron) scattering [Evans aﬁd Katzenstein
(1969)] . \In this expression, I_ = laser power in watts/cm?,

@ = scattering angle, ne= electron number density in cm—3, A = wave~
length in cm, and VS/VP is the ratio of the scattering volume to the
emitting volume. For this experiment, IS/IP:: TQO. However, the
observed value was approximately 1 during the beam. This excessive
plasma light limited the number densities that could be investigated.

The spectral distribution of the continuum from 6943 2° to

6807 A® for one case is given in Figure 52. The spectrum was
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reasoﬁably flat from 6800 A° to 7080 AO, i.e; over the bandwidth
covered by the laser scattering measurements. Consequently, the
emigssion was broad band.

Waveforms of the plasma emission for séveral experimental
conditions are given in Figure 53. The rapid increase in the plasma
light (following a time delay after the beam that decreased with
increasing pressure) is shown for the 1 Torr and lQ“Torr cases,

This delayed increase is characteristic of the pumping of excited
molecules by collisional excitation or of dissociative recombination
foften observed in molecular gases. _The excited molecule undergoes
radiative decay and emits light at wavelengths determined by the energy
gap'between the initial and final states at the given inter-nuclear
separation. The bandwidth of the observed continuum was 1.Th eV to
1.8 eV and appeared to fall .off slowly toward the blue. Figure 5k
gives the energy level diagram for molecular‘H2 from Massey {1969) and
transitions between State V;, i.e. H2+, and excited levels of IV, III}
and IT would account for the light emission. . The pumping and decay
scheme necessary to give the emission has not been worked out, but it
'is believed to explain the origin of the delayed pulse and the initial

broad band emission during the beanm.

A similar phenomenon was reported by Hinnov and Hirschberg (1962)

\

\
in the afterglow of a hydrogen plasme in the B-1 Stellarator. They

observed a Pt dependence in the delay between the excitation and the
peak afterglow emission. They also observed an increase in the
emission as the pressure was increased. They téntatively attributed
the behaviour to dissociative recombination of residual E2+ ions.
However, O'Malley (1969) noted in his paper on the theory of dissccia-

tive recombination that H2+ has no dissociative state crossing the Hg*
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potential curve in the Frank-Condon region, so dissociative recombina-
. + . ' . . .
tion of H2 1s not expected. Consequently, the excessive emission

is probably from the decay of excited vibrational states.

L.9¢c Correlation of the Plasma Luminosity with the Plasma Current
The sbsolute value of the plasma current (derived from Ib minus
Inet) are also shown in Figu:g 53 with the waveforms of the luminosity.
Above 60 mTorr initial pressure the intensity of the light emitted
during the beam followed some monotonic function of the plasma currenf.
Below fhat pressure, the light increased and then quickly decreased

during the beam, although the plasma current remained high.
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CHAPTER 5

UNUSUAL FEATURES OF THE EXPERIMENTAL RESULTS

5.1 Introduction

Under some experimental conditions, several unexpected features

of the data became apparent:

(1) The charge neutralization time was much less than the
theory in Section 2.2 prédicted.A

(éa The electron distribution functions were non-Maxwellian.

(3) The net current increased during the beam at a rate greater
than that predicted by theory.

(4) The net current increased after the beam had ended.

(5) The ion motion was significant during the beam. .

These observations are discussed in this chapter.

5.2 Charge FKeutralization

Any interpretation of the results of the present experiment
relies on a modgl ol the beam-plasma system. The accepted model
was developed and substantiated for beams of considerably lower
current densities and may not be appropriate to the beam-plasma
system in the present experiment.

' The model presented in Section 2.2 describés (1) the time
required for charge neutralization tcn from ionization by beamAelec—

trons, (2) the time tf required for force neutralization of the beam
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electrons, and (3) the time t, . required for the breakdown of the

bd

neutral gas. The model specifies that t t < % . for injection

£ %en < “pa

of the beam into neutral gas. The times tf, t were inferred

t
en’ "bd
from the calorimeter meassurements, the electrostatic energy analyzer
measurements, and the net current measurements, respectively.

The comparison of the calorimeter data with that predicted from

tf was described in Section 4.5. The results are reproduced in

Figure 55 for convenience. The calorimeter data for the energy trans-
mission to the end of the scattering chamber égreed quite well with

| that expected from the calculated value of t, for pressures above 20

t
mTorr hydrogen in support of the theory. The agreement was sur-
prising because of the assumption of radial beam equilibrium for
t < tf= i.e., the beam electrons were assumed to travel down the drift
tube for t < tf in spiﬁe of the strong radisl force to expel them to
the wall. At very low pressures, the energy transferred was signifi-
cantly higher than was prediéted with the model.

The charge neutralization téme tcn was measured for s much
smaller diameter tube with the electrostatic energy analyzer. The
" results were described in Section 4.6 and were reproduced in Figure 55
in tabular form for convenience. The theoretical values of tcn were

calculated from Equation (2-4) with B = 0.8 and are shown with the
experimentai values for comparison. The measured charge neutraliza-
tion times for the 40 and 10 mTorr cases were significantly less than
that predicted by the theory.

The information needed to find tbd from the calculated electric
fieid E and the filling pressure P was not available for hydrogen at

the values of E/p required in the present experiment. Nevertheless,

tbd must be gfeater than tcn’ and these two gquantities were compared.
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From the discussion of the breakdown process in the formation of the

net current in Section 2.2, the breakdown time was given by

I Xt

t = “net r -
ba = -Bet for t, ;< b, (5-1)
Ibeam max
for a beam with a rise time tra From the data for Inet given in

Section 4.7, the time tbd was calculated and listed in Figure -55.

Comparison of the ta (experimental) and to (theory) shows that

tg (experimental) <tcn(theory);whlch is less than t, ,(theory).
Consequently, the charge neutralization occurred more raﬁidly

than the simple theory predicted. The source of the ionization

process has not been identified.

5.3 Non-Maxwellian Velocity Distribution of the Plasma Electrons

The origin of the bump (or dip) in an otherwise Maxwellian
velocity distribution was intially thought to be instrumental.
- However, checks on the linearity and cross-calibration of the photo-
multipliers failed to show any irregularities in the system. The
bump was not always on the same channel, and the distribution
relaxed to a Maxwellian when the plasma current decayed. The non-
Maxwellian feature was qualitatively correlated with the presence of
large net currents and large plasma currents and was morerprominent
vhen the plasma number density was low.

The distributions were approximately symmetric about the axis
after the beam except for the injection into 60 nTorr neutrel
hydrogen, where the spectral distribution of the scattered light was

shifted to the red.
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These features were qualitatively consistent with a large azi-
mthal electron drift velocity. The program "SPECT" was written to
calculate the spectral distribution of laser light that was scattered
from a plasma with a constant uniform electron angular velocity (i.e.
the rigid rotor model). The axis of the rigid rotor electron distribu-
" tion was displaced from the center of the scattering volume by a
distance 1, as shown in Figure 56. The scattering volume was divided
into 1000 equal segments, and the velocity ?Ss' Ve - W r/l‘cs-g‘ was
calculated for the electrons at the center of each segment. The
resulting distribu.tions for ﬁ,{l o are shown in Figure 56. For 1 = 4 mm,
the distribution resembles that observed at 60 mTorr hydrogen wifh an
electron dfift in the minus & direction. Such a drift would produce
an axial maénetic field in the + z direction. The apparent shift in
the spectrum at t = 115 ns for injection into 60 mTorr neutral hydrogen

corresponds to a velocity of approximately 106 m/sec. The distance 1

3

was measured as 3 x 10 - m, as discussed in Section 4.3, so the angular

velocity would have been 3 x 108‘rad/sec. For a plasma with n, = 1021
w3 and with a constant electron angular velocity of W = 3 x 108 rad/sec

to a radius r, = 0.02 m, the axial magnetic field on axis is given by

Ampere's Law as

r : r
) )
BZ(O)-BZ(rO) = M\ Jgdr = u_n ed r dr

newr 2/
Holle o /2

0.12 Tesla

which is equal to the maximum azimuthal magnetic field By calculated

from ine = 12 kA at t = 100 ns for r = 0.02 m (the conditions appropriate

t

for injection into 60 mTorr neutral hydrogen). The origin of such an

azimuthal electron drift and the associated magnetic field is not appsrent.



161

Laser input

Volume from
which scattered
ight is
collected

Light collection
system

Cross section
of plasma
" ' o channel

-The component of the azimuthal electron velocity wir
along the scattering vector Kg is given by

v, = @ (recos(®) + r.sin(o))
for an electron at (r;o).

max . max

Figure 56. Calculated velocity distributions along the scattering
vector as a function of the distance ¥ between the center
of the plasma channel and the center of the scattering
volume. The electron density is assumed to be
uniform, and the angular velocity w of the plasma
electrons is also assumed to be uniform. The scattering
volume was divided into 1000 square segments, and the
component of the azimuthal velocity along the scattering
vector was calculated for each segment. The distribution
of the resulting velocity Vs is shown in the lower
drawing for three values of 2.
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If the electron thermal velocity were large compared to this
drift velocity, the non-Maxwellian feature would be obscured. Thus,

the presence of the feature at 60 and 100 mTorr indicates that nkTeff

defined by Equation (4-5) was greater than the actual value of the
electron "thermal" energy density. The shift in the spectrum at

60 mTorr indicates that the electron number density at 60 mTorr as
defined by Equation (L-L) vas approximately twice the actual value of
n,. However, since the éxperiments with initially neutral hydrogen
cannot be used to analyze the plasma heating process (the energy loss
rate from vibrational excitation of the neutrals was too great in those
experiments, as discussed in Section T7.6), the correction to nkT .o

does not interfere with the analysis of plasma heating via the

streaming instabilities.

5.4 The Rise of the Net Current during the Beam

The model §taﬁes that the decay of the plasma current and the rise
.of the net current are governed by the L/R decay of the plasma current
during the bean. This feature of the model can be tested from the
data for tdecay (as defined in Section é.2c) of the plasma current
presénted in Figure 57. The inductance 1. of the net curfent channel

(which was assumed to be uniform) of radius r = the bean radius and

length 1 is given by

L= ¥ {1+ 1n(rw/ro)) Henries (5-2)

am
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and the resistance R of the plasma current channel is given by

R=nl = L/t ohms v -3
o, decsy (5-3)
o
vhere n is the resistivity of the plasma. As discussed in Section

2.2, the value of n inferred with such an analysis have been com-
pared to the Spitzer value (presumably for a strong magnetic field)

given by Spitzer (1962) for hydrogen as

_1.75 x 1073

Nspitzer ohm-m (5-4)

Te3/2(ev)'

for.1nd = 10. The electron temperature kTe and the dimensionless
parameter wcer (where wce is the electron cyclotron frequency and
T is the electron collision time for momentum transfer) were inferred

from

n =='nSp:?.tzer

1.75 x 10’3 2/3

n

kT = eV
e

eB
ce —

De

€
1

B = uoInet

2n
o

T =e

Usually, the plasma electron number density was estimated from a,
the first Townsend co-efficient for the E and P (electric field and
pressure) of the experiment. Since the coefficient a 1s not known
for the values of E/P in the present experiment, n_ vas teken from
the lsser scattering data at t = 10C ns, given in Section L.8.

For the beam radius r, = 0.008 m, the wall radius r, = 0.04 m,

end the channel length 1 = 0.11 m, the inductance is given by
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Equation (5-2) as L = 4 x ZLO_8 H. The values of R, kT, n, and

W, T are given in Table 6 for injection into neutral hydrogen at

P = 1 Torr, 100 mTorr, and 60 mTorr. The laser scattering measure-
ment of kTeff at 100 ns is given for comparison with kTe. The value
of t can also be calculated (as T') from the laser scattering data

of n, and kTeff for electron-ion and electron-neutral collisions as

discussed in Section (2-4):

6

3 -
+ 6.6 x 107 n

_ 1.75 x 10°

3/2 0
eff e

nt=n: o+ O ohms-m

el en

kT

where kTeff is in eV, n is the neutral number density and equals

3.54 x 1022 x P m3

for the pressure P of neutrals in Torr.

Consequently,

which is listed in Table 6 for comparison with 1.
The analysis of the net current waveform does not give the
experimentally measured kTé; and the mcer’calculated from the data

for o, and E?eff does not agree with WoeT calculated for the net

A\
current waveform. The calculated resistance from electron-ion and

electron-neutral collisions is much less than the resistance

inferred from the net current waveform during the beam.



Table 6. Analysis of the net-current waveforms for the plasma parameters

/

Pressure n, I et Decay R kT, 0,7 ’R" KT op wcer'
Time
(Torr) (iOlscm_3) (103amps) (lO_Ts) (ohms) (ev) (ohms) - (ev)
0.06 1.k 10 3.5 0.11 4,0 6 0.02 16 30
1.0 3.0 6.5 5 0.08 5.0 2.3 0.06 20 3.5

991
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5.5 Net Current Waveform after the Beam Pulse

The net current waveforms shown in Figure 43 showed that the
net current increased after the beam pulse under some experimental
conditions. If the inductance of the current channel remained
constant or increased after the beam, the total energy wa in the

magnetic field given by

- 1 2
Wft =2 L Inet

also inecreased. The image converter camera photographs in Figure 35
showed that the radius of the current channel decreased after the beanm
pulse for 120 < t < 200 ns. The increase in the electron number
density on axis (shown in Figure 49) also indicated fhat the radius

of the plasma channel decreased after the beam. The inductance of
the current channel given ﬁy Equation (5-2) shows that the inductance
incresses as the radius of the plasma channel decreases, so the energy-
in the magnetic field must have increased after the beam. Since the
experimental charber was isolated from the rest of the universe after
~ the beam pulse, there must have been a source of energy in the plasma
that was converted to magnetic field energy after the beam pulse.
Alternatively, the inductance of the plasma current cnannel actually
decreased after the beam, in apparent conflict with the simple inter-

pretation of the streak photographs.

5.6 Plasma Motion

The accepted mcdel assumes that the ions do not move during the

beam pulse. ' However, streak photographs in Figure 35 showed that
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the plasma current chagnei did expand dﬁring the beaﬁ pulse for the
iﬁjection of the,ﬁeam'into 60 and 100 mTorr neutral hydrogen.

No completely satisfactory hypotheses have been found to
explain the reduced charge-neutralization time or the origin of +he
non - moaxwellign \/élocihi Jlis)i%'r;butr'oﬂs, However, the unusual
featureé of the het current waveforms and the apparent mass motion
during the beam pulse have led to a model for the mass motion that

is discussed in Chapter 6.
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CHAPTER 6

PROPOSED ADDITION TO THE BEAM PLASMA MODEL

6.1 Introduction

Much of the disagreement between the accepted model for the beam
rlasma system after charge neutralization and the observations made in
the present experiment can be reconciled by postulating that the plasma
‘is accelerated by the jp x B force on the plasma during the beam.

This postulate is made to explain the following: (1) the expan-
sion of the piasma channel during the beam, (2) the rapid rise in the
net current during the beam at low filling pressures, (3) the incresse
in the net current between t = 100 and 200 ns, i.e. after the beam is
over, (L) the failure to observe any plasma with laser scattering for
injection into neutral hydrogen below 30 mTorr H2 and (5) the rapid

decrease in the plasma light intensity after an initial burst for

injection into neutral hydrogen at 2 mTorr.

6.2 Beam Dynamics

Consider the case of a relativistic electron beam with number
density m,<< ny the plasma number density. The radius r_ of the
plasma is comparable to the Larmor radius of the beam electrons in
the magnetic field of the net current. The mean free path for momentum
transfer between the beam electrons and the plasma particles is very

~nuch longer than the dimensions of the plasma, Under these conditioms,
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the beam dynamics can be described with a particle model and the plasma
dynamics with the fluid model through the generalized Ohm's law.
The ions have a\pumber density n, =n_ +n and provide quasi—cha?ge
neutrality for the system. The plasma and beam systems interact
only through the magnetic field of the net current.

The electric fields in the system under consideration produce
a weak perturbation on the motion of the beam electrons. The radial

force Fb on a beam electron is

Fb = -eEr + ‘evbBe % (6-1)

The radial electric field arises from the force-free criterion for

the plasma electrons drifting with a velocity v_ %:

F = -e(Er - vy Be) = 0, (6-2)

"
<
[s2]

so E

—eEI.‘ = _evaB = "'ZR (6-3)

evbBe eane vb

Since the ratio of the plasma current density to the beam current

density is the fractional magnetic neutralization L~ 1

J ﬁ v
b "'p -
then
: jB-,g.i‘E. = '_____I‘ << 1.
Y% Be \YbBe

Consequently, the motion of the beam electrons is dominated by the
magnetic field term in.the Lorentz force.

The beam electrons lose their kinetic energy at a rate
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My ean = iy E v
it

which is the source of the energy to heat and accelerate the plasma.
However, since the beam electrons lose only eEZl energy in trayers-
ing the length 1 of the experiment and since eEzl << eV._, the
initial kineti; energy of a beam eleqtron, the effect of this loss

can be neglected in deseribing the beam dynamics.

6.3 . Plasma Dynamics
Since the ratio

VP, _ (nekTe/ro) < 0.02

Ix2 7 ixB
during the beam pulse for the present experiments, the VPe term in
fluid equations can be neglected for the description of the plasma
dynamics. Then the self-consistent motion of the plasma is

described by the cold-plasma fluid equations:

Ohm's Law: E = nj_p-y_x_]:’:_—-a-gxg’- (6-6)
ne
e
' . = : :
Ampere's Law: vx B uo(ﬂp + -‘lb) , (6-7)
' _ 9B
Faraday's Law: @x E = - °= . (6-8)
ot
Equation of Motion: o _a_z‘ = "]‘p xB . (6-9)
3t

and a description of the beam equilibrium as a function of the magnetic

field By (r):,
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3bz(r) =/f(Be(r)). / o - {6-10)

The axial component of Ohm's Law is

B = nip, - ‘_’rrBe: for j . =0, (6-11)
and the 0 component of Faraday's Law 1is
- fz = - aBe,, for f__ = 0. (6-12)
ar ot 0z
Combining Equation (6-11) and (6-12) gives
3E 3j '
. _.pz 3 (vB)
_8r n or ar r®
- 9By (6-13)
at
The axial component of Ampere's Law is
29 (eB)=mn_(j +3 ) for 3 _
Py 8 o Ypz bz i 0,
s0O
;o= 13 (:By) _ .
Jpz T W er Yoz . (6-14)

Combining Equations (6-13) and (6-1k4) gives

el B e S P ——

3B, n / n o 3j '
o.M 3 (1 3 (rB )) _D %z 3 (vB,) (6-15)
g ar ar

where V. is given by the integral of Equation (6-9) as

t t
v, = (S -J-p x Brat = - (S (;___g_(rBé) - jbz)Bedt, (6-16)

uoT ar
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- So'if jbz (r, Be)’ can be specified, the equations reduce to a system
of two coupled equations for B6 . However,‘to date, a self-consistent
analytical expression for jb(r) for a given distribution of By (r) nas
not been reported. In computer simulations, such as the one by
McArthur and Poukey (1973), the time-integrated radial beam distribu-
tion was measured with total stopping colorimetry and was assumed to
be constant during the pulse. This assumption is not necessarily
appropriate for experiments ﬁﬁich have significant plasma motion

during the pulse. Consequently, the function jb(r, By (r)) is not

'availsble to complete Equation (6-15) and (6-16).

6.4 Zeroth Order Description of the Mass Motion Model

When the beam and plaéma channels are formed, the beam and plasma
currents are coincident, as discussed in Section 2.2. For a uniform
beam, the net current density is then uniform throughout the beam

channel to T i.e.,

jnet = jb +‘jp for r ¢ r, (6-17)

A N .
The magnetic field at radius r is then

r
By () =, (j_p + ) «% 2nx dr
27x o (6-18)
= U, ¥ J
= "o net
e faF r§r,

and the force on a fluid element at r is
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ov . ~
F =p—=-~- B T
By = ez "Jpa B
T S 2
= -————g Joz Inet ¥ T (6-19)

For a beam current in the minus z direction, jnet is less than zero
and jp is greater than zero, so the force is radially outward. At
r = 0, the force is zero. Under this acceleration, the plasma moves

radially outward.

As the plasma moves, one is interested in discovering what
‘happens to the distribution of the plasma and the beam current densi-
:ties inside and outside the beam channel under the EMFs associated
with (1) the induced electric field from the change in the met current

distribution caused by the plasma motion, (2) the induced electric
field caused by the decay of the plasma current, and (3) the polariza-
tion electric field -v x B from the  local plasma motion. The solution
of equations (6-10), (6-15), and (6-16) would provide the time evolu-
tion of the current densities. However, in the sbsence of such &
solution, a quantitative comparison of the experimental results and the
theory is insppropriate. Nevertheless, the sources of the experi-

‘mentally observed phenomena can be described qualitatively.

AN

\
6.5 Increase of the Net Current During the Beam
The expansion of the plasma channel and the associated re-distribu-
tion of currents in the experimental chamber causes the inductance to

decrease as the channel expands. If the energy W in the magnetic

field

field remained constant or increasedafter the beam then the decrease in

the inductance would be accompanied by an increase in the net current,
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since

W =lrn1?

field ‘2 net

oW .. .

. field _ 5 .2 3L S SU
3% =2l pot Vet net = 0,
at
aInet 2 Inet EE s0 3¢ 50
ot i 2L 3t ot ‘

For example, if the current distribution is uniform to a radius r

with the cylindrical current-return at the wall radius T then

. M
L& "o 41
5 (3 + 1n(rw/ro))

a i, o1 ¥

an 8¢~ T Tamr ot - (6-22)
or 9l
o) 9L - _net
For 3t > 0, 5t © o, d 3T >0,

80 the net current increases even though the plasma resistivity is

very small.

6.6 Increase in the Net Current after the Beam

The same argument as that presenté& in Section (6-5) applies
after the beam, since the inertia of the ions ensures that the induc-
tance continues to decrease until the ions are decelerated by the
QP x B force on the fluid element.

In practice, the energy in the magnetic field does not remain
constant because {1} the net current increases as the plasma current
decays during the beam and (2) the kinetic energy of the lons is
transferred back to the magnetic field fromj_p . (:Z‘X.E) after the

besm. The situation is further complicated by the fact that some of
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the plasma is expanding outward and beiﬁg decelerated after the beanm
while the plasma nearer the axis is being pinched toward the axis.
This inhomogeneity in v is caused by the radial dependence of the
azimuthal magnetic field and hence of the plasma acceleration for the
initialiy hoﬁogeneous plasma channel. Consequently, the interpreta-
tion of the net current signal to deduce the plasma dynamics is not

straightforward.
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CHAPTER T

APPLICATION OF THE MODEL TO THE EXPERIMENT

T.1 Introduction

The results of the experiments on the macroscopic behaviour of
the plasma indicated that the mass motion could be neglected if the
beam was injected into a preformed plasma or into neutral hydrogen at
a pressure gregter than 1 Torr. The only experiments in which the
mass motion could not be neglected were those with injection into 60 and

100 mTorr neutral hydrogen.

T.2 Description of the General Problem

In principle, the general problem of calculating the electron
energy density and the ion velocity is ﬁo solve (1) the equation of
motion and Ohm's Law for the plasma, (2) a particle calculation for the
motion of the beam electrons, (3) the rate equations for the production
of the various ionic species, (4) the equation for energy balance, and
(5) Maxwell'; equations for the fields. Some electron distribution
function for the plasma electrons must be assumed,and the initial condi-
tions of the proﬁlem must be specified.

A similar calculation was made by McArthur and Poukey (1973), and
the calculated net current waveform was compared with experiment. The
calculation produced the experimental waveform for the net current to
within 20% for'injection into nitrogen at pressures above 1 Torr.

Below 1 Torr filling pressure of nitrogen, their csglculations did not
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métch the experimental waveforms for the net current. Since the
present experiments were in this low pressure regime, their calculations
(wvhich neglected ion motion) were not appropriate to the present experi-
ments.

The difficulties in performing the detailed calculation and
including mass motion lie in (1) the specification of the initial con-
ditions and (2) the choice of the electron velocity distribution.

The ionization mechanism for éhe gas downstream from the beam front is
not well known(as discussed in Seetion 5.2), so the initial conditions
for the problem are not known for injection into neutral hydrogen.

A more serious difficulty lies in the choice of the electron velocity
distribution. Since the heating occurs on a time scale comparsble to
the relaxation time for the plasma electrons' velocity distribution,

the distribution is not Maxwellian. Also, since the ionization rate at
high pressures is comparable to the relaxation rate of the distribution,
 the high energy tail is depleted by ionizing, inelastic collisions.

The energy relaxation time t_ for electrons with velocity ¥ in a

E

distribution with a kinetic temperature kTe through electron-electron

collisions in the plasma is given by Spitzer (1962) as

-~=20 3 :
t. = 1.5 x 10 W
‘R seconds , (7-1)
o, G(V%méw2/kTe)
where )
G(x) = o(x) -~ x a'(x)
QXZ
and
X 2
p(x) = 2 % eV dy
T2 0

3

for and electron number density n, in cm ° and a velocity w in cm/sec.
This relaxation time should be compared with the time taken for an

electron with velocity w to make an ionizing collision
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1
$. . = , (7-2)
i0niz. Qioniz nO W

For electrons with velocity v = 2.7 x 108 cm/sec (20 eV electrons),

the cross section for ionization is 2:10—16 cm2, as given by Massey
(1969). Below that velocity, the cross section is essentially
Zero. Consequently, 7
% . 0.28 sec
ioniZ- v P
where P is the pressure of neutrals in Torr. The ratio for
v 2.7 x~_f108 cm/sec is
by 5.5 x 10720 p , :
t., . - S (7-3)
ioniz = G(Vimw</kT¢) n

For né =5 x(lolh cm.3, v=3x lO8 cm/sec, kT = 10 eV, the factor

G is less than 0.12 and

t
E <1 implies P<2.2 x 1020 B¢
. . Torr (7-4)
ioniz.
) :o.P<Ocl3 Torr.
Since, tE/tioniz varies as wh, the high energy tail is quickly depopulated

for experiments with neutral hydrogen at pressures greater than 100 mTorr.
The ionization rate is then determined by the diffusion of the electrons
in velocity space. This effect must be considered in a realistic

simulation or the calculated ionization rate will be too large.
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7.3 Approximate Semi-empirical Calculation of the Plasma Heating

and the Ton Motion

Fortunately, the auxiliary measurements for each experiment -
provide data that made the self-consistent calculation of the energy
transfer and mass motion unnecessary. The total net current as a
function of time was measured for each set of experimental conditions.
The total beam current was inferred from the diode waveform normalized

to the energy transmitted thrcugh the cone, i.e.

() (total beam energy monitored at cone exit)

(t) = Idi (total beam energy monitored at the anode) °

Ibeam ode

The plasma current was determined for each set of experimental condi-

tions by

Ip = Inet - Ibeam'

For experiments with a preformed plasma. the initial plasma nuwber
density and tempersture were measured with the laser scattering system
described in Section 4.8. The cross sectional area of the plasma
current channel was inferred from the measured beam divergence of 300,
as described in Section L4.5. Since the self-magnetic field was too
small to produce significant mass motion of the plasma during the beanm
duration, the beam and plasma current channels remained coincident.

The -cross section of the plasma channel &t the scattering volume (at a

position 8 mm from the entrance foil) was then
0y 2 2
w (ro(z=0) + 0.8 cot(30°)) = br ceu“,

and the plasma current density was
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"I (t)
i (t) = 2
P Area(z=0.8mm)
- Inét(t) - Ibeam(t) amps/cm2 (7-5).
LT

for the experiments with a preformed plasma.

For experiments with injection into a neutral gas, the initial
plasma electron number density and tempersture are not known. One of
two ésaumptions was made for the initial plasma numper density:

(1) the plasma electron number density remained constant at the value
measured with laser scattering at t = 100 ns or {2) the number density
increased linearly from half its final value to its final value at

t = 100 ns, i.e.

Assumption 1

ne(t) = n,, where n, = ne(t=160ns), (7-6)
Assumption 2
n () = 3 n, x (1 4+ tx107). (7-7)

For experiments with the neutral gas, the time history of the
radius R(t) of the plasms current channel was measured with the imsge -
converter streak camera, as described in Section L.4. The cross

section was approximated as
TR>(t)

+ (R 7

' where R(t) = R __ +=100ns " Rt=0)-t-10 ‘ (7-8)

+=0
for these experiments.
Since the plasmsa electron-number density that was measured at
t = 100 ns was used in the calculations, the unspecified quantity that

vas calculated as a measure of plasma heating was the effective electron

temperature

L
eff

(7-9)

e =2 (electron kinetic energy per unit volume)
3 ‘

n
e



i82

which will be compared with the measured value, defined by Equation
(4-6). However, the energy density per unit volume ‘nkTeff was really
the experimentally measured gquantity and will be used to compare the
theory with the experiment. For the calculation of the mass motion,
the ion velocity and the radius of the beam channel were fhe ffeé

parameters and were calculagted from the equation of motion.

7.4 The Ionic Species

The species of the ion (i.e. whether the ion is H2+ or H')

determined both the ién mass and the charge exchange cross section.
Thus knowiedge oftheﬁgn specles was primarily important.fér thé
calculation-of the ion motion.. | -

Massey (1969) gives a ﬁiscussion of the ionic species produced
by electron bombardment of neutral, diatomié ﬁydrogen. In all
reporﬁed measureﬁegts the relﬁtive abundance of ﬁ * produced by eléctron
boﬁbardmentnof H2 was less than 4% of the totai numbér qf ions produced.
‘This‘fesult is-consistent Wifh the measured cross sections for the
production of il and H2+ by the collision of an electron of known energy
with an H2 molecule. The cross section for producing H+ never exceeds
6% of the total ionization cross section as discussed in Massey (1969).

The threshold for producing B is 18 eV compared with 15.3 &V for H+2

. [from Cobine (1958)7], =o the production of E * is favored over that of

2
u.
+ . . - - .
Once H2 is formed, it can be dissocilated by an additional colli-
sion with another electron. The maximum cross section for that

-16

process is given by Massey (1969) as 5 x 10 e for bombardment of



H2 by 4 to 10 eV electrons. The time required to produce an H+ plasma

+ . .
from an H2 plasma 1s given by

QHH+
2 < n Q.. W

— = Dy

3t nH2 e 'diss

(7-10)
1
Tdiss = 3 =~k x 10-8 seconds ,
e =3igs

which is comparable to the dufation of the experimeﬁt. Consequently,
both ionic species are present for the experiments with injection of
‘the beam into & neutral gas. Since the H2+ molecule must be produced
before it is dissociated, the dominant ion during the beam is assumed
to be H2+, in agreement with the assumption made by McArthur and
Poukey (1573) for injection of a beam into nitrogen.

For experiments with a preformed plasma, the H2 molecules have

sufficient time to dissociateyand the H ion is assumed to be the

dominant species.

T.5 Calculation of Mass Motion to Compare with the Experimental Results

The program "IONW" was written to estimate the velocity of the
plasma ions and the radius of the plasmz channel at t = 100 ns after
" the beam began. A copy of the program is included in Appendix I.

The program calculated the radial position R and the radial
velocity V of a fluid element that was intially ap a radiﬁs Rl,j
and bad an initial velocity V (t=0) = 0. The program integrated the

equation of motion

e
P 35~ dyxB 4 (7-11)



as t j
V= -f 22 By(r) at
P
%

R=s R.+

1 v(t) at

0

under the following assumptions:

18k

(7-12)

(7-13)

(1) The total beam current Ib and the total plasma current Ip were

constant from time ©t = 0 to t = 100 ns. -

(2)
t = 100 ns.
(3) The plasma was divided into(o

t

elements. -

The beam current distribution remained uniform from t = O to

cylindrically symmetric plasma

The j,, element initially extended from R = (j-1) 4R to

R = j4R, wheredR was one tenth the initial radius of the beam-plasma

channel.

The total plasma current I_,. .
p’j .J

" and beam current I

carried by the jth element were given by

Towi = I (3% - (5-1%) (m)? (7-14)
r 2 .
L™ b (5%2- (5-1%) (ar)? (7-15)

r . .
and were assumed to ha¥e remained constant during the beam.

(4)

(5) The number of ions in the jth

ol

constant, or (b) increased 1"rom1\1'j

The plasma segments did not cross each other during their. motion.

element either (a) remained

N to N

. L, s fromt =0 to t =
£, Iy

100 ns, i.e. for a final ion number density n., anéd for

J.f
assumption (a) was

N.(t) = N.
J( ) J.f

N, .=n, r(aR)2(3% - (5-1)2)

by

(7-16)

. \ (7-18)
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assumption (b) was
Nj(t) = 3 Nj’f 1+t x 107).. (7-19)
Calculations were performed for both of these assumptions and the
results were compared.
Under assumptions 2 and 3, the azimuthal magnetic field Bg at
Rj was given by |
Ho

= —— ' _N' -
By R A SE (7-20)

where I§ j end Ié 3 were the plasma and beam currents at a radius less
H] . ?

than Rj’ the radius of the jth element, i.e.

I
2.
' .= —=Ey (1R,
Tp.; "R, (n l,J)

L 2
5,7 w2 My

: 1

(7-21)

vhere R = (j-1) AR.

1.J

Consequently, under these assumptions, for an ion mass Mi’

8?3 IP i
3% - T M, W, (&) e (7-22)
i
v.= [%ov,
J —d 4t : (7-23)
o 3t
t
8= Pt L v, at | (7-2k)
An additional feature of IONW was the approximate inclusion of the
effect of charge exchange. The mean free path for charge exchange
is
1l
by =
ce (7-25)
ch nq

where Q is the charge-exchange cross section,and n is the number

density'of the neutrals. Fite (1959) gives
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- ~16 2 + +

ch-éx;o cm© for H2 +H2—->H2+H2
(7-26)

ch=3x10"15cm2 for H +H —= H +H+,

When the element had moved the distance ) ce the ions in the segment
underwent a simulated charge exchange. The fluid velocity V was set equal

to the velocity of the neutrals, Vn

2V
VY = atom
n —-——-————M ( 7" 27)
i
vhere Mi is the ion mass. Watom was the average energy of the neutral

molecule from charge exchange and was estimated as

= Total energy lost via charge exchange ,
atom Number of neutrals in the beam channel

The results of the calculations for the ion motion are given in Table 7.

7.6 Calculation of the Plasma Heating to Compare with the Experimental

Results
The program HEAT was used to calculate:
nkT .. = 2/3 x (electron energy density per unit volume) (7-28)

at time t = 100 ns for the experiments with a preformed plasma. Calcula-
tions ver; made {1) for heating via classical processes only and (2)
for heating via the ion-acoustic instability and thé classical processes.
The fbllowing assumptions were made:

(1) The radius R of the plesma channel and the beam channel were
coincident and-did not expand or contract during the ﬁeam bulse. This

assumption made the calculation inappropriate for the experiments for



Tablé T.

Expected ion.
conditions.

in directed motion of the ions, W

energy, m

The results of the program "IONW" are given.

molecular energy, and plasma channel radius for the experimental

is the average energy
is the average energy o%nthe atoms (molecules),

and Rm is the maximum radial excirsion of the plasma channel at t=100Ons.

Cage Pressure Ton Initial Beam Net Initial Final Wi Watom nax

Channel Current Current he n on

Radius . €

(Torr) ( 3 3 -3 k-3 :
rr cm) (10%amps) (10 amps)(lo cm ) (10 ) (ev) (ev) (cmy
T 0.12 mt 2 35 2,2 20 10 0.26 0 2.0
II 0.0k 0 2 35 3.0 6 12 5, 0 2.3
IIT 0.4 ut > 35 3.0 6 12 12. 0.1 2.2
v 0.02 at 2 35 2.2 2.2 bk 20. 0 2.5
A\ 0.06 1{2+ 0.75 35 12. 3.5 7 1200. 21 5.0
VI 0.10 H; 0.75 35 1k, 6 12 640. 11 3.7
VII 1.0 B 0.5 35 8.4l 20 40 15 0.4 1.2
VIII 10.0 H2+ 0.75 35 13. 40 80 0.55 0.1k 0.9

19T
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injection into neutral hydrogen at low pressures.

(2) The total plasma current I (%) was given by
: b

Ip<t) = Ip,max r%a— 107 for t <30 x 1077 seconds,
9 (7-29)
= Ip,max (1 - t/1) for t >30 x 10 ° seconds,
where Ip max 204 T were specified from the net current waveform and
?
the diode current waveform as
I =(r -1 .)
D ,max % net 'y 29 e (7-30)
‘and
-7
10 (7-31)

T = seconds ,

(x- % - Tnet/t=100 ns )
/
(3) The total plasma currRAL was uniformly distributed from O<R <RO,

so the plasma current density was given by

I (¢
) . (7-32)
Jp(t) = ;ﬁ;——

(4) The plasma electron number density n, increased lineaxly from an

initial value ., to a final value n_p as

T

n(t)=n_+(n_-n )t-10/, fort <10 sec.
e eo .

eo ef

The values of n and n
. eo ef

A\
(5) The resistivity n was given by

(a)

were specified from the laser scattering.

Nelassical ~ ne,i * ne,n . (7-33)
(b)

n = T

ancmalous I.A.1

. (7-34)
Tnomalous ® N1 p.2
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where n,o: is the electron-ion resistivity, L is the electron-
) s .

neutral resistivity, and n is the anomalous resistivity given by

ALl
Caponi and Davison (1973) and Ao is that given by Sagdeev (1967)

for the energy transfer associated with the iom-acoustic instability.
These resistivities were discussed in Section (2-4). The calculations

were done for n = 48 for n=

. . + :
‘ﬁcla551ca - nclassmal nI.A.J_’, and

Tor M= Miassical T "I.A.2.

(6) The energy lost through inelastic collisions with neutrals was
very much less than the kinetic energy of the plasma electrons. The
effective cross section for vibrational excitation of H2 by electrons
with energy between 1 and 20 eV is given by Frost and Phelps (1962) as
Qv =3x lO_lT cm2. For a 10 eV electron, w = 2 X 108 em/sec, so the

characteristic time for making an inelastic collision is

1 _ 5x107°

Qv no W P

For T& t@ be greater than 100 ns, P must be less than 50 mTorr H2.

T seconds. (7-35)

v

Consequently, this assumption made the calculation inappropriate for
the experiments with a neutral gas, in which P » 60 mTorr H2'
(7) The expansion velocity of the plasma channel was zero, so the

equation for energy balance was

3 . 2
3 (3~nkT) = nj " -3 W _
¥ 2 D s loss. (7-36)
where 3 W _ on ‘ _
3% loss “,Wioni X ar . (7-37)

Wioniz was the energy lost from the electron energy distribution for

each electron-ion pair produced and was equal to 18 eV. This value
should be compared with the ionization energy of 15.36 eV for the

production of B * and to the average energy of 36 eV required to produce

2
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an ion by electron bombardment with 500 to 1000 eV electrons, as given
by Cobine (1958). The energy equation was integrated from t = 0 to

100 ns, and the final value of nkTe ¢ Vas printed out. The results are

f

shown in Table 8.

Plasma Heating with the Electron-Electron Instability

The expected energy transfer to the plasma electrons from excita-
tion of the two stream instability was discussed in Section 2.3.
For the experiments with a preformed plasma, the beam energy density
at the scattering volume (z = 0.8 cm) was given from the data in

Section 3.8, as

Area(z=0)
“oean "o Area(z=0.8mm) b
(7-39)
= 2.8 x 10%7 eV/cm3 at z = 0.8 mm.
Thus, the expected plasma electron energy density was
W = 0.2 W =5 x 1016 eV/cm3 (7-39)
plasma *® "beam ‘

when the e~e mode saturated.



Table 8. Expected heating from classical and anomalous resistivities for the experimental conditions. .

P
Case Ip »MEX g;izy Pressure Teo nero Uep R Wcla.s s Wc+c d wc+sag e~-e
(10%amps)  (2077s) (Torr) (ev)  (10%a3) (10 3)  (em) (10 & en™3) e

I 34 21 0.1 0.8 0.6 10. 2, 0.9 3.k L.9 5.
II 28 21 0.1 1.5 7. 12, 2. 1.2 2.5 2.3 S.
IIT 34 12 0.2 0.6 10. - 12, 2. 2.0 4.0 3.6 5.
v 34 19 0.15 2.5 0.8 2.4 2. 0.6 7.0 13. 5.

16T
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CHAPTER 8

COMPARISON OF THE THEORY AND EXPERIMENT FOR THE

MODEL FOR MASS MOTION

8.1 Introduction

The experimental evidence gives qualitative support to the
model for plasma motion by the jp x B forces on the plasma during the
beam. In this chapter, the model is applied to the data on the

expansion of the plasma channel, the net current waveforms, the time

‘hidtories of the plasma light, and the failure of the laser scattering

diagnostic at very low pressures.

8.2 Expansion of the Plasma Channel

For experiments with injection of the beam into neutral hydrogen,

the light emission from the plasma was recorded with an image-converter

‘camera, as deseribed in Section 4.h. Since the recording medium was

non—linear,ﬁP;l;roid film, the apparent radius of the luminosity was a
minimum for the actual radius of the plasma channel. The regions of
the plasma that emitted less intensely or that lay along a line of sight
intercepteéd by little plasma did not appear on the film.

The photographs alone are not sufficient evidence for the mass
motign of the plasma. If the gpparatus were used to photograph a
stationary plasma column with a uniform light emiseion per unit volume
that increased with time, then the phofograph would reveal an expanding
channel. The erroneous result would be due to (1) the path of integra-

tion through the center of the distribution being longer than that
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through off-axis positions and (2) the non-linearity of the film.
Thus, the apparent observation of an expanding plasma channel is
necessary but not sufficient evidence of plasma motion. However,
the witness plate measurements discussed in Section 4.3, showed that
the radius of the beam, and thus the initial radius of the plasma

channel, was 0.8 cm. Thus the beam channel expanded from r = 0.8 cm

at t=30 ns tor =2 cm at t = 100 ns. S0 the camera measurements
interpeted with the wiéness piate measurements support the model for
the mass motion.

The program IONW calculated the maximum radial excursion of the
plasma channel at t = 100 ns as . 3.7 cm, 1.2 cm, and 0.85 cm
for initial pressures of (g0 mTorr, 1 Torr, and 10 Torr respectively,
as shown in Table 7. The corresponding radii measured from the
photogr;phs in Figure 35 were 2 cm, 0.8 cm, and 1 cm. The agreement

is qualitatively correct and supports the model for mass motion.

8.3 Rise time of the Net Current after Breakdown

As discussed in Section 6.5, the mass motion allows the net
current to increase more rapidly than it would through the simple
resistive damping of the plasma current. This feature iz consistent
with the disagreement between the plasma resistance calculated from
the decay of the plasma current and the resistance calculated from
the measured number density and temperature of the plasma, as shown in

Table 6.
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8.4 Increase in the Net Current after the Beam

As the inertia of the ions continued to cause the plasms column
to expand after the beam, as discussed in Section 6.6, the net current
should have continued to increase. The megsured net current

waveforms in Figure 42 clearly showed the increase, after the beam pulse.

¥

8.5 Radial Velocity Profile

The model for the mass motion implies that the radial velocity
of the plisma increased with increasing radius. Consequently, the
slovly expanding plasma that was near the axis was s%opped and was
pinched toward the axis soon after the plasma current had reversed
direction after the beam. At the same time,.the;faéter moving plasma
near the edge of the plasma channel continued to move radially
outward until it was finally sfopped or it hit the wall; The image
converter photographs (Figure 35) showed such a pinching of plasma
near the axis for the 60 and 100 mTorr cases after the beam. The net
‘current waveforms (Figure U45) were consistent with & net expansion of
the current channel during the time when the plasma near the axis was
pinching. ‘Thus, the apparent contradiction in the plasma motion is

consistent with the model.

8.6 Expulsion of the Plasma from the Original Plasma Channel

Since the radial acceleration on the plasma increases as the
plasma number density decreases, and since the plasma number density
after breakdown decreases as the initial filling pressure is decreased,

the plasma is expelled faster at lower filling pressures. Since the
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ionization rate is proportional to the electron number density and to
the filling pressure of neutrals, the loss rate of plasma by radial
acceleration should exceed the ionization rate at some pressure as the
filling pressure is lowered. The lack of scattered laser light in
experiments ﬁith filling pressures below 50 mTorr and the rapid decay
of the continuum of plasma light at 2 mTorr fiiling pressure (as shown
in Figure 53) are consistent with the rapid expulsion of the plasma

from the channel, as predicted with the model for mass motion.

8.7 Conclusion

In conclusion, the results from a wide range of diagnostic tech-~
niques used on the beaw-plasma system support the hypothesis that the
JxB force on the plasma in the present experiment was effective in

accelerating the ions during the beam pulse.
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"CHAPTER 9

COMPARISON OF THE THEORY AND EXPERIMENT FOR THE PLASMA HEATING

9.1 Introduction and Data Summary

The program "ﬁEAT? was used to calculate the electron energy
density in the plasma under each of three different assumptions:
(1) the heating was by classical electron-ion and electron-neutral
" collisions only, (2) the heating was by classical collisions and
anomalous collisions associated with the ion-acoustic turbulence as
described by Caponiﬁ?nd Davidson (1973), and (3) the heating was by
classical collisions and anomalous collisions associated with the
ion~acoustic turbulence described by Sagdeev (1967).  The three
assumptions gave the three values of the electron energy density as
Wclasé’ Wc+cd’ and Wc+sagrespectively. These are listed for the
various experiments with a preformed plasma in Table 8 and are reproduced
in part in Table 9 for convenience. The energy density for the electron-
lelectron two-stream instability was expected to be 5 x 1016 eV/cm3
as discussed in Section 7.7 and is shown in Table 9 as We-e‘
The measured electron energy density as defined by Equation 4-5,

is given in Table 9 as W .
exp

9.2 Heating via the E-E Mode

A comparison of the experimental and theoretical values of the
electron energy density shows that Wexp is alvays less than W___.

Consequently, the electron-electron two stream instability either was



Case No. Wclass Wc+cd
=

; 0.9 3.4

11 1.2 2.5

I1T 2.0 4.0

v 0.62 7.0

Wc+§ag We~e Wexp
(1016 ev/em”) >
k.9 5. >1.8+30%
2.3 5. 2. h+L0%
3.6 5. 1.2420%
13;0 5. 0.6+20%

2
kTe/%Mivi

20.
4.
0.9

0.7

Table 9. Comparison of theory with experiment for plasme heating. The last
column gives the ratio..of the experimentally observed electron energy
to the calculated energy in the directed motion of an ion at t=100 ns
from the.program IONW.

L6T
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not excited or did not give the eipected energy transfer to the plasma
electrons.

From the measurements of the beam half-angle and the electron
temperature and number density, the Singﬁaus criterion, Equation (2-16),
for excitation of the e-e mode was applied to the present experiment.
The criterion involves the spread AV in the velocity of the beam

electrons. The average perpendicular velocity defined by -

v

', = Be sin(S%) (9-1)

. Where

and © is the beam divergence for I ~ O vas measured, as

max ) net
discussed in Sections 4.2 and L.5. The theory by Singhaus (1964)
assumes an isotropic velocity spread AV, which is the rms value of a
Gaussian velocity distribution in the beam frame. However, the
physical model only requires AV to be parallel to the k-vector of
the wave and hence to the beam velocity. Since the measured and

theoretical quantities are not the same, an additional assumption

must be made to relate the two. The assumption that

Av = Be sin(emax) = 0.5 BRe (9-2)

is the least restrictive assumption and errs on the side of over estima-
ting the beam velocity spread. Consequently, if the instability should
be excited under this extreme afsumption, then it will belexcited if

the theory is appropriate to the experiment. Table 10 shows the
maximum value of the riomentum transferiéollision ffequency \ sing
alloved for instability, shows the calculated collision frequencies V’c

from classical collisions. and also ¥ 434 Trom classical plus the



Table 10.

Application of the Singhaus criterion for instability of the e-e mode to the experimental
conditions. The maximum collision frequency for momentum transfer to the plasma electrons
that allows the e-e mode to grow is vgij, given by Equation (2-16). The collision frequency

given by 2
v = nee qeff
m
e

is shown for 1) v_ calculated with Nopp = the classical resistivity cnly (Equation 2-28
plus Equation 2-30) and 2) v . calfifated from the classical resistivity plus the

anomalons resistivity from tfig*$on-acoustic mode (Equation 2-24). The comparison
is shown for the beginning of the beam (t=0) and at t=100mns.

-Case No. Time ne Te e~e mode e-e mode e~e mode
: 1 =3 unstable unstable w/o stable
(ns) (10 ) (ev) ion-acoustic
: (vsing>vc+ia) instability (vSing<vc)
(”c+ia>vsing>vc)
T 0 0.3 0.5 Yes
100 .30, ' 6.0 Yes
II 0 T 1.5 Yes
100 12. 20. Yes
I1I 0 20. 0.6 Yes
100 12, 10. Yes
}--l
v 0 0.8 2.5 Yes v
100 <l 13. *Yes
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colliéions associated with the ion acoustic instability (tﬁe Caponi and
Davidson (1973) value of Vka has beén used). Cl;arly, the only experi-
ment in’which the electron-electron two stream instebility should be
unstable throughout the beam pulse is Case IV. This is the case in
which the observed energy density is only 12% of that expected from thé
e-e mode. The dbserved value agrees very well with the calculated
value from classical collisions alone. Since the shots in this case
were good ones and since the énergy densities measured in all shots
vere consistent with the result in Table 10, I conclude that the laser
. scattering did not show the expected cnergy transfer to the plasma
from the e-e mode. |

The computer simulations on which the theoretical value was based
were one dimensional calculations. The presence of the magnetic field
transverse to the streaming wvelocity, makes the experiment a two
dimensional problem. Since the threshold fér the instability is a
strong function of (the frequency for momentum transfer for the
plasma electrons) even when V %( Qpe’ then the growth may.be strongly

dependent on wce’ even when wce<< 0

be for streaming across a magnetic

field. The neglect of the transverse magnetic field appears to be on
the same order as the neglect of the electron collisions for momentum

transfer. Consequently, & treatment for the instability with O<< Yoo

A
\

<< wpe’ anaiogous to the Singhaus' treatment for 0<< v<< Qpe’ is
required.

A second possible explanation is.thét the high-energy plasmé_
electrons coupling with the wave (which has a phase velocity approxi-
mateiy equél to the axisl beanm velocity) contain all the energy extracted

from the wave. Such a high energy tail with very few electrons in it

would not be observed with the laser scattering diagnostic. If the
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energy in the tail is distributed to the other electrons, then the
energy transfer would be observed. The clagsical energy relaxation
time, Equation (7-1), from electron-electron collisions given by Spitzer
(1962) varies as w3, the cube of the electron velocity. For a plasma
with n = 10%? cmf3, the thermalization time is of the order of 100 ns
for w29 x 108 cm/sec and for Te = 10 eV. Electrons with very large
velocities (w>> 9 x lO8 cm/Seé) would not thermalize during the experi-
ment. However, collective-éffects can cause a much shorter relaxa-

tion time through Landau damping and through the excitation of waves

with a low phase velocity as discussed by Ramazahsvili, et al. (1963).

A\

Qr

9.3 Heating via the Ion Acoustic Mode

A comparison of the electron energy density expected with the
contfibution of the ion acoustic mode (Wc+cd and Wc+sag) in Table 9
with the experimentally observed energy density Wexp shows @hat in two
of the four cases (Cases I and II) Wexp is consistent with the energy
transfef from the ion acoustic instability. The electron energy
density in Case III was less than expécted from the classical resist-
ivity alone. The reduced electron energy density in Case IIT is
consistent with losses through vibrational excitation of neutrals (as
digcussed in Section 7.6) since the filling pressure of hydrogen is
200 mTorr. The energy observed in Case IV is in good agreement with
the value expected from classical heating alone.  Case IV differed
from the other experiments in that the plasma number density was

relatively low (L.h x 101}4 em™3 at t = 100 ns). Consequently, the

acceleration of the plasma became significant during the beam pulse.

The results of the Program "IONW" shown in Table 7 showed that the
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expected ion energy in the directed radial veloeity was 20 eV for "

ions(or 10 eV for H2+ ions)at t = 100 ns for Case IV. The directed

motion is not equivelent to thermal ion energy kTi’ However, if the

directed motion vas very large, the spfead in that motion should have
become significant as the ions suffered a few long-range collisions.
In comparison with the calculated ion energy of 20 eV for H+, the
electron thermal energy was kTef

For the excitation of the ion acoustic mode, Te/Ti must be greater

s = 13 eV at t = 100 ns for this case.

thana5, as required by theory and experimentaliy verified by Taylor and
Coroniti (1972) in a weak ion-beam experiment. For Cases I and II,
the ratio'of kTe tq the directed ion energy (caleulated with "IONW™")
was greater thana5, while for cases III and IV, it was not. Conse~
quently, the ihstability should ﬁot have been excited in Case IV.
Thus,.thé present experiments were consistent with anomalous
heating through the ion-acoustic instability. The results agréed with
both the theory gi{ren by Caponi and Davidson (1973) and that givén by
Sagdeev (1967), so the results of the present experiment did not
support one theory for the energy transfer via the ion~acoustic mode

over the other.

9.4 Conclusions

The measured electron energy densities in these experiments
supported an énergy~transfer to the plasma through the anomalous
resistivity associatedlwith the iqn—acoustiéninstébility. " No evidence
of energy transfer via excitation of the electrén*électron mode was

observed. : : .
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CHAPTER 10

COMPARISON WITH OTHER EXPERIMENTS

10.1 Introduction

In the present experiment, no evidence of heating by the electron-
electron two-stream instability was found. However, an efficient
mechanism for energy transfer to the plasma through the acceleration of
the plasma ions was observed. Since the experiment began, other
experiments have been performed and most of these experiments reported
heating consistent with the excitation of the electron-electron
instability. In this ¢hapter, I wish to review the results reported
by the other experimenters and to examine the hypothesis that their
observed energy transfer was from mass motion rather than from heating

via the two-stream instability.

10.2 Review of other Experiments

At the time the present experiment was begun, only one experiment
had been reported in which electron beams with total currents of a kilo-
ampere or more were used. Altyntsev, et al., (1971) used a 15 kA

beam of 3 MeV electrons for 50 ns ( y/y = 0.12) to heat a magnetized

plasma with n_ ¢ lﬂlh 3.  The principal diagnostic was a diamag-

~

netic-pickup coil to measure NkT (the line energy density in the particles)
and these measurements indicated an electron temperature of 10 to 100 keV,
at n_ = 10Mt w3,

Since that time, =ix other experiments have been initiated, and
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preliminary results have ﬁeen reported. A summary of‘the
experiments is given'in Table 11. All these experimenfs involved
an axial magnetic field. In most of these experiments, the measure- .
ment of the energy transfer from the be;m to the plasma was based on
the diamagnetic signél} Additional measurements of the neutral atom
energy and the x-ray emission have also indicated an energy transfer
that was more than ﬁhe classical value. In general, all of the other
experiments measured an energy transfer that inereased as the ratio of
n, to np was increased.’ ) |

The primary diagnostic used in these experiments was the dismag-
netig signal from AB near the wall of the drift tube. Hammer (197h)
discusses the interpretation of these signals for épplication to high
current relativistic electron beams; If one neglects the terms ofvseéond

order in ABZ, assumes space-charge neutralization, and assumes that

a, _d, _a _ . .. .
/dt = /dz = /de = 0, the diamagnetic signal is given by
" Ry
AB = —=2 : 2
Z pg?2 (Pr ) r dr - -——(uolnet/2an) (10-1)
ow
0 ) o
vwhere B, is the applied axial field, et is the net current, R, is the

wall radius, and Rb is the beam-plasma radius. Pii is the iifh

component of the momentum flow tensor given by

Z JP v, £, (r,_'p_) &3 p | (10-2)

vhere P; and v, are ‘the 1 components of the momentum and velocity for

. the particles of the jth species with the distritution function fj(z, p).

Inet is usually assumed to be zero and B0 and AEZ are measured to infer
NkT from
€ *
Prr = Pee = nkTe with Ti =0,
y_ NkT ‘ . ' '
- .0 e - S
B, = ——" | A . : .(10-3)

- BR “w
CTow



Summary of experlmentaliresults by other workers. In the table,

(1972)

Taeble 11. is the beam current,

V. is the beam electron energy, T, is the beam duration, v/y is the ratio of the beam
current to the Alfven current, is the number density of the beam electrons, n_ is the
initial plasma number den51ty, ‘is the initial plasma electron temperature, PBZ is the
applied axial magnetic field, and nkT is the inferred particle energy density.

Reference L vy T v/ n, Gas nP meo B, Diagnostic Results

(khmp) (MeV) (ns) (1012 (10}, (e¥)(Tes1a)
cm™3) em ~)

Altynpsev, 10-15 3-h4 50 0.12 -- H2 0.001-1. ==~ - 0.25 ABZ,neutral nkT¢1016 eV/cm
et al. energy for n.=10%1/cm3
(1971) , P

Smith 4 2 50 0.05 0.02  H, 0.02 =-- 0.03 AB nkT 22 x 10-2eV/cnd

Z
(1972) .

Kapetanekos Lo 0.h 50 1.5 1. He 0.,001-3. <1 . 0.5 AB ,piezo— nkT =~ 10 17 eV/cm 3
and Hammer eléctric at n_= 3 x 103/ cm
(1973) | probe P

Miller, 50 0.35 60 2. 1. H2 0.01-5, -~ 0.15 AB ,X=ray T= 3 x 1016 eV/cm3
et al. ‘ : emission at n_= 5 x 1012/cm3
(1973) nkT=6 x 10 L6 v /en3

at n_= 10%*/cm3

Korn, 60 0.5 60 2.2 1. H, 0.8 --. 0.5 4B ,neutral nkT= 2 X 1017 eV/cm
et al, ' : energy at n = 8 x 1013/cm3

- (1973) _

Goldembaum 50 0.5 0. 1.7 0. He 0.5-50. 5 0.5  AB_,Thomson An_ and light emission
et al. ‘ scattering, consistent with
(1973) Hell inten- anomalous heating

. ' ity

Stallings, 200- 0.6 50 6-11 ——m He 30. - 0.6-1. 7 _ 20 /. 3

et al. 350 gg;&t%ﬁﬂay nkT=1.1 x 10 eV/cm

soz
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where N = n ™ R%, the line nuwber density of plasma particles. If
Ti is not zero? then the signal also measures NkTi'

Some interesting anomalies have accompanied these measurements.
Korn, et al. (1973) reported that the diamagnetic signal decayed with
discrete steps, which were accompanied by bursts of hard x-rays.
This would indicate trapping of primary electrons in the magretic well
tohgive the large diamagnetic signal. If only 3% of the primary
electrons were trapped in the‘magnetic well, their contribution to NkT
would account for the entire signal.

However, when the end mirror was removed from the experiment
reported by Korn, et al, the decay time of the signal was too long
(2 usec in a 150 cm iOng system) to be explained b& end losses from‘
fast electroﬁs. They conclude'that the signal is not from trapped
beam electrons. This unusually long containment time in an open ended
system was also observed by Stallings et al. (1972).

-Almost everyone has reported that the energy loss from the beam
(as measured by calorimetry) wés approximately a factor of ten or more
times that which was measured in the plasma by diamagnetic signals.
Kapetanakos and Hammer (1973) also reported that the energy dersity
measured by a piezoelectric probe was five times that measured by the
diamagnetic signal. This disagreement in energy balance cannot be
- attributed to loss of primary electrons to the walls since lining the
drift tube with tantalum produced no ﬁeasurable rise in the hard x-ray
signal, as reported by Stallings et al. (1972).

The long contailnment times and the discrepancies in the energy
measﬁrements can be explained if the energy vere deposited in the ions

rather than in the electrons.
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10.3 Comparison of the Results of Otker Experiments with the Mass

Motion Model

To investigate the hypothesis that the observed NkT was caused by
the ion motion in these experiments, s program called "STRNB" was
written and is included in'Appendix I. The simple program divided
the beam and plasmé region into ten concentric cylinders. Each cylinder
had a radial thickﬁess’ Ar. The motion of the ions in each segment
was calculated.

The equation of motion for the plasma and the generalized Ohm's

Law without the pressure terms and with the resistivity equal to zero

gives

Bzd 1 ne

5= 5 dp ¥ B = E—-(E + v, x B)

=§-_— (E+ v, xB)
i

for A .

E= -~ V.5 To if JeBz<_<JZBe.
Thus

B T Vzelodnett A

- 2

odnet ¥
since B = Bo'i + =22 ¢
2

for a beam with a uniform net current jne+ and plasma current jze =
nev, where'vze is the electron drift velocity in the z direction.
The above equation describes the motion of an ion with velocity v.

under the Lorentz force
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V.,
E=e(Evy; xB) =M,
where . ..
E JzeBe'a__ Podzednett 4
= T = T
- ne 2ne
and w3 r
B=3 %+ -o_net 4

The motion of an ion on the boundary of each plasma segment was
calculsted. The perpendicular energy at t = 100 ns was then calculsgted
by multip¥ying the energy in the motion, perpendicular to B0 (the applied
magnetic field), of the representative ion by the number of particles
in its plasma element and summing over all the elements. The calcula-
tion assumed that the met gurrent.was 5% of the beam durrent, unless
the experimenter measureg it. This value of 5% is a typica; value
for injection into a plasma. Charge exchange was neglected and all
ions were aséumed to be contained: 1i.e. the Larmor orbit did not
interseet the wall. The experimenters' usual assumption of no
 additional ionization was respected. These{assumptions were strictly
true for the Cornell experiment only, since they had a fully ionized
plasmé, a sufficiently large vacuum vessel, and a sufficiently strong
BO to contain the ions. The experiment by Smith (1972)‘in a neutral
gas at low pressure also approximated these assumptions adequately.

The results of these calculations are given in Table 12. It is
cbvious that the two experiments with conditions most appropriate to the
assuﬁptions of the calculation agreéd‘quantitatively with the calcula-
tion, as well as scaled apﬁropriately with the beam current. For the

other experiments, the.calculation predicted energy densities many times



Table 12, Comparison of the ion motion model with the hesating results of other -experiments.
The experiments were selected on the basis of availablity of the experimental
details with which to make the calculation.

Reference Bz Ib net Rbeam np max calc W exp
(Tesla) (103amps) (103amps) (em) (lolhcm-3) (em) (Joules/m) (Joules/m)
Korn, et al. (1973) 0.27 60. 3. 2. 0.1 9.5 60. 60.
L0. 2. 2. 0.1 6.0 18. 20.
20. 1. 2. 0.1 3.2 1.5 1.3
Smith (1972) 0.06 L, 0.4 3.5 0.02 3.6 0.04 0.013
Miller end Kuswa (1973)  0.15 50, 2.5 1.5 0.1 1k, 58. 0.33
1.0 3."" 19- 0‘55 N
2.2 2.6 Tl 0.7
Kapetanakocs end Hammer 0.18 Lo, 2. 2.5 1. 2.6 1.1 2.6
(1973) (hollow)
0.1 L.h 21. 8.

602
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the observed energy densities. The ions in those experiments were
predicted to intersect'the wall so most of the energy would have been
lost from the plasma.

Korn, et al (1973) reported that whenever the diamagnetic loop
signals increased, the ion energy measured by neutral particle energy
analysis also increased.‘ The energy equipartition time between the
electrons and the ions is given by Spitzer (1962) as

3x lOT Te3/2

t =
eq ’ for Te>>Ti
n.
i
for a hydrogen plasma with an ion density n, cm.-3 and an electrom
temferature Te in eV, For the Cornell experiment, Te was reported
as 10 keV, nerlelh cm-% 50 teq' = 0.3 seconds. It is difficult to

understand how the ions acquired keV energies during the 10 usec
experiment if the energy was originally iﬁ the plasma electrons.

If the energy was itransferred directly to the ions, this measurement
would be more reasonsble.

The presence ¢f the energy in the ions would also explain the
anomalously long -containment times for the emergy in the bpen ended
system, as mentioned in Section 10.2. |

Consequently, the other experiments reported for beam-plasmea
heating with high-current relativistic electron beams in’a strong axisel
magnetic field were consistent with energy transfer from the beam to the

ions through the mass motion of the plasma.
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Program SPECT was used to calculate the épparent electron Velocity

distribution from laser scattering as described in Section 5.3.

20180 PROGRAN SPECT (INPUT,OQUTPUT)
Y118 DIMENSION c(2088)

22420 Xl=+1

GEA3E YL=e7

Pg1400 53 READ,SHIFT

28153 00O 780 J=1,2088

281638 76 C(J)=7-

BA170 VMAX={(SHIFTH+XL¥eS)*¥ %24 (YL ¥ 5)%%2)¥%5
BZ 18T DX=XL%1

G5190 DY=YL¥*.(1 g
po2p9 DO 1¢9 J=41,180 B .
Z@218 DO 10 K=1, 147

gu22g Xx=K

20230 vY=J .

. B2240 X=SHIFT=e5%XL+(XX~23)*DX
BE25gd Y=YL¥e5=(YY—5)%0Y

Bp260 v=(X+Y)/1+414

BE270 N=V*100« /VRMAX+ 1003 -

20232 19 C(N)=C(H)+1-

@Bg29g DO 2P M=1,20

22300 SPEC={-

0310 00 33 K=1,100

P323 37 SPEC=SPEC+C{N*10J-107+K)
g2339 20 PRINT 48,N,SPEC

@3343 42 FORMAT{2X,I4,4X,F10+2)
JE35¢0 GO TO 5@

Passg sTOP

Geil7@ Enb

READY »
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Program IONW was uséd to calculate the mass motion of the

plasma as described in Section T.5.

Ba18e
zZEi12
e2128
221393
22148
22159

Ze18
28179
2a1580
82193
gp2du
@219
Za22p
2p239
Zolap
gp2sy
Bpasy
gga7d
20289
202943
e300
28319
Zn329
Ji3338

28348

20354
23864
B8B378
gB383
Pa398
23429
g4

- Ppa2g

ga430
gga4gp
$2456
gn4a6p
23478
ga4sg
gaa9c

PROGRAM IONW (INPUT,CUTPUT)

PRINT 40

43 FRAMAT (2X,3¢HINPUT: XINET, XIB,RO,XNEO,XMI,P)
READ, XINET,XIG,R0,XNEQ,XMI,P

XNBAS=354ER2*F

KMFP=1-55519/ ( XNGAG-XNEC*1+E20)

R1=R0 .

R2=R0

NF=153V

V=@-

F=R1

DT=1+E-9

T=fe

WATT=3.

WION=/.

PRINT 100

DO 373 K=1,14

VAT OM=2

=g

V=3 ‘
ALPHA=XINET* (X IB-XINCT)*R1##2/ (2« G2E=5% X NEQ*RO¥* 4% XMI)
00 13 Jd=1,NF

T=T+0T .

DV=ALPHA%DT/R

V=V+DV

A=R+ (V+5%DV)#DT

IF(J-7¢) 119,128,411

12¢ R73=R :

V7d=Vv , .
WI70=e SE-B¥XMINYE*2 '

119 IF(R-R2-XWMFP) 1@ 11a 115

115 R2=R

V= ((x;co*1-520*v**2+( NGAQ—ANEO*1 L26)*V1**2)/XNSAS)**°J
V=V -

75 WATOM=«SE-8¥XMI*y1%¥2

M=M+1

12 CONTINUE

WI=eSE-S*XMINV*%Z

PRINT 22,R1,R.V.WI,R78,V70,%WI72,M

WATT= éATT+WATDV“(XNG”°~1 E2O#*XNEQ)*#3¢ 14% { «2¥R1*R0O~

PO5E0+ - Z1¥R0**2)

ges51p

- 28520

et A

99538
20544
ggss@
Pp56d
pys78
posgn
Zu5H9n
ga6a0a

WICH=WION+WI*1+E2P¥XKNEO*3>14% («2*¥RI#R0~+ J1*RO**¢)
28 FORMAT{2X,7(E1g-3),13)

V=g

R1=R1-+1#RQ0

R=A1

R2=R1

33 T=ge ' ;
wATOM=WATT/ (3° 14% 1> 5E-3*XNGAS)
WION—\IDN/(S 14E2U*RO*¥*2%¥ X NEQD)
PRINT &d,WATOM,WION —



214

BEE1C 3¢ FORMAT {(2X,6HATOM=,E18+3,2HEV,3X,5HWION=,E10+3, 2HEY)
23520 PRINT 548 :
- PEE38 PRINT 192

GPG4ALD 180 FORMAT (58X, 2HRA1, 9X, 1HR, 9X, 114V, 9% ,2HWI,8X,3HR7Z,
BAS5U+7X,3HV70, 60X, AHWI7A,3X, 1HK)

CoEs88 R1=h0 : :
BEG7Z R=R1

AJ68Y R2=R1 ,

ZO690 ALPHA=ALPHA*100 « ¥*XNECG/RO**2

JA783 X=NF

g2710 WATT=0-

2a720 wION=Zs

P9750 DO 50 K=1,13

P0748 V=0~

28750 K=@ '

GE760 ALPHB=ALPHA®R{*#2

Za77¢ DO 68 J=1,NF

20788 T=T+DT

PE7S0 XNE=XNEO¥( S+T*1+EZ/X)*1+E272

gE8270 DV=ALPHG*DT/{R*XNEX*1-E-2B)

gZ310 v=V+DV

BEB2¢ R=R+{V+e5%DV)*DT

PUB3Y IF(J-72) 21¢g,22¢,218

246843 22¢8 R7d=R

d0850 Vv78=v

GABEHE WIT7h=e 3E-8%XMIRYV*%2

2087¢ 21@ IF(R-R2-XNFP) 6¢,55,65

GEess 65 R2=R

GOB9E Va={ (XNE*V*%2+ { XNCAS—XNE)*V1¥%2) /XNGAS)*¥% 5
googy vi=V ' ‘ ‘ ‘

POS1Y WATOM=eS5E-S¥XMI*VY 1%%#2% ( XNGAS—XHNE)

BZ92¢ M=M+1 :

20930 6¢) CONTINUE

BEO4Y Vil=eSE-S#XNMI*Y**2

g2953 PRINT 20,R1,R,V,WI,B70,V7L,WI70,M

BEOGH WATT=WATT+WATOM*3° 14% (« 2¥R1%¥R0~+Z1¥RO*X2)
BPO70 WION=WION+WI¥XNE*3e14%(+2¥%R1%¥R0—eBI¥RUXH*L)
eS80 v=ye

pao9¢ R1=R1—-«1¥R0

g108d R=RY

21318 R2=R1 : -
B1928 50 T=@-

210838 WATOM=WATT/(3+14%15E~3*XNGAS)

21047 WION=WION/ (3 14*RO**2#XNE)

@1058 PRINT 32,WATOM,WION

gigep sTOoP ' _
21075 500 FORMAT(2X,37HRESULTS FCOR LIN RIS N FROM NF/2 TO NF)
Z1388 END > :

READY»
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Program HEAT was used to calculate the energy density of the

plasma electrons as described in Section 7.6.

ATR I
GB1ae
getes
2¢43¢
gg143
Zg1sg
Za164
go17a
ZZ1080
Bo19a
ag2a9
Ju21¢
cgez2a
gg23y
pp244
w253
g@ess

gg27d
go2sy
gE22g
28398
G316
paz2d
L3338
2g349
94353
gg36y
L8379
22380
gg39¢
PL4GE
ggatd
- pga2g
guasy
28449
ggasg
2g453
gpa7g
gp4sp
ppasn
s
pes514
pes52¢
gas39
29548
BZ550
pussg
gps78
g£a58y &
gas9d
poedg
pys1g

PROGRAM HEAT (INPUT,OUTPUT)

PRINT 313 , .

READ, XNO,XNF, TEQ, RC,RF, XIMP,XJ1, TAU1,TAUZ, TAU3, PR
PRINT 395 :

C0=g

OT7=

1. E~0

ANEA=3+14%R0%%2
XMO=XNO¥*1+E2¢
XNF=XNF*1+EDQ

XIN

XJ=

=XIUP%1+EQ
=X J1%1-E3/ AREA

TAUA=TAUI*1-E~ 9

TAU2

=TAU2# e E~

TAU3=TAU3¥*1- E—Q
7503 T=0-

W‘"NO*Z s 4E- 13*TEO
MMAX= ,

M1

TEN

P=TLC

ANGCAS=354E22%PR
ANE=XNG
119 T=T+DT

IF(
12
(£18)
20
21
GO
25
26
28
3¢

IF

T-TAU1) 1¢,12,22
XJP=XINP*(T--5%DT)/(TAUI*AREA)
TG 30 .

IF(T~-1+-E~7) 21,21,25
“JP AIhP*(1°—((T~‘a*D*) TAU1)/TA”2)/AREA
T0 3¢ '
Ir(T—1 o E- 7—TAU1)-26.25 28
XJIP==XJ 1% (1o~ ((T=EXDT)~1+E~7) /TAU3)
CDNTINUE ~ .
CONTINUE

ETA=1+75E-3/TEMP*%1+54+G5E-5% (XNGAS—XNE) / XNE

(Go) 608,681,644

€28 ETA—ETAT5 Eﬁ/XNE**°b

621
D=

CONTINUE - ' T
ETAXXJP*%2%DT

W=t + DY
WTOT=W*AREA
R=RO+T*1+E7*(RF~-R0)

AREA1=3+ 14%B¥#2
WTOT=WTGOT*(AREA/AREA1)*¥¥1:57
AREA=AREA1

XN=XNE

XNE=XNO+( XNF~XNQ)*T*1+E7
TRY=(XNE-XN)*3+E—-18*AREA

IF(

WTOT-2--*TRY) 842,821,CE1

QG XMNE=XN+WTCT/(E+E~ 18*PQEA)

a1

CONTINUE

WTOT=U/T 0T ( XNE=XN) %G+ E~ 1% AREA
W= TOT/AREA
TENP=4+17E18%W /XNE
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GpG2@ T=T+0DT
L BEE3F IF(M-MNMAX) 285,221,290
- BE64¢ 221 M= R
CEGST LikiAX=17
JO6E60 XT=T*1.E9
GAET70 XAN=XNE*1[E=6
BO68E XwW=w/1+6E-13
@969 PRINT 398, XT, XN, XW
20798 2g¢ IF(T-1+1E=-7)420,429,405
P70 400 M=M+1
g@72¢ GO TO 118
£9730 405 IF (50) 799,701,708
C@p742 781 PRINT 762 o
98750 GO=1-
gp769 BO TO 759
g@g779 798 STOP
20787 318 FORMAT(2X,34HINPUT: XNO,XNF,TEO,RQO,RF,XIMP,XdJd1
@E799+,17HTAUY, TAU2, TAU3, PR)
£9838 305 FORMAT (4X,1HT,9X,7HN(CM-3),7X,9HW(EV/CM3))
p@84 308 FORMAT(2X,F5+1,5%X,E1%+.3,5¥%,E12+3) .
goe20 769 FORMAT (2X,26HRESULTS wITH IA BES. ADRDED)
ZE830 END .
- READY-
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The program STRNB was used to calculate the directed ion energy

sy
90119

20135

gg14c

ag1s4
BE16es
Bg173

T gg1ed X

pg19d

Jdg248
bgae
gE23a
26249 &
GVJ&.JU

Ta260
EﬁZ?'

- pp26p

L8290
2g3uy
£e319
2@329
B33

B34

E2350
28369
2e374
25384¢

- 28394

Ega0g
Ba418

- bpazg

Zg430

BB447

gpasg

. BRA4as6Y

aga73
204823
ggass
ggsgg
gEs14
2as2a
JE53P
gus49
BP559
pEsed
265743
20589
ggsog
29688

. with an applied B, as described in Scetion 10.3.

PROCRAM STANE (INPUT,TAPES, OUTPUT)

DIMENSICN R(3,1¢),Vv(3,12) ,XNT{18),xL(18),w(12),wP(12)
£g120+ , REAX (1), THAX (18) - ‘

PRINT 152 -

READ, DT, XINET,XIZ,R1,XNE,EZ, TEND
DT=DT*1<E~9

TEND=TEND*1+E~S

XINET=XINET*1E3

IB=XI0*1:E3

XNE=XNE* 1+ E20

2 DR=e«1%R1

XMI=15E-27
A=1+GE=19/XNI
MMAX=1G
=1
PHINT 155
155 FORMAT (2X,6X,1HT, 11X, SHWTD*AL 4%, 13HWPERP
03 18 Jd=1,10
X=J
R(1,J)=DR*X
R(2,J)=0-
8(3:‘-’)=b’ﬁj.'
v(1,d)=0.
v(2,Jd)=2-
VvI(3,d)=0-
TMAX(J)=@e
RMAX(J)=X*DR
WP(J)=0B-
w(Jd)=g-
XL(J)=0-
10 XNT(J)=3+ 14%¥DR*¥2% (2« %X~1+ J¥XNE
VD=(XIB=-XINET) /(3 14%RA*¥*2*XNE¥1+GE~19)
T=@+
20 T=T+DT
B2=2E-~7*XINET/R1%*2
0o 33 J=1,18
IF(R(41,J)~R1) 43,49,41
AQ BTHET=BZ2*R(1,d)
GO TO 42
41 BTHCET=B2*% (R1**2)/R(1,J)
42 ER=VD*BTHET
DVR=DT*A*(ER+V (2, J)*BZ+V(3 J)Y*BTHET)
DVT=-DT*A*V (1,J)*BZ
DVZ==DT*A*V (1, J)}*BTHET
DXR=DT*(V(1,J)+»5*DVR)
DXT=DT*(V(2,J)++5%¥DVT)
DXZ=DT*(V(3,J)+5%DVZ)
v(1,Jd)=v(1,J)+DVR
vi{i2,Jd)=v(2,J)+DVT
v(3,d)=v(3,J)+DVZ
R{1,4)=RA{1,J)+DXR

(J7n))
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ﬁﬁé“iﬁ H(a J) F)\(..J)“PD)&T

geses RIS,Jd1=R{3,2)+DXZ

#o630 Ir(ﬁmﬁx(d)—ﬂ(1 J)) °ﬁﬂ 2&1 231

’EQSMJ d;zd sz“’( E) R(1 d)

ga650 THMAX{J)=T

" 29689 201 CONTINUE

ZBE70 DL=(DXR®¥24DXTH*24+ DU Z¥¥2)#% 5

ge68d XL{J)=xL({(J)+DL -

22690 w{Jd)=(V(1,d)*#24+y(2,J)*¥*¥2+V (3, d) ¥%2) ¥« 5¥XMI
B3793 37 Wwp(J)=(v(1, u)*+2+V(2 u)**2)+e5* (MI

BB718 IF(MMAX-K) 54,58,69

28728 600 M=M+1

gP735 GO TO 22

gp748 58 N=1

PB753 WOUT=de

@o768 WPOUT=0-

@3773 DO 70 J=1,19

' PZ783 WOUT=WOUT+W (J)*XNT{J)

BE79G 7% WPOUT=WPOUT+WP(J)%¥XNT(J)

grepsd PRINT 88, T,WOUT,WPOUT

3818 3@ FORMAT (2X,3(2X,E16.3))

Z2p823 IF(T-TEND) 2@, 143,190

PP838 1799 PRINT 415

gps4g DO 128 J=1,12

GEasg w(Jd)=w(J)/1-6E-19

BEB6H Wwe{J)=wpr(J)/1+6E-19

20878 128 PRINT 112,d,9(J),wP(J),XL{J}, RMAX(J), TMAX(J)
25887 113 FORMAT (2X,I3,4(3X,E12+4),1%,E18-3)
B389% 115 FORMAT (33X, 1HJ, 7X.BHW(EV),9%,6HWP(EV), 11X,
GE’]QQJ‘*%@HL(N) 18X 7Hﬂhr"\/\(“) 99X, 7HlN1A/(( ))

20918 157 FORMAT (2X, SRHINPUT DT, XINET,XIB, RBEAM XNE, BZ)
gpszy sTOP -

gU93d END

READY -
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APPENDIX II

OTHER WORK PERFORMED DURING THE COURSE

OF THE EXPERIMENT
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Introduction

During the last decade, pulsed vower research

has lead to systems containing 3 megajoules of energy

13

with the capability of producing an output of 3 (1077)

- watts for 100 ns. These low-impedance, pulse-charged

transmission lines can be used to drive a small
z-pinch and produce a plasma similiar to that produced
in a plasma focus, but with considerably less energy
expénded. '

The experiment reported below is an attempt to
investigate the feasibility of using a transmission
line to drive a small unstabilized z-pinch with an
existing 6 ohm, 6 kilojoule Blumlein at Imperial

Collegev

The questibns to be treated are summarized below.
1) 1Is the wall time, i.e. the time taken to form
the current sheath and move it off the wall, shorter
than the 100 ns cureent pulse from these machines?

2} Is a uniform current sheath formed with such a

large d1/dt?

3) what is the écaling of sheath velocity with current?
4) 1Is there a pre-cursor to the sheath (either a

shock or a free particle precursor)?

5) How important is asymmetry in the current feeds

to the pinch?

6) How severe is high voltage breakdown in these
devices?

The experiment is rather crude since the rapid
modification of the relativistic electron beam
generator necessitated some unfortunate experimental
problems. However,.the results can be intrepreted
to give tentative answers to the above guestions.

Experimental Arrangements

Three arrangements were attempted as shown in
Figure 1. The first (a) configuration\consisted of
placing a pinch tube in the diode to replace the cathode
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stalk. This resulted in an arc forming along the path
of minimum inductance and sweeping away from the
Blumlein. Consequently, a more co-axial feed to the
pinch tube was required.

Configuration (b) is the one that produced the

results in this report. The pinch tube (8 cm diameter

by 17 cm long) was taken into a perspex tube 15 cm
diameter by 30 cm long, to extend the current return
into a more co-axial geometry. The outside of the

tube was covered with copper gauze to form the current
return. This arrangement increased the inductance of
the current feeds considerably and, therefore, severely
limited the current obtainable from the Blumlein during
the 100 ns pulse. The space surrounding the pinch

tube was flooded with SF6 to prevent high-voltage
breakdown. The filling pressure of hydrogen in the
pinch tube was approximately 1C mTorr, although the
monitoring system made that measurement uncertain.
After several discharges, O-ring material was found

on the walls; thus the compocsition of the plasma

was in question.

Diagnostics consisted of a current monitor, an ;
image-converter camera in the streak mode for radius vs.
time, and a photodiode looking axially at the volume
within a centimeter of the axis.

Pre-ionization of the pinch was accomplished
by partially charging half the Blumlein through the
pinch tube. At these pressures, an arc formed along
the wall. Consequently, the pre-ionization was not
uniform. ‘

A third arrangement similiar to (b) was used.

The pre-ionization was done by a separate capacitor
bank (0.5 uf at 30 kV), and the perspex pinch tube
was replaced with a pyrex one. This arrangement

"suffered high-voltage flashover along the outside of

the pyrex and no useful information was obtained.
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Data
| Figure 2 shows the streak photographs for a

maximum current of 33, 42, and 54 kA for 2a through
2C respectively. At less current, no luminosity was
recorded on the photographs.

Figure 3 shows the photodiode and canmiera monitor
signals for maximum currents of 15, 33, 42, and 54 kA
in 3a through 34 respectively. The current waveform
is also shown in figqure 3¢ for comparison . Note the
voltage scales on 3a 'and 3b are ten times as sensitive
as that on 3c and 3d.
Results and Interpretations

Pre-ionization and Sheath Uniformity: In the
streak photographs, the bright line preceding the discharge
is the,light caused by the arc during the pre—idnization.
The aré is located on the side closer to the Blumlein and,
consequently, along the path of minimum inductance.
Presumébly, the.current flow during the main pulse has
a similiar asymmetry. The side toward the Blumlein shows
a shorter wall time, a larger initial sheath velocity,
and a more uniform sheath. The problems of wall time
and sheath formation may be helped by better pre-ionization
and more symmetric current feeds. N evertheless, the
fact that the discharge does not re-strike at the walls
when the second large current pulse begins at t = 400 ns
indicates that the sheath has .swept up most of the gas
in its path. .

Wall Time: An enlargement of the photographs
and correction for the 3 mm slit width gives a wall time
of 30 to 50 ns for the side closer to the Blumlein.
With adequate pre—ionization, the wall time should be
reduced to acceptablé\limits for a 100 ns pulse.

Initial Sheath Velocity: The sheath ve1001ty during
the flrst 100 ns of the current pulse is 9 (lO ) and
6.7 (lO ) cm/sec for the 54 kA and 42 kA cases
respectively. This gives a scaling of v a1t ? X -4
assuming a v & 1" law. After the main current pulse



——

22}

the sheath velocity drops rapidly.

Precursor Velocity: ' The axial luminosity indicates
arrival of plasma at r = 1 cm in 130 ns from the beginning
of the current pulse, as shown in region‘c from 130 to
400 ns in Figure 3e, This gives a velocity of 2.0 (107)
cm/sec and is the same for both the 54 and 42 kA cases,
"although the rise in luminosity is more rapid for the
54 kA case. This velocity is two times the sheath
velocity for the 54 kA case and three times that for the
42 kA case. This velocity seems too large to be
consistent with either the free particle model or the
shock model for the precursor. Mote that the peak
axial luminosity does not correspond either to peak
current or to peak brightness from the streak camera
photographs. Wall light is thus excluded as an explanation
of the luminosity. The luminosity from the arrival of
the sheath in the field of view is shown as region D
for t.2 720 ns in Figure 3e. -
Conclusions

From these results the following conclusions can
be drawn: 1) For adequate pre-ionization and for
symmetric current feeds, the wall time can be reduced
to an acceptable level for a 100 ns current pulse.

2) A current sheath does‘form and does sweep up the
plasma in the necessary time with a large dI/dt and is
expected to be sufficiently uniform with adequate
pre-ionization and current feeds. 3) The scaling of
the sheath velocity with current is approximately
linear. ‘4) There is a pre-cursor in front of the current
sheath with a velocity more than twice the sheath
velocity. 5). An improved design for lower inductance,
greater symmetry, and greater protection from surface
tracking is required‘to use the generator efficiently.
'It'may be necessary to put the pinch tube in the water
for the strip-line systems and to orient the pinch

axis along the transmission line's axis of symmetry.



Dammasans e et T

R25

Acknowledgements

I gratefully acknowledge J. C. Martin and his
associates at AWRE for their assistance in establishing
a pulsed power facility at I. C. and for discussions
on transmission-line driven plasma devices. I also
wish to thank A. E. Dangor, A. Folkierski ., and D. E.
Potter of I. C. for helpful discussions related to a
Blumlein driven z-pinch and J. D. Kilkenny of I. C,
for helpful consultations and assistance with the
experiment. I also appreciate the loan of the STL
image-converter camera from Culham Laboratory for

these measurements.



e e

- 226

FPigqure Captions

Figure 1. Schematic views of two of the schemes used
to couple a Blumlein to a z-discharge.

Figure 2. ©Streak camera photographs showing sheath

radius as a function of time for three peak currents
of 30, 42, and 54 kA for a, b, and ¢ respectively.
The approximate current waveform is given in d.

Figure 3. Photo-diode traces of luminosity on axis as a

function of time and the streak-camera monitor for the
15; 30, 42, and 54 kA shots in a through d respectively.
Figure 3e compares the luminosity for the 54 kA shot
with the current waveform and shows the sources of
axial luminosity as follows: A) the wall light‘

during pre-ionization, B) light from the sheath near
the wall during the main current pulse, C) the light
from the precursor as it enters the axial volume, and

D) the light from the main sheath as it enters the
axial region. '

el
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Figure 1

Current monitor l ¢— TO pump
& L] L
Blumlein /L \
SF, filled
Pinch chamber
8lit for streak tube
" photography
a. Experimental arrangement No. 1
-
_ NEzY
i 1 > Current T
! ' monitor
| ; ! SF¢ Blumlein
T | :
'! f"l’J ' Current return
—
4

'

\ S81it for streak photography

\\ Pinch tube | |
Viewing port :

: Photodiode

b. Experimental arrangement No. 2
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Shot 2

I = 30 kA
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Shot 3
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max

Shot 5
I = 42 kA
max

Shot 4

Imax— 55 kA
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Figure 3
Top traces are from the
Streak camera monitor;

bottom traces are from
the photo-diode on axis.
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Abstract

The gross behavior of a 30 kA, 600 keV electron
beam is studied as a function of the initial pressure
of hydrogen from 60 mTorr to 1 Torr. The luminosity
was observed to be composed of a bright column with a
radius r; approximately equal to the beam radius and a
less bright halo extending to rj. The radius ry is
interpreted as the radius of the plasma current channel
and r, as the maximum radius of ions accelerated by
g% = ~V4¥B, with Y3 the plasma electron drift velocity.
radius r, gives a maximum ion energy of 270 eV for the
low pressure case, in agreement with a simple theory.
Ion energies of 10 keV are expected from modest
electron beams.

The
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Introduction

During a recent seminar by John Nation on high-current
relativistic electron beams, M. G. Haines commented that
electrical neutrality cannot be established simultaneously
in the rest frames of all particles (i.e. the beanm
electrons, the plasma electrons, and the ions). 7John
Nation later elaborated upon this idea to show that there
is a non-zero radial electric field in the laboratory
(ion) frame. Some experimental support for ion acceleration
in this radial electric field is obtained from the radius
of the luminosity surrounding the beam-plasma channel
in beam-propagation experiments. This mechanism offers
a promising means of heating ions to energes of
several tens of keV with high-current relativistic
electron beams, without relying on streaming instabilities.

Theorz

When a beam of current Ib is injected into a neutral
gas, the gas is ionized by the beam through an avalanche
process in the induced axial electric field. Soon
after avalanching, the plasma of density n_ is heated to
give a magnetic diffusion time long compared to the
beam's rise time. The existing current is then maintained
as the net current for the system. The plasma current
Ip is evidently'Ib - Inet,'the beam currant minus the
net current. The net velocity of the plasma electrons
g = jp/npe in the opposite direction from the beam
electrons. The force -ev, x B expels the plasma electrons

until a radial electric field E. is established to give force

is v

neutrality for the plasma electrons.

E + Y4 xB =20
. 2
= / = -
V3 jp/npe (Ib Inet)/‘rl npe
= Inet r/2 ry e
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i

for a uniform beam with radius Iy Consequently, for rgr

Inet(Ib —,Inet) r
E = ‘ .

lnp

The energy of an ion that has traveled from r; tor for
r much less than an ion Larmor radius is
r
W (ri,r)l=5;e5i dr
i
2

= ) _ (2
B e/bInet(Ib Thet) (77737

4
n

2
4TWe e
ry P

S5 M v2.

Therefore, the ion velocity v at r is given by

.5
Inet(Ib Inet)
4

1 np

5y vD
2 o2

(r i

v(ir) =

2172 Mr

with M the ion mass. Fnr'ri<<r, we have upon integration
' ‘ )

I__ (I,-1__.)\%

r(t) = r, exp [.ﬂa net (I Tnet! \%
i

tioe
-2'Tl'2 M rl4 n
P

The ions with maximum energy are those that reach ry
at t = 1:b, the beam duration, since they are accelerated
in the largest electric field for the rongest time.

Consequently,

Wnax = W (F3(E, T 5)
. =W (1 - ex (-(8W/Mr2)‘5"t“))
with - W, = fonet T Inet)
4712 r 2 n.

1 p
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For a modest beam with I,.= 10° amps, r; = .0l meters,

_ _ 20 =3 -
(approximately the situation for injection into 100 mTorr
neutral hydrogen), Wmax % 10 kev.

The ions leave the plasma region and Er and continue
in the magnetic field B of the net current to a maximum
radius equal to the Larmor radius of the ions with energy
W,

max*®
luminosity to radius r2.' Consequently, the radius of the

The ionization produced by these ions causes the

halo around the plasma channel is a measure of Wo.x @S

given by

=1 ~ 1 2
W =3 Mv = 5 M (e r, BaV/M)

1 epfel r A 2
~—_.. R e i
% S [4 net(l + ,_2)] .
r
1
To compare the two wvalues, one needs to know the
number density np. From equating the two expressions
for Wﬁax’ the effective average number density is
found and can be compared with that obtained from laser

scattering.

Experimental Apparatus

Figure 1 is a schematic view of the experimental
arrangement. The beam generator is a water dielectric
Blumlein with a 20 ohm matched load. A .00l inch thick
aluminum foil serves as the anode, which apparently
increases the plasma luminosity from that observed
with the usual Al-mylar foil. The beam is approximately
uniform and has a radius of 3.5 cm at the anode.

The 30 kA, 600 keV, 100 ns electron beam is injected
into a drift tube 2 meters long with an inside diameter
of 15 em. It is lined with copper mesh and terminated
with an aluminum plate. A shielded Rogowski coil
measures the net current and is located 20 cm from the anode.
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and is at a radius of 6 cm. The top and side views of
the tube are taken on each shot. The X-ray pattérn

on the end plate is photographed with a four aperaturé
pinhole éamera.

Results

Figure 2 shows the open shutter photographs and
Figure 3 showsthe radii of the central luminosity»rl
“and of the halo r, as a function of pressure. The
x-ray ‘pinhole photographs identify the radius r, as
the beam radius. Figure 3 is a ptot of the net current
as a function of pressure.

| Using the values of Inet’ Ib' rys and Yy, we havé

, Po Wmax np i n'/2.
fatorr), (eV) (xo3cm™3y (10133
60 270 9.3 10
350 70 17 22
500 25 23 28
900 23 29 44

for np given from r, and n' given by scaling the
number density at 100 ns measured for injection at the
appropriate pressure for a beam of 12 kA/cmz. The
value is weighted by the energy available for ionization,
which is assumed to be prOportional to jpz. Since the
theory gives an average np, n' is divided by 2 for comparison
with n_. The agreement is taken to support this explanation
for the halo and support the general mechanism for
ion acceleration. |

The applicability of the theory depends on the ion
collision time, which must be greater than or egual to
the beam duration. From Spitzer(l), the time taken for
the energy of an ion to be lost by collisions is given
by

_ -13, 3, -
7% = 2,5 (10 ) v /np sec

. with v and nﬁ given in cgs units.
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14 3

For n_ = 107" em ° and “Zé > 1077 sec, we have

v = 3.4 (166)cm/sec. At 100 ns, Voax = 2 (107) cm/sec
for the 60 mTorr case, so this criteria is satisfied.
Finally, the radial ion current is only a few per cent of
the plasma current and need not be considered in the
mechanism. ‘

. Conclusion

The halo around the beam channel is consistent with
ion acceleration in the radial E field in the beam-plasma
channel. With more powerful beams of smaller radius,
ion energies of 10 to 100 keV may be expected.

An experiment to measure the ion energy perpendicular to
the beam should be done.

3

[
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Figure Captions

N
< 3

Figure 1.
Figure 2.

Figure 3.

Figure 4.

Schematic view of apparatus. ‘

Top and side views of experiment for 60 mTorr,
500 mTorr, and 900 mTorr neutral hydrogen

taken with open-shutter photography.

Plot of r; and r,, the radius of the plasma
channel and the radius of the luminous halo,
respectively, as a function of filling pressure.
Plot of net current as a function of filling
préssure.
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P = 60 mTorr

P = 500 mTorr

P = 900 mTorr
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