RCA REVIEW

a technical journal

RADIO AND ELECTRONICS
RESEARCH ¢ ENGINEERING

Published quarterly by
RCA LABORATORIES

in cooperation with all subsidiaries and divisions of
Rapio CORPORATION OF AMERICA

VOLUME XXI DECEMBER 1960 NUMBER 4
CONTENTS

PAGE

Amplification—Modern Trends, Techniques and Problems ........ 485

L. S. NERGAARD

The Ultra-High-Vacuum System for the C-Stellarator .............. 508
K. DREYER AND J. T. MARK

High-Frequency Varactor Diodes ..............ccvvueennnnnnnnn... 547
C. W. MUELLER AND R. D. GoLp

A Plug-Type Image Orthicon Target ..................couuvo.... 558
S. A. OcHs
Time-Averaged Effects on Charged Particles in A-C Fields ......... 570

T. W. JOHNSTON

RCA TECHNICAL PAPERS . .uuuniietit ettt e e e 611
AUTHORS oottt e e e e e 614
INDEX, VOLUME XXTI (1960) . ...ttt 616

© 1961 by Radio Corporation of America
All rights reserved

RCA REVIEW is regularly abstracted and indexed by Industrial Arts Index
Science Abstracts (I.E.E.-Brit.), Electronic Engineering Master Index, Chemical
Abstracts, Proc. I.R.E., and Electronic & Radio Engineer.



RCA REVIEW

BOARD OF EDITORS

Chairman
R. S. HoLMEs
RCA Laboratorics

E. I. ANDERSON
RCA Victor Home Instruments

A. A. Barco
RCA Laboratories

G. L. Beers
Radio Corporation of America

G. 1I. Brown
Radio Corporation of America

I. F. BYrnEes
Industrial Electronic Products

A. L. Coxrap
RCA Service Company

E. W. ENGSTROM
Radio Corporation of America

D. H. Ewing
Radio Corporation of America

A. N. GoLpsMITH
Consulting Enginecer, RCA

A. L. HAMMERSCHMIDT
National Broadcasting Company, Inc.

J. HiLLier
RCA Laboratories

E. A. LarorT
Radio Corporation of America
Secretary
C. C. FostER
RCA Laboratories

H. W. LEVERENZ
RCA Laboratories

G. F. MaEepEL
RCA Institutes, Inc.

W. C. MoRRrISON
Industrial Electronic Products

H. F. OrsoN
RCA Laboratories

R. W, PeTER
RCA Laboratories

D. S. Rau
RCA Communications, Inc.

D. F. Scumir
Radio Corporation of America

G. R. Suaw
Electron Tube Division

L. A. SHOTLIFF
RCA International Division

S. STERNBERG
Astro-Electronics Division

W. M. WEBSTER
RCA Laboratories

I. Worrr
Radio Corporation of America

REPUBLICATION AND TRANSLATION

Original papers published herein may be referenced or abstracted with-
out further authorization provided proper notation concerning authors and
source is included. All rights of republication, including translation into
foreign languages, are reserved by RCA Review. Requests for republication
and translation privileges should be addressed to The Manager.



AMPLIFICATION—MODERN TRENDS, TECHNIQUES
AND PROBLEMS*

By

L. S. NERGAARD

RCA Laboratories.
Princeton, N. J.

Summary—This paper reviews the characteristics of various types of
small-signal amplifiers. These include traveling-wave tubes, tunnel diodes,
cooled and uncooled parametric amplifiers, and masers. The type of ampli-
fier best suited for a purticular application is determined by @ number of
factors, among which noise considerations and frequency are the most
tmportant. Areas of usefulness for cach type of amplifier are described.

In addition, there is a brief discussion of existing high-power trans-
mitting tubes and their fundamental power limitations. It is suggested
that @ major breakthrough may be necessary before an order-of-magnitude
improvement can be cxpected.

INTRODUCTION

74 ][ N HE PAST FEW YEARS have seen the advent of a number
of new amplifiers, many of them using solid-state phenomena
to achieve remarkably low noise figures at microwave frequen-

cies. These new amplifiers have been described in detail in the litera-

ture. This paper is in the nature of an over-all survey; it describes
the new amplifiers in rather general terms, discusses their bandwidth,
gain, and noise figure, compares them to put them in context, and
then hazards a guess at their future role in communications.

During these same past few years, the power output of transmit-
ting tubes has increased remarkably. This increase in power output
is not the result of major innovation, as is the achievement of lower-
noise-figure amplifiers, but is the result of refinement spurred by new
demands for power at microwave frequencies. Because transmitting
tubes are as important to communications as are low-noise amplifiers,
their limitations are reviewed briefly and the present state of the
art outlined. Finally, future prospects for transmitting tubes are
discussed briefly.

GAIN MECHANISMS

The achievement of power gain in any device requires some mecha-
nism by which energy is added to the signal in a coherent manner.

* Manuscript received 3 November 1960.
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In all of the amplifiers discussed here, this mechanism is electronic.
In the case of vacuum tubes, the electrons are “free” and move unim-
peded by collisions from the electron-emitting cathode to the collector.
In masers, the electrons are fixed in position and only their magnetic
properties are involved in the gain mechanism. In semiconductor
devices, although the electrons do move, they suffer collisions at the
rate of about 102 per second so they have a short memory of what
has gone on before. Yet in every case gain is possible.

Vacuum Tubes

Consider vacuum tubes first. In vacuum tubes, the signal is
impressed on an electron stream moving with a d-c velocity which
may vary from point to point, as in grid-controlled tubes, or may be
uniform in the interaction region, as in klystrons and traveling-wave
tubes. The signal may be impressed on the stream in the form of
density modulation or velocity modulation. In the latter case, fast
electrons tend to overtake slower electrons so that bunches form and
the stream becomes density modulated. The density modulation is
tantamount to an a-c¢ current at signal frequency. This a-c current
interacts with a eircuit of some kind to depress the potential below
the d-c potential, the electrons are “decelerated” to a velocity less
than that corresponding to the d-c velocity, and the energy lost is
imparted to the circuit. Thus, part of the d-c energy of the electron
stream is converted to a-c energy in the form of an enhanced signal.

How this mechanism proceeds in the case of the traveling-wave
tube! is illustrated in Figure 1. The tube consists of an electron gun
which launches the electron beam, a helix with input and output
souplers, and an electron collector. When a signal is impressed on
the helix at the input end, it propagates towards the output end and
in so doing velocity modulates the electron beam. The pitch of the
helix is chosen to make the velocity of propagation just a little less
than the velocity of the beam. As the beam drifts, the velocity modu-
lation is converted to density modulation. Because bunches move just
a little faster than the wave on the helix, they tend to collect in those
parts of the field pattern of the propagating wave where they are
decelerated. The deceleration enhances the bunching and at the same
time adds energy to the wave on the helix in a coherent manner, so
that the helix voltage increases as shown in the center of Figure 1.
The result is an amplified signal at the output end of the helix. The

1 For a definitive discussion of traveling-wave tubes, see J. R. Pierce,
Traveling-Wave Tubes, D. Van Nostrand Co., New York, N. Y., 1950.
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behavior of the traveling-wave tube can be represented by the equiva-
lent circuit at the bottom of Figure 1. The helix is represented by a
transmission line having a loss resistance 7, a series inductance I,
and a shunt capacitance C, all per unit length. The electron inter-
action is represented by a negative conductance —G per unit length,
which, if it is large enough, over-rides the resistance of the helix and
gives gain. If
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Fig. 1—Operation of the traveling-wave tube.

where o is the operating frequency, then the surge impedance of the
transmission line is

Zo~'¢/—i_—, ey

and the propagation constant is

o 1 r
P ~jo~/LC 4+ — ———GZO:|. (2)
2 Z,

Hence, a wave traveling down the transmission line grows at a rate of
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1 r
—\ GZp—— (3)
2 Z,
per unit length.

All of this is well-known, but it is worthwhile to review the
argument to set the stage for other traveling-wave amplifiers, namely,
traveling-wave masers and traveling-wave tunnel-diode and parametric
amplifiers.

Masers

As noted earlier, there is no electron motion in the maser? and
these amplifiers depend on the magnetic properties of electrons. Every
electron may be thought of as moving with the velocity of light in
a very small circle with a radius of about 10—12 c¢cm. The current

hrf=%Xh cos wt*yhsiN wt
We=Y Hy

Fig. 2—Precession of an electron spin # about a polarizing field H:.

of the circling electron gives it a dipole moment of about 10—20 erg
per gauss. Furthermore, the circling motion makes the electron act
as a little gyroscope with an angular momentum of about 10—28 erg
second. These properties of an electron are usually referred to as
the “spin.” ’

Now consider the behavior of the electron spin in a magnetic field.
Figure 2 shows an electron spin, represented by the vector p oriented
at an angle § with respect to an aligning steady magnetic field H,.
The magnetic field exerts a torque on the spin, and the spin, like a
gyroscope, precesses about the Z-axis with an angular frequency

2 For a comprehensive discussion of masers, see J. Weber, “Masers,”
Rev. Mod. Phys., Vol. 81, No. 3, p. 681, July 1909.
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we="vHj

where v is the ratio of the magnetic dipole moment to the spin angular
momentum. If a circularly polarized r-f magnetic field, such as repre-
sented by h,;,=2Z %k cos ot =7 sin ot in the figure is impressed on
the spin, and if the rotation of the field is synchronous with the pre-
cession of the spin, the spin will absorb energy and the angle § will
increase. If the direction of rotation of the field is reversed, the field
will have no effect on the spin. This nonreciprocal behavior is used
to make such microwave devices as ferrite isolators and circulators.
It is also used to prevent backward propagation in traveling-wave
amplifiers.

While the simple mechanical picture of spin presented above says
nothing about possible orientation angles, 4, of the spin, quantum
mechanics does, and limits the spin orientations to specific values,

a

FTEAN
Y L M |

" \
3Ntl3 Ny 3 fl2

Fig. 3—Equilibrium occupancy and transitions between the energy states
of a set of spins.

each characterized by a specific energy. The permitted energy levels
may be represented as shown in Figure 3. To change the spin from
a lower to a higher energy level requires an excitation at a frequency
equal to the energy difference divided by Planck’s constant. Con-
versely, if a spin drops from a higher to a lower level, radiation is
emitted at a frequency equal to the energy difference divided by
Planck’s constant. When no excitation is present, an assembly of spins
will, in the course of time, distribute itself among the possible levels
according to the Boltzmann law. This distribution is indicated by
the lengths of the horizontal lines labelled ¢, e, and ¢ in Figure 3.
Now consider the rate of exchange of spins between levels when
excitation is present. As in Figure 3, let @N,,/0t be the net rate of
loss of spins of level 1 to level 2, and 2N,;/0t be the rate of loss to
level 3. If the situation is stable, the net loss by level 1 must be zero.
Therefore
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ONis ONy3
4

=0. (4)
ot ot

Now, if each term in Equation (4) is multiplied by Planck’s constant
times the frequency corresponding to the transition and divided by
the frequency to maintain the equality,

Rfys ONyp Rfys ONis
+

f12 ot f13 at

=0.

But
oN,,

3

=Py,
ot

where P, is the rate of transport of energy from level 1 to level 2.
Similarly

ON 4
Rfis = Py3.
Hence
Py Py
=0. (5)
fio fia

A similar equation can be written for transitions from level 2;

Py, Py
+ =0. (6)
f12 fos

Note that an exchange of subscripts on the power requires a change
of sign of the power. Equations (5) and (6) may be written

fi2

Py =— Pwv (0
13
fo3

P23 = Py (8)
fis

Thus, if power is applied (pumped) to cause transitions from level 1
to level 3, the power output available in the other transitions is equal
to the ratio of the output frequency to the pump frequency times the
pump power. If power is extracted at frequency f;,, the other fre-
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quency, fas, is called the idler frequency, and vice versa. These power
relations are known as the Manley—Rowe relations and were originally
derived in a consideration of energy transformations by nonlinear
reactances.®>! They apply equally to masers and parametric amplifiers.

The means of obtaining maser amplification are now obvious. One
takes a crystal such as ruby or rutile and dopes it with paramagnetic
ions such as chromium three-plus (Cr+++) to obtain a high density
of spins and thus, hopefully, a large gain-bandwidth product. A pump
signal at a frequency fi; (as in Figure 3) is applied to pump spins
from level 1 into level 3, and the output power is then removed at
either frequency f,; or fi,. There are, however, a few details to be
taken care of before maser action is obtained. The Manley—Rowe
relations tell what power outputs are theoretically possible but do not
tell how to obtain them. First, something must cause transitions in
order to get the power out. It is true that there are spontaneous
transitions, but these are few in number at microwave frequencies.
Moreover, they are random and give rise to noise, not to a useful
signal. Two things induce transitions. The first is spin-lattice relaxa-
tion. The spins in excited states in a crystal “collide” with the crystal
lattice and drop to lower energy levels. This relaxation process re-
moves spins from excited states so rapidly at ordinary temperatures
that it is impossible to maintain an over-population in the excited
states. In masers, therefore, the crystals are cooled to liquid helium
temperature where the excitation lifetimes become so long (of the
order of milliseconds) that an over-population of the excited states
can be maintained with a reasonable pump power.

When the spin-lattice relaxation time is long, a second cause of
transitions that can be exploited is r-f excitation. An r-f signal
triggers transitions and the energy released is added coherently to
the signal. In effect, the maser behaves as a negative resistance.

Parametric Amplifiers

Parametric amplifiers, as the name implies, operate by virtue of
a varying circuit parameter.5’ It is easily shown that to achieve gain

3J. M. Manley and H. E. Rowe, “Some General Properties of Non-
linear Elements,” Proc. I.R.E., Vol. 44, p. 904, July 1956.

tM. T. Weiss, “Quantum Derivation of Energy Relations Analagous
toEThose for Nonlinear Reactances,” Proc. I.R.E., Vol. 45, p. 1012, July
1954.

5A. van der Ziel, “On the Mixing Properties of Nonlinear Capaci-
tances,” Jour. Appl. Phys., Vol. 19, p. 999, November 1948.

6S. Bloom and K. K. N. Chang, “Theory of Parametric Amplification
Using Nonlinear Reactances,” RCA Review, Vol. 18, p. 578, Dec. 1957.

" L. 8. Nergaard, “Nonlinear-Capacitance Amplifiers,” RCA Review,
Vol. 20, p. 3, March 1959.
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the parameter that must be varied is a reactance, i.e., a circuit element
that stores energy. Storage elements which have been used to achieve
parametric amplification are electron spins (in ferrites), the junection
capacitances of semiconductor diodes, and electron beams. While
parametric amplification has been achieved with ferrites, the pumping
power required has been very large, so that at the moment, ferrite
amplifiers are not practical at microwave frequencies. Hence, these
amplifiers are not discussed in this paper.

The general scheme of parametric amplifiers is shown in Figure 4.
The network consists of three circuits, the first tuned to the signal
frequency, the second tuned to the pump frequency and driven by a

SIGNAL FUMP
CIRCUIT CIRCUIT
—p

N

IDLER
CIRCUIT

A

Fig. 4—Basic circuit of a parametric amplifier.

local oscillator, and the third tuned to the sum of, or difference be-
tween, the pump and signal frequencies, with all three coupled by a
nonlinear reactance. The third circuit is known as the idler circuit.
The general method of obtaining amplification is as follows. The
signal voltage beats with the local oscillator voltage in the nonlinear
reactance to produce a current at idler frequency. The current at
idler frequency excites the idler circuit to produce a voltage which
beats with the local oscillator voltage in the nonlinear reactance to
produce a current at signal frequency. This current excites the signal
circuit and produces a voltage which adds to the original signal voltage
and, thus, produces amplification. Again, the amplifier presents an
effective negative resistance to the signal. The power delivered by the
negative resistance comes from the local oscillator or pump, of course,
and the amount of power available is given by the Manley—-Rowe
relations, as previously discussed. Because the active element in para-
metric amplifiers is a reactance, it displays no Johnson noise and,
hence, provides low-noise amplification.

The simplest parametric amplifiers use semiconductor diodes as
nonlinear reactors. The current—voltage characteristic and capacitance--
voltage characteristic of such a diode are shown in Figure 5. In the
forward direction, the current rises very rapidly with voltage; in the
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backward direction, it saturates and remains almost constant until
avalanche conduction sets in. Hence, when the diode is biased in the
backward direction, it presents a very high shunt resistance to any
circuit to which it is connected. Unfortunately, the shunt resistance
is not the only resistance the diode presents to the circuit. There is
also a series resistance. This series resistance, 7..es, in connection with
the capacitance of the diode, determines the diode Q@ (= 1/ (0Crgprics) )
and sets an upper limit on the frequency at which the diode is useful.

Iac

FORWARD

CAPACITANCE CORRENT]

v
/~  SATURATED

; REVERSE

/ CURRENT
AVALANCHE

CONDUCTION

Fig. 5—Parametric diode characteristics.

In the backward direction, the capacitance varies approximately in-
versely with the square root of the applied voltage. This voltage-
dependent capacitance serves admirably as the nonlinear reactance
in microwave amplifiers.

There has been a considerable amount of work on electron beams
as nonlinear reactances.® Parametric amplifiers using the longitudinal
space-charge waves employed in ordinary traveling-wave tubes have
failed to yield low noise figures. The catch seems to be that the non-
linearity in the beam produces many idler frequencies all of which
are supported by the beam. The noise in the beam at the idler fre-
quencies interact with the pump voltage to produce noise at the signal
frequency. The result is a noisy amplifier. As yet, no means of sup-
pressing unwanted idler signal responses in the electron beam have
been found. It is not so simple as omitting additional idler circuits
in Figure 4.

While parametric amplifier tubes using longitudinal waves on
electron beams have not been successful in giving low-noise amplifi-
cation, a tube using transverse waves has been eminently successful.

8 A. Ashkin, “Parametric Amplification of Space-Charge Waves,” Jour.
Appl. Phys., Vol. 29, p. 1646, Dec. 1958.
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This tube, the Adler tube, is shown schematically in Figure 6.2 The
tube consists of (reading from left to right in Figure 6) (1) an
electron gun which launches the beam, (2) a pair of deflection plates
which (in the presence of a magnetic field H of a magnitude to make
the cyclotron frequency, ., of the electrons approximately equal to
the signal frequency) impart a spiral motion to the electrons, (3) a
set of quadrupole electrodes driven in pairs at twice the cyclotron
frequency, (4) a pair of output deflection plates which absorb energy
from the spiral motion of the electrons and deliver the energy to the
output circuit, and (5) the electron-beam collector. When the electron
beam enters the region between input deflection plates, it carries noise
in its transverse motion because of the thermal velocity distribution
of the electrons in the beam. The length of the deflection plates and
the loading of the input circuit are chosen to completely absorb the
transverse noise on the beam at the same time the signal is impressed.

2fc
OUTPUT
]
H P
Ak
GUN .’/ -;lc"._[/
:]/”.fll'_' .f:’z.f e
W il = 9\
{fﬂ - == COLLECTOR
v T
fs~fe
INPUT fox 20

¢ 2mm

Fg. 6—Schematic diagram of the Adler Tube.

Thus, the beam is noise free when it emerges from the deflection plates
and carries only the signal in the form of a spiral motion of the
electrons. The radius of the spiral motion is proportional to the signal
amplitude. When the beam enters the guadrupole region, it sees a
tangential electric field which is zero on the axis and increases with
increasing displacement from the axis. Furthermore, the tangential
field in effect rotates in synchronism with the electrons. Thus, each
electron which enters in proper pump phase is accelerated in propor-
tion to its displacement from the axis (the electrons which enter in
improper phase are decelerated and end up on the axis of the tube).
Because of the magnetic field, the electron continues to spiral at the

9 R. Adler, “Parametric Amplification of the Fast Electron Wave,”
Proc. L.R.E., Vol. 46, p. 1300, June, 1958.

10 R, Adler, G. Hrbek, and G. Wade, “The Quadrupole Tube Amplifier,
a Low-Noise Parametric Device,” Proc. I.R.E., v. 1713, October, 1959.
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cyclotron frequency, but moves to a larger radius as a result of the
acceleration. Thus, each electron leaves the quadrupole field with its
radius of spiral motion increased in proportion to the signal it carried
when it entered the region. The added energy may be extracted at
the output coupler thus yielding an amplified signal. The fact that
noise on the beam was removed by the input coupler makes the tube
a low-noise amplifier. The Adler tube has many attractive features
in addition to its low-noise performance, and these are mentioned
in the next section.

Tunnel Diode

In all the devices thus far discussed, the gain mechanism has been
reduced to an equivalent negative conductance. It is fitting to con-
clude, therefore, with the tunnel diode, not only because it is the most
recent in point of development, but also because it displays a negative
conductance at first hand."* To discuss the mechanism by which the

T
TUNNEL DIODE

"
wl
[+
W [0 }
z \~-R=6.50
o /\
= 5
)
-
A
5] \
50 100 150

V-MILLIVOLTS

Fig. 7—Tunnel-diode characteristie.

tunnel diode achieves a negative conductance would be to wander a
little far afield. Therefore, it will have to suffice to note that its
current—voltage characteristic is typically as shown in Figure 7. The
current rises rapidly with voltage in the forward direction, reaches
a maximum at about 50 millivolts, decreases to a minimum, and then
rises again. In the region between 50 and 100 millivolts, roughly, the
diode displays a negative conductance. This negative conductance can
be realized at a low average current. Because the noise in the tunnel
diode is due to shot effect, the low average current means a low noise
output from the diode.

K. K. N. Chang, “Low-Noise Tunnel-Diode Amplifier,” Proc I.R.E.,
Vol. 47, p. 1268, July, 1959. .
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Low-NOISE AMPLIFIERS

All of the low-noise amplifiers to be considered fall into one or the
other of two broad categories, “lumped-circuit” amplifiers and travel-
ing-wave amplifiers. In the lumped-circuit amplifiers, resonant cavities
are used to provide selectivity, to separate various frequency compo-
nents in parametric amplifiers, and to effect impedance transforma-
tions. A typical lumped-circuit negative-conductance amplifier is
shown in Figure 8. This schematic drawing may be used to represent
a maser, a parametric amplifier, or a tunnel-diode amplifier. In the

Ié 269 2-iol %c %L g6c oL

Fig. 8—Basic circuit of a negative-resistance amplifier.

case of a maser, the negative conductance — |G| is produced by the
spins, and the capacitance C includes a contribution from the spins.
In the case of the parametric amplifier, the negative conductance
arises from the “mixing” of pump power with the signal via the idler
circuit. Thus — |G| depends on the pump power and the idler-circuit
load. Because the idler circuit stores energy, it also contributes to
the capacitance C; in fact, in many cases the idler contribution to C
dominates and determines that bandwidth of the amplifier. In the case
of the tunnel diode, — |G| is just the negative conductance of the
diode, and C, ideally, is just the capacitance of the diode. In every
case, G, is the source conductance, G, the load conductance, G, the
loading due to circuit loss (including the crystal loss in the case of
the maser and the diode loss in the case of diode amplifiers), and L
is the inductance required to tune out the capacitance C at the signal
frequency. In the ideal diode-amplifier circuit, G, would be just the
diode loss conductance and C the diode capacitance, and the ultimate
circuit performance would be determined by the @ of the diode.
The power gain of the amplifier is

4G,G,
B

= , 9
[G,— |G| + G + G2 )

and the bandwidth is

@ [[E]) 5 Ey e &y

Ao = . 1
C (10)
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Hence, the voltage-gain-bandwidth product is

2VG .G,
VBAw = —a _ (11)

It is easily shown that (\/B—1)AwC cannot exceed the magnitude of the
negative conductance minus the circuit loss (|G| —G,). Hence, the
available negative conductance and the circuit loss limit the gain-
bandwidth product. The noise figure of the amplifier is

T (GL+GC+GN>
—_— (12)

F=14—

where T, is the reference temperature of the noise source, T is the
ambient temperature, and Gy is the noise conductance of the negative
conductance. An obvious method for reducing the noise factor is to
increase the source conductance G, The increase in G, usually entails
a decrease in the available gain—bandwidth product. If the bandwidth
is fixed by systems requirements, the decrease in noise factor requires
a sacrifice of gain.

The noise factor of the various amplifiers will now be considered
in turn.

The Maser—In the maser, noise is determined principally by the idler
transitions. They contribute an approximate noise conductance of

Wg

GN=

1G1,

o4

where o, is the signal frequency, o, is the idler frequency, and 1G|
is the magnitude of the negative conductance. Because masers are
operated at very low temperatures, approximately 4°K, their noise
factor is correspondingly low.

Parametric Amplifiers—In parametric amplifiers, the principal source
of noise is the idler circuit. Hence, the noise conductance is the
same as for masers, namely,

O,

GN= IGI.

o4

Thus, the noise factor may be reduced by making the idler frequency
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high compared to the signal frequency. As in the maser, it is also
possible to reduce the noise factor by cooling the idler circuit so that
its Johnson noise is low. When this is done, a very low noise factor
is obtained.

The Tunnel Diode—As noted earlier, the noise in the tunnel diode
is due to shot effect. Thus,

el,
GN -~

» (14)
2kT

where I, is the d-c current. With diodes operating at 1 milliampere
or less, the diode usually makes a negligible contribution to the noise
factor.

All of the amplifiers discussed above have several unfortunate
limitations:

1. The input and output circuits are common. Thus, noise origi-
nating in the following stage can reach the amplifier and
return to the following stage in amplified form. This difficulty
may be avoided by interposing an isolator or circulator between
the amplifier and the following stage. It would be a happier
state of affairs, however, if no isolation were required.

2. The gain-bandwidth product is usually uncomfortably small
when the compromises necessary to the achievement of a low
noise figure are made.

3. When the gain is increased, the amplifier tends toward insta-
bility, and any slight drift in bias, pump power, or mismatch
may result in oscillation.

Some of the difficulties discussed above are circumvented in the
parametric up-converter.!213 In the up-converter, the idler frequency
is made higher than the signal frequencyv, and the output is taken
from the idler circuit. The ratio of signal-to-idle frequency is then
favorable for a low noise factor, the input and output are separate,
and the circuit is stable. However, as the signal frequency is pushed
to higher and higher frequencies, the pump frequency, which con-
ventionally lies above the idler frequency, may get uncomfortably

12G. F. Hermann, M. Uenohara, and A. Uhlir, Jr., “Noise Figure
Measurements on Two Types of Variable Reactance Amplifiers Using
Semiconductor Diodes,” Proc. I.R.E., Vol. 46, p. 1301, June, 1958.

13 B, Salzberg and E. W. Sard, “A Low-Noise, Wide-Band Reactance
Amplifier,” Proc. I.R.E., Vol. 46, p. 1303, June, 1958.
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high. A possible solution is the use of higher-order nonlinearities of
a diode capacitance characteristic to achieve lower-frequency pumping.
This scheme has been demonstrated by Chang and Bloom.!*

The tunnel diode may be used as a down-converter by providing
a local oscillator.'1® Because the noise of the diode is shot effect and
no frequency ratios are involved in the noise factor during the con-
version process, a low-noise tunnel diode is quite feasible and, as in
the case of the parametric up-converter, the input and output circuits
are separated. However, it is sensitive to output load.

None of these artifices increase the gain-bandwidth product. All
“of these negative-conductance amplifiers start with a circuit having
a passive bandwidth limited by the capacitance of the active device
and the source and load conductances; bandwidth is traded for gain.
The obvious way out is to start with a circuit having a very large
passive bandwidth. This is precisely what is done in the traveling-
wave tube, and it is for this reason that traveling-wave masers and
traveling-wave parametric amplifiers are receiving so much atten-
tion."1? These amplifiers take the form of slow-wave structures to
which are coupled slabs of ruby or rutile (in the case of masers) or
diodes (in the case of parametric amplifiers). Slow-wave structures
are used to get high-interaction impedanees and high gain per unit
length. The appropriate relations are shown in Figure 9. It will be seen
that slowing down the wave propagation (i.e., decreasing the phase
velocity, v) increases the gain parameter G/(2vC). Thus, the travel-
ing-wave schemes provide a large bandwidth, can provide high gain
with a long structure, and have separate input and output connections.
The separate input and output connections do not ensure stability,
and any mismatch at the output termination can cause serious feed-
back and instability. In traveling-wave tubes, attenuation is intro-

14K K. N. Chang and S. Bloom, “A Parametric Amplifier Using
Lower-Frequency Pumping,” Proc. I.R.E., Vol. 46, p. 1383, July, 1958.

15K. K. N. Chang, G. N. Heilmeier, H. J. Prager, “Low-Noise Tunnel
Diode Down Converter Having Conversion Gain,” Proc. I.R.E., Vol. 98,
p. 854, May, 1960.

18 D, I. Breitzer, “Noise Figure of Tunnel Diode Mixer,” Proc. I.R.E.,
Vol. 98, p. 9385, May, 1960.

17R. W. DeGrasse, E. 0. Schulz-Dubois, H. E. D. Scovil, “The Three-
Level, Solid-State, Traveling-Wave Maser,” B.S.T.J., Vol. 38, p. 305, March,
1959.

18P, K. Tien, “Parametric Amplification and Frequency Mixing in
Propagating Circuits,” Jour. Appl. Phys., Vol. 29, p. 1347, September, 1958.

19 R. S. Engelbrecht, “A Low-Noise, Nonlinear Reactance Traveling-
Wave Amplifier,” Proc. I.R.E., Vol. 46, p. 1655, September, 1958.
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duced into the slow-wave structure near the center to absorb any
power reflected by the output termination, or, in some cases, the
slow-wave structure can be severed. These schemes are quite satisfac-
tory where part of the energy is transported by an electron beam
moving in the forward direction so that the forward signal is not
lost by attenuation or an interrupted structure. In devices where
power is not transported in the forward direction by the active mate-
rial or devices, these artifices will not work. In traveling-wave masers,
a ferrite slab is placed in a region adjoining the slow-wave structure
where there is circular polarization of the r-f magnetic field. The slab
is oriented to pass power proceeding in the forward direction but to
absorb any power proceeding in the backward direction.

-G ::I‘
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L |
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Fig. 9—Characteristic impedance, phase velocity, and propagation constant
of a traveling-wave, negative-resistance amplifier.

The Adler tube does not need these embellishments, since the input
and output are separate and isolated. The amplifier is stable and the
gain is high. Principal limitations of this device are its bandwidth,
which is determined by the consideration that the signal frequency
must be close to the cyclotron frequency, and its structure, which can
be awkward at higher frequencies.

STATUS OF LOW-NOISE AMPLIFIERS

It is now pertinent to examine and compare the performance of
the low-noise amplifiers discussed above. The performance of masers
is illustrated by Figure 10, which shows the bandwidth achieved at
20 decibels gain at various frequencies.? Noise factors, which are
not shown, are low. Even with the added noise due to plumbing,
circulators, and the other hardware necessary for a practical system,
noise figures of 0.4 decibel and lower have been achieved.

The performance of typical traveling-wave tubes, parametric am-

20 These data were kindly supplied by H. R. Lewis of RCA Laboratories.
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Fig. 10—Maser performance at 20 db gain.

plifiers, and tunnel diodes is illustrated in Table I. The chart is
self-explanatory and needs no comment other than to note that the
helix parametric amplifier is a traveling-wave amplifier which utilizes
a helix as a slow-wave structure.?’ The particular amplifier cited had
two diodes along its length.

Table I-—Performance of Some Typical Low-Noise Amplifiers.

fe fe fo Af Gain NF
Type me mc me mc db db
TWT
Forward wave 3,000 ..... 3,000 3007 20 2.5
Backward wave 10,000  ..... 10,000 1,000t 20 4.0
Parametric
Amplifier 5,850 11,700 5,650 8 18 3
11,550 23,100 11,550 53 10 3.2
Up-converter 460 8,915 9,375 9 24+0.5
1 20 21 0.1 10 0.4
Traveling-wave 380 630 380 10-20 10-12 3.5
Helix 2,800 3,800 2,800 * 26 5-7
Adler tubz 560 1,120 560 50 20 1.3
Tunnel Diode
Amplifier 4,500 0 4,500 20 23 7
Down-conv. (Ge) 210 0 30 0.9 6 5.2
(GaAs) 210 0 30 0.15 22.7 2.8

T The range in which the noise factor is near the value cited.
* Can be tuned through 80 mec range by tuning pump through 100 me.

21 G. Conrad, K. K. N. Chang, R. D. Hughes, “A Diode-Loaded Helix
as a Microwave Amplifier,” Proc. LR.E. Vol. 48, p. 939, May, 1960.
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How these amplifiers compare and how they stack up against
systems requirements is shown in Figure 11. In this figure, all of the
noise factors have been reduced to equivalent noise temperatures, as
defined by the relation

T.=T,(F—1), (15)

where T, is the effective noise temperature and T, is the reference
temperature (300°K in this case). In Figure 11, the noise due to
galactic sources appears on the left. The noise temperatures of such
sources drops rapidly with frequency and, aside from radio stars,
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Fig. 11—Noise performance of various low-noise amplifiers relative to
natural noise sources.

becomes negligible above 1 kilomegacycle. The noise due to atmos-
pheric absorption is shown at the right. It rises steeply at about 10
kilomegacycles and, aside from a pair of “windows,” has a noise
temperature approximately equal to the temperature of the earth.

The three noise sources (galactic, atmospheric, and the earth)
determine what is required of an amplifier. If the antenna looks
upward and is highly directional so that it does not see the earth
through side lobes or spill-over, the amplifier should have a noise
temperature as low as the galactic noise temperature, or, if the
frequency is above 10 kilomegacycles, as low as the atmospheric
temperature, to achieve the ultimate in performance. If the antenna
sees the earth, amplifiers with a noise temperature below 300°K are
adequate.
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The noise temperature of a familiar triode is shown at the left
in Figure 11. It still looks like a good low-noise tube below 500
megacycles. At frequencies below 1 kilomegacycle, tunnel-diode down-
converters and a variety of parametric amplifiers, provide noise figures
low enough for any application. Above 1 kilomegacycle, masers outshine
everything else, both as to noise figure and operating frequency (the
black triangles show frequencies at which masers have been operated).
Traveling-wave tubes and room-temperature parametric amplifiers are
adequate for systems in which the antenna sees the earth. Parametric
amplifiers with the idler circuit cooled show indications of competi-
tion with masers and, with the development of better diodes, may
give the maser real competition for upward looking applications. The
tunnel-diode amplifier has yet to make itself felt above 1 kilomega-
cycle. The 7-decibel noise figure at 4.5 kilomegacycles indicates poten-
tiality, and further refinements in diodes may make it a real contender.

It seems to the present writer that each of these devices will find
its own place. At low frequencies, all provide adequate performance
and the choice will be determined by specific rather than general
requirements and by economics. At frequencies above 1 kilomega-
cycle, the traveling-wave tube offers unparalleled bandwidth and is
quite satisfactory for applications in which the antenna sees the
earth. For radio astronomy, for communication above the atmosphere,
and for other applications where the antenna does not see the earth,
masers and cooled parametric amplifiers yield the best noise per-
formance. Above 10 kilomegacycles, the maser stands alone and may
continue to do so for a long time to come. Its operation does not
depend on charge transport and the RC limitation that goes with
charge transport.

TRANSMITTING TUBES

Present transmitting tubes are able to provide power outputs in
excess of a kilowatt average at frequencies up to 10 kilomegacycles
Such power outputs have been achieved with magnetrons, amplitrons,
traveling-wave tubes, and klystrons. Grid-controlled tubes, both tri-
odes and tetrodes, perform well up to about 1 kilomegacycle and give
impressive power outputs, but they tend to bog down at higher
frequencies because of transit-time effects. The general characteris-
tics of all of these tubes are summarized in Table II. At very
high power outputs, the bandwidths of klystrons and traveling-wave
tubes tend to become comparable. In order to handle the circuit dis-
sipation at high powers in the traveling-wave tube, the slow-wave
structure takes the form of coupled cavities; therefore, the circuit
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Table II—General Characteristics of Power Amplifiers.

Triode Magnetron
Characteristic Tetrode Amplitron TWT Klystron
Frequency (mc) < 1200 > 400 > 400 > 4900
Power gain (db) < 20 < 20 > 20 > 20
Bandwidth (%) ~ 15 > 15 > 15 <15
Efficiency (%) ~ 50 60 35 40
Cperating < 50 < 50 > E0 > 50

voltage (kv)

becomes dispersive instead of smooth and the bandwidth decreases.
It is to be noted that high-power traveling-wave tubes and klystrons
operate at voltages above 50 kilovolts, and voltages in excess of 200
kilovolts have been used.

All of these transmitting tubes are subject to the fundamental
limitations outlined in Table III. The power output per unit area of
any tube is determined by the emission density available from the
cathode and the output impedance per unit area. The output im-
pedance per unit area is determined by the bandwidth and the
output capacitance per unit area;

Table I1I—Power Tube Limitations(Po = j2RA — ;2 A =32 ! A‘-’).
AwC Aw(C
B Definition Determined by
Po Power output System requirement
J Emission density Cathode
R Load res. per unit area Cutput capacitance C
Area Moding
Aw 27 X bandwidth System requirement
C Capacity per unit area Space charge

A Wavelength System requirement
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1
R = . (16)
AwC

The output capacitance, in turn, is determined by electron-space-charge
effects. This is easily seen in the case of a triode. Suppose the triode
is operated as a grounded-grid, class-B amplifier and that the plate
voltage is swung down to the peak grid voltage to ensure maximum
efficiency. Then the maximum plate current passes when the grid and
plate voltages are equal. The space charge in the grid-anode space
depresses the potential between the grid and plate; the greater the
spacing between grid and plate, the greater the potential depression.
If the grid-anode spacing is increased beyond 2.8 times the cathode—
grid spacing in an effort to reduce the output (grid-plate) capacitance,
a virtual cathode will form in the grid-anode space. The virtual
cathode will reflect electrons to the grid with disastrous effects on the
grid. Thus, the maximum grid-anode spacing and the minimum
output capacitance are determined by space charge. Similar considera-
tions apply to all transmitting tubes.

The total power output of the tube, then, will be determined by
the emission density, the bandwidth required, the output capacitance
per unit area, and the area. The area that can be used is determined
by the wavelength and is, in fact, proportional to the square of the
wavelength. By way of illustration, consider a cylindrical triode. The
length of the active section of the tube must be less than a quarter
wavelength, otherwise the droop of voltage at the ends of the active
section will impair the efficiency. The periphery of the tube must be
less than one wavelength. If the periphery exceeds one wavelength,
higher-order modes excited by inevitable small assymetries are pos-
sible. These modes unbalance the tube and impair the efficiency, to say
the least. Thus, both length and periphery are proportioned to the
wavelength, and the active area is proportional to square of the wave-
length.

To sum up, the power output of a transmitting tube is determined
by:
1. The emission density available from the cathode (a fundamen-
tal limitation).
2. The bandwidth required (a systems requirement).
The output capacitance (a fundamental limitation).

4. The area (at present this is a very real limitation, but one that
may yield to ingenuity).



506 RCA REVIEW December 1960

With these considerations in mind, a plot of the power output of
available power tubes against frequency-squared should indicate the
state of the art. An equivalent plot, that of the logarithm of power
output versus the logarithm of frequency, is shown in Figure 12. Two
straight lines corresponding to P,f2 — constant have been drawn
through the data. The two lines correspond to the state of the art at
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Fig. 12—Power output of typical power tubes as a function of frequency.

times which are roughly a year apart. The plot is not complete; many
of the more powerful tubes are classified, and information on them
is not available. However, the plot does show that all transmitting
tubes have been brought to a comparable degree of perfection, and
that the state of the art is given approximately by the equation

where P, is the average power output in kilowatts and f is the fre-
quency in kilomegacycles. ‘

It seems likely that still higher power outputs are possible by
refinements in present techniques. At frequencies above 1 kilomega-
cycle, these improvements are most likely to come in klystrons, mag-
netrons, and traveling-wave tubes. At the moment, the increases in
power output to be expected from refinement do not seem large, how-
ever, and a major break-through may be required to achieve order-of-
magnitude improvements.
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CONCLUSION

The present paper has reviewed the present “glamor” amplifiers
and has tried to put them on a common footing to compare their
merits. On the basis of such a comparison it is concluded, that

1. All are capable of adequate performance at frequencies below
1 kilomegacycle.

2. Traveling-wave tubes, tunnel-diode amplifiers, and uncooled
parametric amplifiers are capable of adequate performance at
frequencies between 1 and 10 kilomegacycles in applications
where the antenna sees the earth.

3. Masers and cooled parametric amplifiers are capable of adequate
performance under any conditions at frequencies between 1
and 10 kilomegacycles.

4. The maser stands unchallenged in performance at frequencies
above 10 kilomegacycles.

The present performance of transmitting tubes has been outlined
and compared with the fundamental limitations on transmitting tubes.
It is surmised that an order of magnitude improvement may require
a major breakthrough.



THE ULTRA-HIGH-VACUUM SYSTEM
FOR THE C-STELLARATOR¥*

By

KARL DREYER AND JOHN T. MARK

RCA Electron Tube Division,
Lancaster, Pa.

Summary—In building the vacuum system for the C-Stellarator, it
was first necessary to solve many problems of design and fabrication of
the component parts. Final assembly did not impose serious hardships,
except in cases where the preliminary work proved to be inadequate. This
paper describes much new knowledge gained during the course of the work.
The welding and joining of stainless steels, the assembling of glass and
ceramics into vacuum vessel systems, and the achievement of an ultra-high
vacuum and its accurate measurement are described. Many of the arts of
electrical control systems, material cleaning, lubrication and movement
of parts in vacuum, and electrical and thermal insulation, are also discussed.

INTRODUCTION

which was built and tested at the Lancaster Plant of the RCA

Electron Tube Division for the C-Stellarator for subsequent
installation at Princeton University. The detailed design and con-
struction of the Stellarator for operation by Princeton University
were carried out by Allis-Chalmers and the Radio Corporation of
America under the direction of a supervisory group known as C-
Stellarator Associates, which comprises technical personnel of both
Allis-Chalmers and RCA. The C-Stellarator is to be used for research
in the field of controlled thermonuclear fusion in the Matterhorn
Project at the Forrestal Research Center in Princeton, N. J., as part
of the Atomic Energy Commission’s Sherwood Project for Peaceful
Applications of Atomic Energy.

The problem of controlled thermonuclear fusion is concerned with
the application of the physics of a high-temperature plasma confined by
a magnetic field. The C-Stellarator is an experimental machine which
will permit the study of the physics of such a plasma, particularly as
it relates to basic Stellarator concepts. One of the major purposes of
the C machine is to study plasma instabilities and stabilizing methods.
The confining field is generated by external coils powered from motor

THIS paper describes the novel features of the vacuum system

* Manuscript received 15 July 1960.
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generators. It will be operated continuously at low-power levels and
pulsed at high-power levels with confining fields of 50,000 gausses.

The vacuum vessel in which the plasma is formed is oval in shape
to avoid end effects. The C-Stellarator vessel is made of 8-inch diameter
stainless steel tubing with a ceramic insulating gap. The desired gas
is injected into the vessel at a rate to produce the desired pressure
with the diffusion pumps in operation. This gas is broken down by the
application of r-f voltages across the gap. Complete ionization and
some heating is achieved by passing 30,000 to 50,000 amperes through
the plasma, which forms the single turn secondary of a transformer.
Further heating methods which use r-f electric fields normal to the
confining magnetic field lines will be studied later.

The specifications for the vacuum system of the C-Stellarator are
extremely severe. A vacuum of at least 83 X 10—1°mm of Hg must be
maintained in a stainless-steel vessel with a volume in excess of 25,000
cubic inches—a vessel which is greatly complicated by the many diag-
nostic ports and other attachments required to permit the physicist to
obtain data.

The enormity of the problem may be appreciated from the fact
that until quite recently, a vacuum of 3 %X 10— mm of Hg was possi-
ble only in a small volume and under laboratory conditions. In a volume
the size of that of the C-Stellarator, a vacuum of 3 X 10—8 would
have been considered a significant accomplishment. The successful
construction of the C-Stellarator system, then, represents a technical
advance of something like two orders of magnitude.

An ultra-high vacuum is required, not because a base pressure of
3% 10— mm Hg is a measure of the allowed gas impurities level,
bhut rather as a measure of the cleanliness of the walls of the vessel.

The vacuum system consists basically of two major sections—the
vessel and the pumping system. The vessel, shown in Figures 1 and
41, is constrveted of stainless-steel tubing with an inside diameter of
8 inches. The tubing is arranged in an oval configuration with an axial
length of approximately 40 feet. The radius of the end “U” bends is
48 inches to the centerline of the tube. The vessel is demountable and
bakeable and is equipped with expansion joints to compensate for the
thermal and mechanical stresses anticipated during operation, a pump
box to serve as a manifold connecting to the pumping system, and
other auxiliary components. The ceramic section opposite the pumping
station acts as an insulating break and ultimately as a coupling for the
application of the r-f field to the plasma. Diagnostic port crosses are
equipped (interchangeably) with smaller ceramic-to-metal seals for
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use as high-voltage standoffs for ionization gauges, or with sapphire or
glass windows to facilitate diagnostic apparatus for plasma analysis.

The work on the vacuum system was performed in two phases.
Phase One, the Vacuum Test Facility, was an experimental program
and Phase Two, the C-Stellarator Vessel and Pumping System, was
a design and testing program.

Fig. 1—Photograph showing the junction between pump box and vacuum
vessel. Spring-loaded stainless-steel suspension wires are also shown.

PHASE ONE—THE VacuuM TEST FACILITY

The initial phase of the project was the construction of a vacuum
test facility to determine how to scale up the size of the smaller systems
developed at the Forrestal Research Center. Answers to the following
specific questions were sought.

1. Would large pumps (more than 4 inches in diameter) produce
ultra-high vacuum?

2. Would mercury or oil be more suitable as a pump fluid?

3. What type of vacuum gauge would be suitable for measuring
the ultra-high vacuum obtained?

4. What trap configuration would best yield maximum conductance
with minimum liquid-nitrogen consumption?

What types of seals would be adaptable for the numerous joints
under the prescribed temperature conditions, material com-
binations, and anticipated stresses?

(V1
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6. What flange design would be best suited for the interchangeable
joints so as to provide ease of assembly, vacuum tightness,
and ruggedness?

7. What preassembly cleaning procedure would give greatest as-
surance of meeting the ultra-high-vacuum stipulation of
8 X 10— mm of Hg after a reasonable bakeout procedure?
What would be the optimum bakeout temperature consistent
with dimensionsal, material, and power-dissipation limita-
tions?

8. Could a bakeable ultra-high-vacuum valve be designed to isolate
the vessel and pumping systems manually or automatically
for emergencies?

9. What testing programs would give assurance of reliability of all
system components, both major and auxiliary?
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Fig. 2—15-liter-per-second vacuum system.

The Preliminary 15-Liter-per-Second System

Several pumping systems were constructed and tested during the
initial phase of the project. A 15-liter-per-second system constructed
of 2-inch diameter stainless steel pipe, as shown in Figure 2, was used
to develop operating procedures for obtaining and maintaining ultra-
high vacuum. A pressure-temperature history of 22 days for this
system is shown in Figure 3. Tests of pressure-versus-trap-tempera-
ture as a function of time are shown in Figure 4. This curve shows
that whatever gas has collected on the trap is released when the trap
warms up 8-10°C from the liquid-nitrogen temperature. By the
use of a bakeahle mass spectrometer, it was determined that a gas
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Fig. 3—Pressure-temperature history of the 15-liter-per-second vacuum
system.

of mass 28 was released; this was assumed to be carbon monoxide.
It was further noticed that the mass spectrometer could not pick up
any signal when the system pressure was at 5§ X 10-11 mm of Hg.
This observation was interpreted to mean that the mass spectrometer
was not the source of any carbon monoxide.
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Fig. 4—Curves showing pressure-vs.-trap temperature characteristics for
two systems as a function of time.
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Fig. 5—600-liter-per-second mercury pumping station used for test evacua-
tion of 10-foot vessel.

600-Liter-per-Second Systems

In another test, a 600-liter-per-second pumping system using an
MHG 900 mercury diffusion pump was connected to a stainless-steel
vessel made of a 10-foot-long, 85k-inch-diameter pipe, as shown in
Figure 5. After a 450°C bake, the vessel pressure reached 4 X 10—10
mm of Hg, as shown in Figure 6. Later, after a 4-hour power failure

5
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(o]
2 J
z 57
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] 4 / CHEVRON TRAP WARMED TO 25°C.
> CHEVRON TRAP FILLED WITH LN.
A 1xigl /
w 1x10 = 1
o ]
a | ]
110y LN SUPPLY EMPTY; CHEVRON TRAP =-165°C
3 ( BEFORE REFILLING
=103
lllOliII'I.]«]*][I|||]|I|[||I[
o 1 2 3 4 ) 6 7 8 9 0 02
TIME — DAYS

Fig. 6—Pressure history for the arrangement shown in Figure 5.
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Fig. 7—600-liter-per-second oil pumping station used for test evacuation of
20-foot vessel.

during which the vessel pressure rose above a micron, the system was
pumped back to the 10—1® mm range without rebakeout of the vessel.

Another 600-liter-per-second pumping system was connected to a
20-foot-long stainless-steel vessel made of 8-inch-inside-diameter tub-
ing, as shown in Figure 7. This system was evacuated with an MCF
1400 10-inch-diameter oil-diffusion pump. A pressure history of the
system covering a period of 16 days is shown in Figure 8. Subsequently,
this system was changed over to a mercury-pumped system using an
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3|, cAucE BOMBED
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Dixio 3
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E Iy
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lxIO = l
o \TRAP Nel LN. OFF
lxlo T T T T T T T T T T T
o 8 10 12 14 16
TIME—DAYS

Fig. 8—Pressure history for the arrangement shown in Figure 7; MCF-
1400 pump used.
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Fig. 9—600-liter-per-second pumping system using MHG 900 mercury-
diffusion pump.

MHG 900 pump, as shown in Figure 9. A pressure history of this
system is shown in Figure 10. The MHG 900 pump system was chosen
for the first-stage Stellarator operation because mercury can be trapped
fairly effectively, whereas some products of oil fractionation cannot be
trapped at liquid-nitrogen temperatures. Such contaminants would be
undesirable in the Stellarator vessel.
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Fig. 10—Pressure history of the arrangement shown in Figure 9.
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Forepressure-tolerance characteristics for nitrogen and helium were
determined by separately leaking nitrogen or helium into the foreline
and observing any change in fine pressure of the pump as the fore-
pressure was increased. The results of these tests are plotted in
Figures 12 and 13. It is to be noted that the Leybold DO-2001 10-inch
oil pump is superior to the other pumps in this respect.

X168
3
. _
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3 Ix|6-7: NRC HPI0
b2 E
| .,
4 ]
P ]
D -
&
w =8
1X10
L
(73] -
Y b
£ ]
10
] CEC PMC 1440
] LEYBOLD 00 200!
-
IXI0 T

T T T T T
o] 50 100 150 200 250 300
FOREPRESSURE — MICRONS

Fig. 12—Forepressure-tolerance characteristics of various pumps for
nitrogen gas.

Relative backstreaming of the pumps was checked by means of a
glass collection dome with the oil draining into a 1-millimeter diameter
capillary tube as shown in Figure 14. This dome was placed over the
top flange of each pump, and the rate at which oil collected in the
capillary was used as a measure of backstreaming. The data presented
in Figure 15 indicate that some pumps are particularly poor with
respect to backstreaming, whereas the CVC PMC-1440 and Leybold
DO-2001 are s_uperior.

The pump-speed measurements for several of the most promising
pumps were made with the setup shown in Figure 16. A 1500-liter
tank is evacuated by the pump under test while pressure-versus-time
data are automatically recorded from a log amplifier output of
collector current fed onto a log chart recording instrument. Thus, the
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Fig. 13—Forepressure-tolerance characteristics of various pumps for
helium gas.
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Fig. 14—Cutaway drawing of glass dome arrangement used to test back-
streaming characteristics of high-vacuum pumps.
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Fig. 15—Relative-backstreaming characteristics of various pumps.

slope of the curve is proportional to pump speed. Speeds were recorded
as shown in Figure 17. Pump-speed tests of three pumps were made for
both nitrogen and helium; the results are shown in Table II. In general,
the measured pump speeds were found to be comparable to quoted
catalog speeds.

1500-LITER
STAINLESS-STEEL TANK

NUDE ION GAUGE GAS CONTROL
® NEEDLE VALVE
10" .
FREON (™ —
VPR 1600 BAFFLE CONPF\)I&)C,E
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3" L
KDH 220 BELLOWS N OR H
MECHANICAL PUMP 2 &
GAS
6" N
FREON

BAFFLE

O

—Lt

10" PUMP UNDER TEST

Fig. 16—Arrangement used for pump-speed measurements.

»
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Fig. 17—Typical pump-speed measurement curves.

Gauging

Bayard-Alpert gauges are employed to indicate pressures in the
Stellarator vessel and high-vacuum pump lines. A typical gauge mount-
ing is shown in Figure 18. These gauges were baked along with the
vessel to a temperature of 400°C. Other gauge arrangements used
during tests include a glass “nude” type and a metal-ceramic type,
shown in Figures 19 and 20.

Table II—Summary of Pump-Speed Data for
Three High-Vacuum Pumps.

Measured Pumping Speed

Pump (Liters,/Second)
N, He

NRC

HP 10 725 1400

LEYBOLD

DO02001 750 1500

CEC

MHG-900 725 1500
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CERAMIC CYLINDER

INCONEL X SLEEVE
WESTINGHOUSE wWL5966
- 1ON GAUGES

Fig. 18—Typical mounting arrangement for ionization pressure gauges.

Liquid-Nitrogen Traps

The pump tests showed that liquid-nitrogen traps would be required
to achieve ultra-high vacuum in the Stellarator. The following design
prerequisites for a good liquid-nitrogen trap were established:

1. The trap must offer a minimum impedance in the pumping
system,
2. All the walls must be cold and remain constantly cold,

3. There must be no warm path around the cold surface by which
molecules of the pump fluid could migrate from the low-
vacuum region to the high-vacuum region.

4. Consumption of liquid nitrogen must be held to a minimum.

A trap meeting these specifications was designed and placed in use;

CEC ION GAUGE i HARD GLASS STEM

Fig. 19—“Nude” glass-to-metal ionization gauge.
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Fig. 21—Cross section of 2000-liter-per-second liquid-nitrogen chevron trap.
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its performance has met all requirements. A cross section of this trap
is shown in Figure 21. With two of these traps in series over a Freon®
baffle, pressures of 2 X 10— mm of Hg have been obtained in vacuum
vessels for long periods of time.

PHASE TWo—THE C-STELLARATOR VESSEL AND PUMPING SYSTEM

Gold Seals

Tor those sections of the vacuum vessel and the pumping system
which are subject to bakeout, flanged joints of the corner-gold-seal
type were used. A total of 69 gold seals are used in the entire system,
and the total lineal gold-seal surface is 1179 inches, or about 98 feet.
The basic design of such a joint is shown in Figure 22.

YNe28 STAINLESS STEEL QN
G
SCREWS ON 2 CENTERS— |
le—— STAINLESS -STEEL

FLANGES
Y .

I\ 4 | SXNWA

ANNEALED ROUND GOLD WIRE
COMPRESSED TO ONE HALF
ORIGINAL DIAMETER

Fig. 22—Simplified drawing of a double gold-seal flange.

For satisfactory vacuum-tight seals, very accurate control of the
gold-seal diameters is necesssary. The gaskets are banded about the
male flanges (left side of Figure 22). In all cases of such double seals,
vacuum integrity is dependent upon the mating flanges. The outer seal -
is for balance purposes to minimize radial flange distortion due to
compressive forces of the bolts. For both seals, however, the clearance
between the male and female flanges must be maintained with extreme
accuracy.

The derivation of the gold-seal dimension parameters is best illus-
trated by the experimental data of Table III which was obtained by use
of a Tinius-Olsen Tester. Early experience with bolts made of type

* Registered trade mark.
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Fig. 23—Enlarged views of correct corner seals before and after
compression.

305 stainless steel dictated the use of the parameters shown in Figure
23 which imposed a stress of 25,050 pounds per square inch on a 14-
inch-diameter bolt. However, mechanical seizures of the bolt in the
flange were not uncommon at high stress levels; further studies led to
the selection of bolts made of a hardenable alloy, A286, using a pro-
prietary lubricant, “Thred-Gard.” Other lubricants, especially molyb-
denum sulfide compounds, proved of negligible value after baking
at 450°C.

Table III—Summary of Data on Gold Vacuum-Seal Compression Test.

Force Stress
Required Per Bolt On
For Com- Standard Seal
Type of Gasket Compressed Radial pression Ring (1%4-28
Compression Diameter Diameter Clearance (Pounds/ Bolt) (Pounds/

Seal (Inches) (Inches) (Inches) Inch) Square Inch)
flat 0.020 0.010 _— 795 15,600
flat 0.029 0.008 —_ 1,240 24,300
flat 0.030 0.010 _— 1,520 29,900
flat 0.030 0.008 _ 3,650 72,000
corneyr 0.020 0.010 0.001 1,395 27,500
corner 0.020 0.008 0.001 2,150 42,500
corner 0.020 0.010 0.002 857 16,900
corner 0.020 0.008 0.002 1,430 28,300
corner 0.020 0.010 0.005 704 13,850
corner 0.020 0.008 0.005 1,135 22,400
corner 0.030 0.015 0.002 1,470 29,000
corner 0.030 0.012 0.002 2,360 46,600
corner 0.030 0.015 0.004 1,100 29,000
corner 0.030 0.012 0.004 1,770 46,500
corner 0.030 0.015 0.005 1,275 25,050
corney 0.030 0.012 0.005 2,000 39,500

NOTE: All gaskets annealed at 600° C in air for one hour.
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System Bakeout

In the development of systems for the C-Stellarator, it has been the
practice to bake the entire vacuum system at 450°C for a period of at
least 18 hours for the first bake and at least 10 hours for subsequent
- bakings after the vacuum system is opened to air. However, there are
exceptions to this baking time. For example, some mercury-pumped
systems have been operated at vacuums of 10—mm of Hg after
exposure to air without subsequent bakeouts. The stainless-steel vacuum
system was kept heated at 150°C during the time it was exposed to
atmosphere and, thus, moisture was prevented from condensing on the
vacuum-system surface. No unbaked parts were added to the system
when it was exposed to atmosphere.

The bakeout procedure for the entire system has been described.
Pressure during the 450°C bakeout should be approximately 5 X 103
mm of Hg. In a stainless-steel vacuum system having one trap cold and
the rest of the system at room temperature, for example, normal
pressure readings using an MCF-300 pump were 1 X} 10—9 mm of Hg.
Trap No. 2 is the so-called “clean trap” and seems to gather the carbon
monoxide, oxygen, and nitrogen in the system.

Because these gases liquefy near liquid-nitrogen temperature,
trap No. 2 soon becomes saturated with monolayers of gas. It is then
necessary to warm the trap and allow the collected gas to be pumped
away. After the trap is warmed to —185°C (above the release tem-
perature for CO, O,, and Ny), it can be refilled, and the system will
again drop to 10—19 mm of Hg. This procedure is called trap “cycling”
and can be continued indefinitely to increase the vacuum to the 10—11
mm range.

Because the Stellarator vessel must remain leak tight throughout
the entire bakeout cycle, very little relative motion between mechan-
ically joined parts can be tolerated. Such motion might cause scrubbing
of the gold seals, thereby destroying the intimate contact of the “dif-
fused” gold with the stainless steel flange surfaces or the gasket effect
of the silver plating of the radial compression type seals. The permis-
ible leak size is smaller than 1 X10—1% atmosphere cubic centimeter
per second (cumulative total of all the leaks present at any one time).
Obviously, this requirement does not allow much leeway in movement
or mismatch of parts. The materials for these parts have been selected
for their similar thermal expansion characteristics, and therefore
their temperatures must be held to the same value so as to utilize
these properties. The rate at which the bakeout temperature is increased
is governed, therefore, by the degree of control that must be maintained
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over temperatures of adjacent parts. The cool-down period is also
governed by the necessity for close control. Total bakeout time is
usually about four or five days.

Heaters

Experiments indicated that a power input of 3 watts per square
inch of surface area was sufficient to overcome the heat dissipation
which would occur while the vessel was at a temperature of 450°C.
Actual operation confirmed this figure for most parts, although for
relatively massive parts such as flanges, a larger amount of heat
insulation was necessary to reduce heat loss. Accordingly, some heaters
were redesigned to provide up to 5 watts or more per square inch.

The heater materials must withstand these operating temperatures
continuously without losing either their thermal or electrical insulat-
ing properties. Also, they must remain physically strong, since many
of them must be removed after the bakeout. All materials must be
nonmagnetic to avoid influencing the magnetic confining field.

A commercial heater was found that could be adapted for heating
small or oddly shaped parts where thickness was not too critical and
the heater could be removed readily. The inner surface of these heaters
is asbestos cloth re-enforced with Nichrome* wire for strength and
uniform.heat dispersion. The Nichrome wire heating element is encased
in quartz fiber sleeving and sewed to the asbestos with quartz thread.
A layer of ceramic fiber heat insulation is placed over the heating
element; the thickness of this layer is determined by the space limita-
tion and the desired outside surface temperature.

Fiber-glass cloth is suitable for the outside covering, since the
temperature of the outside surface does not exceed approximately
150°C (see Figure 24). These heaters have poor electrical insulating
qualities, however, and must be removed during machine operation.

At certain points, a standard commercial heater is too bulky, cannot
be removed readily, and can not withstand the 5,000-volt potential
difference that will exist between the vessel and the coils. It was neces-
sary, therefore, to develop a heater to meet these requirements. This
heater will heat the part to 450°C, will withstand up to 25 or 30
kilovolts before breakdown, and is only one-quarter inch thick.

This heater is built directly on the part to be heated. Layers of mica
tape are wrapped on the part and the Nichrome ribbon heating
element, encased in quartz fiber sleeving, is then laid or wrapped around
the part with pieces of ceramic fiber paper between the windings to

* Registered trade mark.
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preserve their physical placement. More mica tape is put on for voltage
insulation and to hold the heating element in place, and one thickness
of aluminum foil is applied. A layer of ceramic-fiber paper is put on
top to aid in preventing excessive heat dissipation. Another wrap
of mica tape can be applied, depending on the required voltage-break-

Fig. 24—Heating arrangemen{: used for small or oddly shaped parts.

down characteristics. The whole construction is held in place with a
final wrap of a glass-fiber tape which has fairly good electrical insulat-
ing qualities but virtually no thermal insulating property.

Figure 25 shows the first arrangement which successfully provided
the electrical and thermal qualities required. Table IV evaluates various
insulation materials which were tested for voltage breakdown with
an adjustable high-voltage, low-current supply. Each was baked out
to at least 450°C, and some to incandescence. Voltage-breakdown
measurements were taken before and after each bakeout. For the
final results, an average of six breakdown readings were taken on all
baked materials. '

Bakeout Circuit Destgn

Each vessel part has one or more separate heaters; for each heater
there is a temperature-controlling device operating from a thermo-
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Fig. 26—Typical %-inch heating and insulating arrangement for the
vacuum vessel. This arrangement provides 28,000 volts of insulation break-
down before bakeout.

couple input. Chromel-alumel thermocouples with quartz fiber sleeving
are used. The heater power circuit contains an isolation transformer
to prevent two or more simultaneous heater faults to the vessel from
producing a short circuit across the power supply. The heating panels
are of three standard sizes: 1 KVA, 3 KVA, and 5 KVA.

The only exceptions to these standard panels are the supplies which
heat the “U” bends, where a 30-KVA supply is provided for each “U”
bend. The variable output from the panel is fed to an isolation trans-

Table IV—Voltage Breakdown Measurements of Material Tested
for Use in Heater Designed for Vacuum Vessel.

Baked-Out Volts
Material per 0.001 inch
1. Isomica 566
2. Scotch #27 Glass Tape 200
3. Asbestos Paper 166
4. Russel (Ece-11-A) 150
5. Single Thickness Fiber Glass Sleeving
%", flat 120
6. Triple Thickness (3 mils) Fiber Glass
Sleeving %7, flat 98
7. Sheet Fiber Frax 50
8. Fiber Frax #102B-T (White) 50
9. Fiber-Frax Backed Aluminum 30
10. Fiber Frax #102B-T (dark) 0 (contained

carbon)
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former with a 12-volt secondary winding. A heating current of about
2400 amperes is normal. The ceramic break insulator section prevents
current flow from one “U” bend to the other. Also, the supplies to
the two “U” bends are phased alike so that no potential difference
exists between the two ends facing each other along either the front
or back sides.

Additional thermocouples are installed on all parts for monitoring
their temperature on a multi-point chart recorder, with additional
points provided so that especially critical parts can be more closely
observed. There are 110 individual heating panels, and a total of
144 temperatures is recorded.

Fig. 26—Monitors and controls used for bakeout regulation of vacuum
vessel.

During a typical bakeout, the temperature is raised 25° every
two to three hours. At this rate, the ultimate temperature is reached
in about 45 hours. The length of time the temperature is maintained
at 450°C is dependent upon the vacuum conditions, which are a func-
tion of internal contamination and the leak rate. The temperature is
then lowered in 25° intervals.

Twelve successful bakeouts were performed on the C-Stellarator
vessel at Lancaster before it was dismantled and delivered to the
Princeton site. The operating procedure and refinements to the basic
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system design were developed as a result of practical experience with
the test systems. Because this is essentially an experimental tool and
components are subject to change, flexibility is desirable. Figure 26
shows portions of this control cabinetry during installation at the
Princeton site.

Ceramic, Sapphire, and Glass Seals

The vessel is equipped with a ceramic section opposite the pump
box, and the diagnostic port crosses are fitted at predesignated posi-
tions with glass windows of 4-inch and 7-inch diameters. Three sizes
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Fig. 27—Glass-window assembly.

of sapphire windows are provided for optimum ultraviolet-light trans-
mission in port crosses, the pump box, and the left “U” bend. A
large diameter (10-inch) ceramic section acts as a high-voltage in-
sulator between the vessel and the pumping system. All of the ioniza-
tion gauges are attached to the vessel with double ceramic standoff
insulators for 11-kilovolt electrical isolation.

The glass windows are conventional seals of 7056 glass to Kovar.*
However, the method used to install these windows in the vessel is
unique. Figure 27 shows the glass-window design.

The ceramic-to-metal seals and the sapphire-to-metal seals are made
by the radial-compression seal technique. Figure 28 shows diagrams
of the three basic types of the radial-compression seal. The diagram
on the top left shows a seal assembly in which the seal is made on
the outer diameter only. This construction places the ceramic in hoop
compression; however, there is induced in the ceramic a longitudinal

* Registered trade mark.
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Ezxzpansion and Elasticity

The choice of materials for use in the radial-compression seal is
quite important because the mechanical properties of these materials
must serve a definite function. Consider, as an example, the outside
seal shown in Figure 28(a). The force maintained by the metal
member on the ceramic is maximum at room temperature.

The seals designed for the C-Stellarator vessel insulation are made
from a high-alumina ceramic. The flexural strength of the ceramic

CERAMIC - DUCTILE PLATING

—METAL
L

o T DUCTILE PLATING
F BUILD-UP

&
e B

.

Fig. 30—Cross section of radial-compression seal.

body employed is about 60,000 pounds per square inch. However, high-
strength metals suitable for a radial-compression seal have much
higher expansion coefficients than the ceramic. It can be shown that
the expansion differential between the ceramic and the metal can be
compensated for by the elasticity in the metal and ceramic.

Figure 31 shows a stress—strain curve of a high-strength metal
which, with some added information, illustrates the behavior of a
radial-compression seal during bakeout. Force on the metal caused
by the interference fit during the initial sealing process results in an
elongation of the metal ring or sleeve to point A on the curve. This
point is beyond the yield point of the metal. Although the stress in
the metal sleeve at the sealing surface depends on the type of material
selected, in this case a typical value of 125,000 pounds per square inch
is used. The ultimate strength of the metal is in the order of 160,000
pounds per square inch. The total elongation in the metal sleeve at a
stress of 125,000 pounds per square inch is 12 mils at room tempera-
ture. The total force at the seal surface of the metal-ceramic inter-
face is about 1000 pounds per linear inch.
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If it is assumed that the metal has a greater expansion rate than
the ceramic, line ABD, drawn parallel to the elastic portion of the
curve, represents the slow release of stress as the temperature is
increased. The total elastig strain storage in the metal sleeve at room
temperature, represented by line DE, is about 4 mils per inch. Line
BC is proportional to the product of the temperature range and the
expansion differential. Therefore, if the two materials had identical
expansion coefficients, the sealing force would remain constant. Any
mismatch in expansion increases length BC and results in a reduction
of force at the seal.
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Fig. 31—Stress—strain curve illustrating behavior of a radial-compression
seal during bakeout.

The stress in the metal sleeve cannot be permitted to reach zero.
Some force must remain to maintain a vacuum-tight seal at the maxi-
mum temperature of operation. Because a portion FE of the total
strain has been relieved by the differential expansion between the
ceramic and the metal as the seal is raised in temperature, the remain-
ing strain in the seal is now DF. This strain must produce sufficient
force (for example, 200 pounds per inch) to maintain the seal at this
elevated temperature (in this case, 450°C).

The relationship used to determine the requirements at maximum
bakeout temperature is as follows:

S, + S, —ATAC=S,

where S, is the unit elastic strain in the ceramic in inches per inch,
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S,» is the unit elastic strain in the metal in inches per inch,
AT is the temperature difference in degrees Centigrade,

AC is the expansion coefficient difference per degree Centi-
grade,

S, is the minimum value of strain in inches per inch.

This equation shows that the higher the strains, with the resultant
stresses, the greater the permissible mismatch in the degree of expan-
sion of the two materials. In these seals, it should be noted that only
elastic strains are being considered. The plastic strain is used only
to increase the permissible tolerances of the parts, but otherwise
serves no function during the temperature cycle.

Stress

The stress condition within the members requires careful consid-
erations, especially because the longitudinal bending of the cylinder
can result in a maximum stress an inch or more away from the metal—
ceramic contact. By the proper choice of parameters, these stresses
can be minimized. The radial forces in the seal can be determined
from the following expression:

to\82 1
VOZKEAR _ - )
R ) Q—mus

and therefore maximum bending stress X, is given by

K EAR
X, =
a—r2)12 R
where Vo is the radial force in pounds per inch,

E is Young’s modulus,
t is the wall thickness,
R is the mean radius,
AR is the change in radius,
r is Poisson’s ratio,

K is a constant (dependent on locus or position of
loading).
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The design parameters for the sapphire window seals are deter-
mined in basically the same manner as those used in the construction
of the ceramic-to-metal seals. One additional stress encountered in
the sapphire seals is buckling. So long as a proper thickness of sap-
phire is chosen, this stress does not cause any great concern in the
design of the seal.

(a)

Fig. 32—Various C-Stellarator ceramic-to-metal radial-compression seals:

(a) small seal used for gas-injection system and as “stand-off”” for ioniza-

tion gauges; (b) pump-line insulating ceramic assembly; (¢) main-vessel
insulating ceramic assembly.

Seals for the C-Stellarator Vessel

Figure 82 shows photographs of the various ceramic-to-metal
radial-compression seals designed and tested for the C-Stellarator
vacuum vessel. Figure 383 shows the three sizes of sapphire radial
seals required for the C-Stellarator vessel. All of the seals described
in this paper passed severe bakeout tests before being approved for
assembly in the vessel. Each assembly was baked to a temperature of
500°C (50° above operating temperature) for one hour. Prototypes
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Fig. 85—Three sizes of sapphire radial-compression seals; outside dia-
meters are 134, 23, and 4 inches.

of these seals have been checked for much longer periods of time at
operating temperature. One seal tested was still vacuum-tight at the
end of 1200 hours of operation at a temperature of 450°C.

Aperture Limiters for Divertor Simulation

In final form, the C-Stellarator will utilize a “divertor” which will
limit the diameter of the plasma by diverting those magnetic field
lines which have a radius greater than a specified value. To simulate
the Divertor in initial stages, the pump box contains two ‘“‘aperture
limiters” of different sizes. These molybdenum limiters, shown in
Figure 34, are interchangeable and replaceable through a gold-sealed
orifice, and feature externally operated adjusting devices for both
diameter selection and position selection to facilitate studies of plasma
configuration at this point. The three independent movements are

Fig. 34—Molybdenum aperture limiters used for studies of plasma con-
figuration.
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precision controlled by handwheels. Vacuum integrity is positive due
to the nesting-type expansion bellows within the cylinders.

The molybdenum and sapphire nonlubricated bearings of the lim-
iter assembly are novel in that they allow easy manipulation in high
vacuum after the 450°C bake.

A smaller vacuum system, called the gas-injection system, is located
adjacent to the main tube and is used to mix and insert experimental
gases. This system uses a 2-inch mercury pump and two miniature
liquid-nitrogen traps modeled after those of the large systems. It em-
ploys 12 Granville-Phillips laboratory-type ultra-high-vacuum valves,
and is joined with gold seals. This system, shown in Figure 35, is
also baked at 450°C, but in an oven.

Fig. 35—The gas-injection system. This system is oven-baked to 450° C.

Ultra-High-Vacuum Bakeable Valve

The large bakeable valve, which is used to isolate the vacuum vessel
from the pumping system in emergencies and which can also be used
to control the pumping speed, is shown in Figure 36. A portion of
the automatic control apparatus is shown in Figure 37. This valve,
which has a throat diameter of eight and three quarter inches, has
an over-all maximum conductance of about 2100 liters per second when
fully open. Because it is bakeable to 450°C, it minimizes the adverse
effects of outgassing on the ultimate vacuum of the over-all system.
Seal effectiveness was found to be less than 1 X 10—12 standard atmos-
phere liter per second conductance. )

The valve body is basically a stainless steel “T” and is provided
with a bellows between the vertical ram shaft and the body. Thin
welded joints, slightly flexible, are used to assemble and seal the body
and allow rebuilding when required.
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o
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Fig. 36—Large bakeable valve used to isolate the vacuum vessel from
the pumping system.

Fig. 37—Automatic control apparatus for the 8-inch bakable valve.
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The seat design is novel. Attached to the hydraulically operated
ram is a poppet type nose of soft (OFHC) copper which is forced into
a circular, stainless steel broaching ring. Slight diameter interference
provides for uncovering virgin metal at each closing to effect the seal.
Repetitive closures curl the work-hardened metal away in the form
of an annular chip. Hundreds of closures were made without deterio-
ration of the valve seat. Chip depth averaged slightly over 2 mils per
closure from the full two-inch length of nose available.

‘ 05‘59 CLOSURES

N TN

S,
COPPER POPPET, /4

" CUTTER, 1

~SEAT
. I ! 300 CLOSURES
- 8.750" DIA.— OF/E

SEAT
SEALING DETAIL CHIP FORMATION
(A) (8)

Fig. 38—(a) Sealing detail and (b) chip formation of the valve seat of
the ultra-high-vacuum bakable valve.

Figure 38 illustrates design details of the poppet and seat and
demonstrates how the seal is achieved and is maintained for many
closures. Experiments showed that the relationship of angles, radii,
chip thickness, and material properties is extremely critical if seal
leakage in the order of 10—!2 atmosphere liter per second is to be
attained repeatedly for hundreds of closures. An average pressure of
53,100 pounds per square inch is developed in the copper of the poppet
on closing, and higher local pressures are developed which cause plastic
flow and the sealing action.

The valves requires a force of 25 tons to flow metal on closing and
a force of 15 tons to hold a seal. These forces are easily obtained
from the basic hydraulic system shown in Figure 39.

A friction brake, acting on the hydraulic piston shaft, prevents
unwanted closing of the vacuum valve. The brake is required because
differential gas pressures acting on the valve poppet and the weight
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of moving parts total approximately 700 pounds of unwanted closing
force when the valve is under vacuum.

Conductance of the vacuum valve is indicated on a voltmeter which
is calibrated in per cent of full conductance. A slidewire voltage
divider is mounted on the valve so that position of the shaft coupling
sets the indicating voltage.

HYDRAULIC CYLINDER —\

DIRECTION CONTROL +

TRANSDUCER

P

4 e

VACUUM VALVE

! . PUMP (SET AT
o Pume (

HOLDING PRESSURE )

7 \

Fig. 39-—Hydraulic pressure system used to exert 25 tons closing pressure
and fifteen tons holding pressure on the ultra-high-vacuum valve.

ASSEMBLY OF THE VESSEL

Component parts for the initial system were assembled by inert-
arc-fusion welding to full penetration, allowing no cracks or crevices
in the high-vacuum side of the weld. All metal surfaces were machined
to a Number 4 finish or better. Prior to assembly, the parts were
washed in hot water and a strong household detergent, rinsed thor-
oughly in hot tap water, rinsed in hot distilled water, and then dried
with chemically pure acetone. No commercial degreasing agents were
used, and wherever possible machining was done dry without the use
of cutting oils.

After assembly and leak-checking by means of a helium mass
spectrometer, the welds were dry-hydrogen fired at 1100°C, and then
leak-checked again to detect any possible leaks that may have devel-
oped as a result of burnout impurities or contaminations. The vessel
was not considered leak-tight until the entire system, with the excep-
tion of the forepump, could be held at vacuum by the leak-checker with



543

ULTRA-HIGH-VACUUM SYSTEM

‘smo[[aq uoisuedxd JUIMOYS ‘[0SSOA WnNoe

X08 dnnd I|/

A a3e}s-1s5ay 9y} Jo 3uimeip sur]—ofy 3g

-
_ 34Q1S "31M3AIQ
'

SLH0d NOILvA¥3S80
$3TS0UD L°0d ANNOY

SMO0T138 NOISNvdX3

. S$3SS0UD 1¥0d

ON38-n

SNYOH 2QIND 3AYM

MY IHE DIAVYHID

YV INONVYL O3

/\ 3a1s 3N



544 RCA REVIEW December 1960

its pump throttled while sections of the machine were “bagged” with
sheet rubber, flushed with helium, and allowed to remain flushed for
a period of five minutes. It was also found necessary to leak-check
periodically while the system was being baked.

The entire vacuum vessel is mechanically secured to the Stellarator
base and coils at only one point, the pump box, as shown in Figure 1.
Although the vessel is ultimately supported from the Stellarator coils,

BELLOWS
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h ULTRA-HIGH-VACUUM VALVE
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Fig. 41—The ultra-high-vacuum pumping system. Lateral movement is
achieved through roller mounting.

an aluminum framework was provided for the initial assembly and
test. This additional suspension is provided by six sets of electrically
insulated, spring-loaded stainless-steel wire-rope slings which are
capable of handling the thermal expansions incident to the bakeout
excursions. Measured expansion along the major axis reached 1.2
inches at maximum temperature, while the width increased 0.720 inch.

The dimensions of the vessel after assembly were precise to frac-
tions of an inch as a result of the controls (hot and cold) which were
maintained on the “U” bends for flatness, bend radii, and ovality.
Length control of the vessel is obtained by a simple adjusting mecha-
nism on each of the four expansion bellows assemblies (Figure 40).
These same bellows are provided with counterbored slots for the bolt
heads to correct for poor radial orientation of any mating parts. The
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suspended pumping system of high-vacuum valve, traps, and diffusion
pump rests upon its framework flexibly by a system of rollers to
permit lateral movement and a six-spring cushioning platform. This
is shown in Figure 41. Figure 42 shows the ultra-high-vacuum
portion of the pumping system installed at the Princeton site.

Fig. 42—Actual ultra-high-vacuum system installation at Princeton, N.J.

CONCLUSION

All design specifications have been met or exceeded for the initial
stage of operation. The equipment was successfully tested at Lancaster
and is now being installed at Princeton University.

When initial-stage operation has been concluded, the vacuum sys-
tem will be modified by the addition of a 90-inch-diameter divertor
section with 1200-liter-per-second pumping and a 20-inch-diameter
ceramic section for crossed-field r-f heating. The addition of these
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two components will increase the volume of the vacuum by a factor
of approximately 2.
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HIGH-FREQUENCY VARACTOR DIODES*
By

C. W. MUELLER AND R. D. GoLp

RCA. Laboratories
Princeton, N, J

Summary—V aractor junction diodes are described which give substan-
tially better high-frequency performance than that of any previously avail-
able wnits. Typical electrical characteristics are: capacitance from 0.5 to 1
micromicrofarad, series resistance =1 ohm, and cutoff frequency above 200
kilomegacycles. These diodes have operated as phase-locked oscillutors at a
signal frequency of 17 kilomegacycles (34 kilomegacycles pump frequency)
and n various microwave strip line amplifiers.

Fabrication of these diodes is described. Detailed measurements of the
impurity gradient show that it can be approximated by a power law whose
exponent is greater than unity. Since this impurity distribution cannot be
explained exclusively by the out-diffusion process, an interaction of the
alloying and out-diffusion is necessary.

A mew thin hermetically sealed ceramic enclosure with a very low
inductance (0.6 millimicrohenry) and a low case capacitance (0.3 micro-
microfarad) has been developed. The diode may readily be inserted directly
into microwave Strip transmission line, between the coils of a traveling-
wave helix, or into a wave guide.

A method of measuring the diode parameters at 2 kilomegacycles was
developed, and a computer used to obtain the desired parameters.

INTRODUCTION

diode has found increasing use as a tuning element, a low-noise
high-frequency amplifier, and a harmonic generator.!® A recent
use is as a high-speed computer element by means of subharmonic
oscillators.®3  Although the desired electrical characteristics of a

THE VOLTAGE-VARIABLE capacitance of the semiconductor

* Manuscript received August 15, 1960.
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variable-capacitance diode depend to some extent on the specific circuit
application, two requirements common to most circuits are low series
resistance and high capacitance—voltage sensitivity. This paper de-
scribes the fabrication, resulting impurity distribution, and electrical
characteristics of diodes built to satisfy these requirements specifically
for optimum performance in ultra-high-speed computer circuits. These
diodes have operated in phase-locked-oscillator circuits at a pump fre-
quency of 34 kilomegacycles (17-kilomegacycle signal frequency).t
Gain has also been observed in a modulation—-demodulation circuit
using a 34-kilomegacycle carrier.?

FABRICATION

If the design requirements for low series resistance and high
capacitance—voltage sensitivity are considered qualitatively, it is clear
that a very high impurity concentration is desired outside the
depletion-layer region (for low resistance) and a relatively low con-
centration is desired at the junction (for high capacitance—voltage
sensitivity and also for a reasonable reverse breakdown voltage). An
analytic treatment® of the design requirements has shown that opti-
mum performance is obtained for diodes whose impurity distribution
approximates a power law with an exponent between 1 and 2 (i.e.,
N (x) = ax?, where N is the impurity concentration at a distance z
from the junction, and a and b are arbitrary constants with 1< b < 2).
Such a diode (b > 1) is called “superlinear”.

The diode can be characterized by a figure of meritt38

1 14dC

F:fcosc: ]
2mrC C dV

(1)

where f., is the diode cutoff frequency (frequency at which the Q of
the diode capacitance is unity), S. is a measure of the capacitance—
voltage sensitivity, r is the diode series resistance, C is the depletion-
layer capacitance, and V is the total barrier potential. For convenience
in experimental evaluation, f., and S, are defined as

6 A. H. Solomon and F. Sterzer, “A Parametric Subharmonic Oscillator
Pumped at 34.3 KMC,” Proc. IRE, Vol. 48, No. 7, p. 1322, July 1960.

7 W. Eckhardt and F. Sterzer, “Microwave-Carrier Modulation-Demod-
ulation Amplifiers and Logic Circuits,” to be published.

8 J. Hilibrand and C. F. Stocker, “The Design of Varactor Diodes,”
RCA Review, Vol. 21, p. 457, September 1960.
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1
feo= ) (2)
277'7'C1
and
Cl —C2
Sc:—', (3)
C,

where C, and C, are the diode capacitances at —1 volt and —2 volts,
respectively. Note that f., is not defined in terms of C,,,, the capaci-
tance at breakdown.

Choosing the optimum diode construction involves considerations
of the semiconductor material, the fabrication technique, and the en-
capsulation. The variables governing the choice of material can be
formulated in several ways,® but the actual difference found between
the various available semiconductor materials is not large as long as
very-high-temperature operation is not a requirement. However, the
choice of the material greatly affects the fabrication techniques. Since
maximum speed is a major objective, the high mobility of germanium,
for both n and p type, together with its simpler fabrication methods,
make it a natural choice.

The reduction of series resistance is the most important diode
fabrication problem. The d-¢ resistance, as well as skin-effect loss,
must be low at microwave frequencies. The bulk and contact resist-
ances are important because any resistance that can reach 0.1 ohm
under some conditions of fabrication is important. The ohmic connec-
tion to the base is made with arsenic-doped solder. The high-frequency
losses in the metal of the enclosure are kept low by plating with copper
and gold. The resistance and inductance of a soldered triangular tab
are lower than those of a thermocompression bonded wire.

Because the junction is so thin, a direct measurement of the re-
sistance of this region on a complete diode is difficult. Therefore,
special units were made in which the junction was eliminated by
making n+ on n-type and p+ on p-type devices of the same size and
material, thus eliminating the resistance at the junction and its en-
virons. Measurements showed that a resistance of 0.5 to 0.8 ohm
could readily be attained, whereas initial observation of junction
diodes had indicated resistances of 5 to 10 ohms. The problem resolved
itself into reducing the resistance in and near the junction.

9D. A. Jenny, “A Gallium Arsenide Microwave Diode,” Proc. IRE,
Vol. 46, No. 4, p. 717, April 1958.
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The ideal configuration would be a capacitive region, in which the
doping concentration varies, supported by two regions of zero resist-
ance. In practice, however, the regions must be joined and do influence
each other. Also, a part of the capacitive region adds to the resistive
region during the low-voltage part of the cycle. In the regions ad-
jacent to the junction, therefore, the effects of capacitance, resistance,
breakdown, and contact potential become interrelated in their depend-
ence on impurity concentration. The optimum doping profile, as pre-
viously pointed out, is a superlinear variation of the impurity con-
centration. This doping profile is obtained near the junction by
outdiffusion from a highly doped wafer and subsequent alloying at
low temperature. Of the several fabrication methods which have been
used, only the method giving the highest-cutoff-frequency units is
described below.

A base wafer of 2 X 1018 antimony atoms per cc is out-diffused by
heating for one hour at 900°C in a reducing atmosphere. This pro-
duces an out-diffused layer of about 0.2 mil. The diffused layer on one
side is removed by etching. A 2-mil dot of indium containing 0.5 per
cent gallium is alloyed to the outdiffused side of the wafer at 300°C
to form a junction on the germanium. The pointed metal tab is con-
nected to the dot and the unit is etched. The high impurity density
used in these diodes results in a very low reverse current. Typical
reverse currents at —2.5 volts are 0.1 microampere at room tem-
perature, 4 microamperes at 65°C, and 10 microamperes at 100°C.
With these low currents, it is evident that the ‘“shot noise” will be
very small when these diodes are used in parametric amplifiers.

The encapsulation is an important part of varactor conmstruction.
In a very-high-frequency circuit, the diode case becomes part of the
circuit and a good encapsulation is necessary before reproducible
measurements can be made. The diode enclosure must have low lead
inductance and low shunt capacitance (i.e., small energy storage in the
case), and must be hermetically sealed. For the particular application
mentioned earlier, it was also necessary that the diode fit directly into
a strip-type transmission line. Figure 1 shows a cross-sectional view
of the completed structure. The lead inductance is about 0.6 milli-
microhenry; case capacitance is about 0.3 micromicrofarad; and case
losses at 2 kilomegacycles are equivalent to about 0.15 ohm series
resistance. Figure 2 shows the parts and assembly of the diode en-
closure.

IMPURITY DISTRIBUTION

As stated previously, the impurity distribution in the vicinity of
the junction is very important for high-frequency varactor diodes. To
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Fig. 1—Cross section of diode.

determine this distribution experimentally in completed units, a precise
capacitance—voltage measurement was made. The impurity concentra-
tion has been shown' to be inversely proportional to d(1/C®)/dV, and
this method was used to determine impurity profiles of alloy junctions
to within ten per cent and actual impurity levels to within twenty per
cent.!!

The results of this experiment are interesting for two reasons.

Fig. 2—Varactor diode parts and assembly.

10 W. Schottky, “Vereinfachte und erweiterte Theorie der Randschicht-
gleichrichter,” Z. Physik, Vol. 118, p. 539, 1941-42.

11 J. Hilibrand and R. D. Gold, “Determination of the Impurity Dis-
tribution in Junction Diodes from Capacitance-Voltage Measurements,”
RCA Review, Vol. 21, No. 2, p. 245, June 1960.
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First, they verify that the highest-frequency diodes result when the
doping follows a superlinear law. Second, they show that alloying a
small dot at low temperature to a highly doped out-diffused base wafer
results in an impurity profile which cannot be explained by the usual
outdiffusion model.

Several investigators have reported on the out-diffusion of antimony
from germanium.’** Figure 8 shows the expected impurity distribu-
tion in an out-diffused base wafer under different time and tempera-
ture conditions. These curves are based on the diffusion constant and
evaporation-rate constant of Smits and Miller.

It is important to note that the maximum slope of each curve (on
a log plot) varies from 0.3 to 0.9. The evaporation-rate constant of
Smits and Miller used in the two upper curves of Figure 3 was deter-
mined by outdiffusing into a vacuum, whereas in the varactor diodes

10 T T T T TTTT | I e e
L= +HR, T:925°C;b:0.3

t=1HR; T=900°C; b=046

K-

t=1HR; T=900°C;b=0.9
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107% 1074 103 10%
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Fig. 3—Expected impurity distribution in antimony out-diffused base wafers
(after Smits and Miller).

described here the out-diffusion was into flowing nitrogen containing
10 per cent hydrogen. The exact rate constant under these comditions
was not determined. Use of a different rate constant would not alter
these curves appreciably, however, for even if an infinite evaporation
rate constant is assumed, the resulting bottom curve of Figure 5 has a
slope of only 0.9. In fact, the usual out-diffusion process cannot yield
a slope greater than unity.

Figure 4 shows a diode impurity distribution which appears to

12F. M. Smits and R. C. Miller, “Rate Limitation at the Surface for
Impurity Diffusion in Semiconductors,” Phys. Rev., Vol. 104, p. 1242,
December 1, 1956.

13 R. C. Miller and F. M. Smits, “Diffusion of Antimony out of Ger-
manium and Some Properties of the Antimony-Germanium System,” Phys.
Rev., Vol. 107, p. 65, July 1, 1957.

14 K. Lehovee, K. Schoeni, and R. Zuleeg, “Evaporation of Impurities
from Semiconductors,” Jour. Appl. Phys., Vol. 28, No. 4, p. 420, April 1957.
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Fig. 4—Impurity concentration as a function of «: initial bulk concentra-
tion 2 X 107 Sb atoms/cc; out-diffusion for one hour at 900°C; dot
alloyed at 300°C for approximately 15 seconas.

obey the above out-diffusion theory. The initial bulk concentration
here was 2 X 1017 antimony atoms per cc. The wafer was out-diffused
for one hour at 900°C, and a dot was alloyed at 300°C for about 15
seconds. Note that -for this particular initial bulk concentration, the
slope of the impurity distributicn is less than unity, and is, in fact,
in good agreement with that expected from the out-diffusion calcula:
tions shown in Figure 3. The measured cutoff frequency of this unit
is only 27 kilomegacycles.

Figure 5 shows the distribution resulting from somewhat different
out-diffusion conditions. The initial concentration was 2 X 1018 anti-
mony atoms per cc, and out-diffusion was for 15 minutes at 925°C.

1111]

feoz 92KMC 4

N(x),CM >

Fig. 5—Impurity concentration as a function of x: initial bulk concentora-
tion 2 X 108 antimony atoms per cc; out-diffusion for 15 minutes at 925°C;
dot alloved as in Figure 4.
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Alloying was about the same as before, 15 seconds at 300°C. Note that
here the slope is 1.8, twice the maximum possible from ordinary out-
diffusion, and several times greater than that expected for the out-
diffusion time and temperature used. It is believed that the recrys-
tallization process for rapid, low-temperature alloying of a small dot
to a highly doped base wafer results in a modification of the impurity
distribution near the junction. The cutoff frequency for this unit is
92 kilomegacycles.

10
10—

|
L S S T

F{voLT- SEC]

Fig. 6—Diode figure of merit versus impurity distribution exponent.

The higher cutoff frequency can be attributed, in part, to the higher
bulk concentration, but measurements showed that this is not sufficient
to explain the large increase observed, especially since the capacitance
per unit area is increased relative to that shown in Figure 4. The
importance of the impurity gradient is shown in Figure 6. Here the
figure of merit, F, is plotted against impurity slope for a group
of diodes with the same bulk concentration, 2 X 108 antimony atoms
per cc. The results are in good agreement with the analysis of Hili-
brand and Stocker.®! The general shape can be explained qualitatively
by the fact that f,, increases while S, decreases for increasing values
of b. It should also be pointed out that diodes having cutoff frequencies
on the order of 200 kilomegacycles have been made with this out-
diffusion and alloying process. Detailed impurity gradient measure-
ments were not made of the higher-cutoff-frequency units because the
accuracy decreases for the smaller-capacitance units.
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Table I compares the cutoff frequency of a group of abrupt-junction
diodes with a group of out-diffused diodes. Both groups were designed
to have about the same breakdown voltage, and a capacitance of 1
micromicrofarad at —1 volt. One can see the large improvement in
series resistance for the out-diffused diode and the corresponding
increase in cutoff frequency. Although the capacitance-voltage sensi-
tivity is somewhat lower for the out-diffused structure, the advantage
gained in series resistance is much more important. The last column,
which shows the combined figure of merit as defined in Eqguation (1),
indicates an improvement by a factor of 6.

Table [—Effect of Out-Diffusion on Electrical Characteristics for
Diodes with the Same Breakdown Voltage

Base Vg, c* r* feo®
wafer (at 1 ma) (uuf) (ohms) (kmc) Fa S*F
No
Cutdiffusion—6.8 X 1016 Sb 6.5 .9 10.2 18 21 3.8
Outdiffused —2.7 X 1018 Sb 7.5 1.15 .95 150 .15 22.5

*p, C, f.. are evaluated at —1 volt bias; S. = (C. — C)/C, FF = fo Se.

1t is clear that the combination of out-diffusion from highly doped
germanium and rapid low-temperature alloying of a small dot to the
out-diffused surface results in a considerable improvement over what
can be obtained from simple alloying, due to the resulting high im-
purity gradient.
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APPENDIX — ELECTRICAL MEASUREMENTS

The diode can be represented by the equivalent circuit shown in
Figure 7. Here, C(V) is the voltage-sensitive depletion-layer capaci-
tance, r, is the series resistance loss of the semiconductor, and G (V)
is the voltage-sensitive diode conductance. For reverse-bias voltages
below breakdown, G (V) is usually negligible. The diode case is repre-
sented by a lead inductance L, a case capacitance C, and a resistance
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7, which represents losses in the case.* To characterize a diode com-
pletely, it is necessary to evaluate each element of this equivalent
circuit and to determine the reverse breakdown voltage.

The diode capacitance and case capacitance are easily measured at
1 megacycle with a precision capacitance bridge, using a dummy open
(a diode with the tab lifted off the alloy dot) for case capacitance.
Lead inductance and case losses were determined from coaxial-line
standing-wave measurements at 2 kilomegacycles on a dummy short
(a diode case with copper replacing the germanium wafer), referenced
to an essentially “perfect” short. The breakdown voltage was measured

G {v)

o
o
<
LY
24l

Fig. 7—Equivalent ecircuit of encapsulated diode.

on a transistor current—voltage curve tracer. The measurement prob-
lem therefore was essentially to determine r,. This was difficult be-
cause at microwave frequencies r; is much smaller than the reactance
in series with it.**

Several workers have measured the losses in varactor diodes by
means of a transformation method.!®1¢ Although this method is fairly
simple, it does not separate the semiconducter and case losses. During
the development of a new device, it is desirable to have a separate
measure of these two losses. The method chosen was to measure the
diode impedance on a coaxial slotted line (frequency — 2 kilomega-
cycles) and to calculate r4 from the known values for the equivalent

* For evaluating device processing techniques, Equations (1) and (2)
use r» = rq. For circuit studies, however, r = »rs + ». is used.

** A fixed frequency measurement was desirable. The variation of C»
from unit to unit made it impossible to simply resonate L with C,. External
reactive elements (e.g., shorting stubs) ecould not be conveniently used
because they introduced a variable loss which is comparable to the diode
losses.

15 N. Houlding, “Measurement of Varactor Quality,” Microwave Jour.,
Vol. 3, No. 1, p. 40, January 1960.

16 R, I. Harrison, “Parametric Diode Q Measurements,” Microwave
Jour., Vol. 3, No. 5, p. 43, May 1960.
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circuit after correcting for line and fixture losses. This allows a
separate determination of »; and r, + .. It is important to recognize
that such a “lumped constant” treatment at 2 kilomegacycles is possible
only because the diode encapsulation is sufficiently small compared
with the wavelength, and the relative position of the parts of the
enclosure are accurately reproduced in all units. This method is accu-
rate for diodes with cutoff frequencies up to 200 kilomegacycles. The
calculation for r; is performed on a digital computer.



A PLUG-TYPE IMAGE ORTHICON TARGET*
By

STEFAN A. OCHS

RCA Laboratories,
Princeton, N. .J.

Summary—A new structure-type target for image-orthicon camere
tubes has been investigated in the laboratory. It consists of an array of
metal plugs embedded in an insulating film of aluminum oxide.

Several experimental image orthicons containing such targets, in «
750- or 1000-mesh pattern, have been made. These tubes show very little
or no image retention (“sticking”), either initially or after extended oper-
ation, and they perform well over « wide range of target temperatures. Due
to the high resistance between elements, the plug-type target can store «
high-resolution picture for a long time.

Camera tubes containing plug-type targets are particularly useful for
viewing low-light-level scenes, possibly at reduced scanning rates.

INTRODUCTION

HE MOST widely used camera tube in modern television broad-

casting, as well as in many noncommercial applications, is the

image orthicon.!* Its high sensitivity derives from the fol-
lowing significant features: an efficient photocathode, electron-image
multiplication and storage at the target, and inclusion of a signal
multiplier.

A cross-sectional view of the image orthicon is given in Figure 1.
Light from the scene is focused onto the photocathode and causes the
emission of photoelectrons. The resultant electron stream is imaged
onto the semiconducting target, which is stabilized near gun-cathode
potential by the low-velocity scanning beam. Each photoelectron
strikes the target with an energy of about 400 electron-volts and
ejects, on the average, about four secondary electrons. These are
collected by a fine-mesh metal screen which is mounted close to the

* Manuseript received November 7, 1960.

1 A. Rose, P. K. Weimer, and H. B. Law, “The Image Orthicon—A
Sensitive Television Pickup Tube,” Proc. I.R.E., Vol. 34, p. 424, July, 1946.

2R. B. Janes, R. E. Johnson, and R. S. Moore, “Development and
Performance of Television Camera Tubes,” RCA Review, Vol. 10, p. 191,
June, 1949.

3V, K. Zworykin and G. A. Morton, Television, Second Edition, Chap-
ter 10, p. 347, John Wiley & Sons, Inc.,, New York, N. Y., 1954.
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Fig. 1—Image orthicon.

target and held a few volts above cathode potential. On the target,
therefore, a pattern of positive charge results which is a replica of
the optical image projected onto the photocathode.

This charge image is neutralized by the low-velocity beam which
scans the target. After a sufficient number of electrons has landed
on any elemental area to return it to its equilibrium potential, excess
beam electrons are reflected and return, approximately along their
previous trajectories, toward the gun. There they strike the first
dynode of the electron multiplier. As the “return beam” is modulated
through subtraction by the charge pattern on the target, the output
signal of the multiplier will also represent this pattern.

The “two-sided” target must satisfy two conditions: (1) It has
to be sufficiently conductive across its thickness so that the positive
charge due to the photo-electrons and the corresponding negative
charge deposited by the beam on the other side, will combine and
cancel out within a frame time. (2) Its lateral resistance must be
so high that the definition of the charge image stored on the target
is not deteriorated excessively due to lateral leakage.

This paper describes work done on an experimental image-orthicon
target which consists of an array of metal plugs (to provide the
desired transverse conductivity) embedded in an insulating film of
aluminum oxide (to prevent lateral leakage). The basic construction
is indicated in Figure 2. Such an anisotropically conductive target

METAL PLUGS ALUMINUM OXIDE

.00
TYPICAL
DIMENSIONS

Fig. 2—Section of plug target.
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can be expected to operate over a wide temperature range and to be
able to store high-resolution patterns for extended times. Early work
on plug targets is described by Zworykin and Morton.t

ANODIZATION

Since anodization of aluminum plays a significant part in the
fabrication of this target, it is appropriate to describe this technique.
When a sheet of aluminum is anodized in an electrolyte (such as
sulfuric, phosphoric, oxalic, or chromic acids) which dissolves alumi-
num oxide, a porous oxide coating is formed. In other electrolytes
(e.g., ammonium citrate, tartrate, or borate solutions) nonporous
oxide layers are formed.® In both cases a zone of nonporous oxide,
or “barrier layer,” is formed adjacent to the metal. This layer
grows to a final thickness which is a function of the electrolyte
and proportional to the anodization potential (~14 angstroms per
volt). The barrier layer under a porous film usually is of the order
of 100 angstroms thick while nonporous films (which consist exclu-
sively of the barrier layer) typically are a few hundred to several
thousand angstroms thick. The total thickness of porous films gener-
ally is many times that of the barrier layer and depends primarily on
the anodization time. The pores are holes, a few hundred angstroms
in diameter, which are approximately perpendicular to the aluminum
surface. The spacing of the pores is fairly uniform, though irregular,
with the walls between the pores of about the same thickness as that
of the barrier layer.7 Figure 3 gives a schematic presentation of the
structure of nonporous and porous anodic oxide coatings.

Self-supporting films can be formed of both types of these anodic
coatings by removing the oxide layer on the opposite side as well as
the metallic aluminum.

PLUG-TYPE TARGETS

The excellent regularity which is achieved in the mesh of electro-
formed screens suggested that a related technique, also based on

4 See pp. 352-354 in reference 3.

5 G. Hass, “On the Preparation of Hard Oxide Films with Precisely
Controlled Thickness on Evaporated Aluminum Mirrors,” Jour. Opt. Soc.
Amer., Vol. 39, p. 532, July, 1949.

§F. Keller, M. S. Hunter, and D. L. Robinson, “Structural Features
of Oxide Coatings on Aluminum,” Jour. Electrochem. Soc., Vol. 100, p. 411,
September, 1953.

" M. S. Hunter and P. Fowle, “Determination of Barrier Layer Thick-
ness of Anodic Oxide Coatings,” Jour. Electrochem. Soc., Vol. 101, p. 481,
September, 1954.
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patterns generated by a ruling engine, might yield a structure target
of the degree of uniformity needed for a high-quality tube.

Of the two kinds of anodic aluminum oxide, the porous type is
particularly suitable as the insulating matrix of a plug-type target.
It can be made into thicker and therefore stronger films than the
nonporous coating. Also, its porosity permits very much more effective
use of etching resists.

As indicated in Figure 2, the structure which was developed con-
sists of a rectangular array of nickel plugs inserted in a film of porous
aluminum oxide, The dimensions shown are typical for a 750-mesh
target. Such targets are produced by the following method.

BARRIER LAYER

ELECTROLYTE /
T T (._.__: :ﬁd/vOLT

508

NON-POROUS OXIDE COATING

ELECTROLYTE

- .||oo-3oof\

PORE

BARRIER LAYER

._?_}f"-Ilo- 138 /voLT
ALUMINUM

Ll ///

POROUS OXIDE COATING

Fig. 3—Anodic aluminum oxide coatings.

The base material is a sheet of aluminum, eight to twelve mils
thick, which is anodized to form a porous oxide film of about one-half
mil thickness. After the piece has been rinsed and dried, a thin film
of Kodak Photo Resist®* (KPR) is applied to one side. This coating
material is an organic-solvent solution of a light-sensitive plastic
which, after exposure to ultra-violet radiation, resists the action of
many acids and alkalies. It can be applied in thicknesses of less than
0.01 mil and apparently is free of grain. The exposure is made through

* Registered trade mark.
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a suitable mask which is held in close contact with the KPR-coated
surface. The mask consists of a pattern of opaque squares obtained
by making a photographic negative of an engine-ruled master bearing
an electroformed mesh. After the photoresist has been developed, a
mesh pattern of exposed resist is left on the aluminum oxide surface.

The oxide is then removed where not protected by the resist. Due
to the pore structure of the oxide, the etchant penetrates the layer
rapidly. Therefore very little under-cutting occurs during the time
necessary for exposing the aluminum base material.

After the etch, the piece is immersed in a nickel-plating bath and
nickel is deposited onto the aluminum where it is exposed in the open-
ings of the mesh pattern. In a typical case the plating is continued
until the level of the nickel reaches that of the oxide surface (Figiire
4). However, the process can be controlled to yield nickel plugs which
stay below the surface of the oxide or extend above it.

PHOTORESIST: NICKEL POROUS

Fig. 4—Cross section of oxide coating containing nickel plugs.

After the KPR has been removed, the piece is covered with a pro-
tective lacquer except for an area on the reverse side (Figure 5A).
The oxide layer in this exposed area is then etched off (Figure 5B)
after which the underlying aluminum is removed (Figure 5C). Finally,
the lacquer is removed. This leaves a self-supporting film of aluminum
oxide which contains an array of nickel plugs and is held in a frame
of anodized aluminum sheet (Figure 5D). This film is then removed
from its aluminum frame and mounted on a suitable support ring.

PERFORMANCE OF PLUG-TYPE TARGET

Many image orthicons containing plug-type targets, mostly with
750 or 1000 plugs per linear inch, have been made. Although some
earlier tubes exhibited a certain amount of “sticking” (as discussed
below), in later tubes practically no image-retention was observed,
either initially or after extended operation.
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Fig. 5—Cross section of piece during production of plug target.

The pictures produced by early targets had shown a marked
degree of graininess, but this has been reduced considerably in
later tubes as a result of a great improvement in plug definition.
However, most targets have blemishes which are due to surface im-
perfections of the original aluminum foil. These picture defects are
not sufficiently pronounced to limit the resolution attainable, but do
present a problem which has to be solved before such tubes will be
acceptable for commercial broadcasting. '

Figure 6 shows a small magnified area of an actual target with
750 plugs per inch. This target, as well as the plug target included
in the image orthicon used in obtaining Figures 7-10, were made by

fo—— 0.01 INCH——+

Fig. 6—Photomicrograph of plug-type target.
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|

Fig. 7—Picture produced by image orthicon with plug target.

R. L. Van Asselt.* Figures 7 and 8 are reproductions of pictures pro-
duced by an image orthicon containing an experimental plug target.
In both cases the same kinescope area was photographed. In Figure 7
the target was scanned in the regular fashion, while in Figure 8 it

L)

24 %

RERERES '
[¥a ¥t

Fig. 8—Picture produced by underscanning plug target.

* RCA Electron Tube Division, Lancaster, Pa.
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was greatly underscanned, so that the individual plugs were resolved.
The size of the optical pattern projected onto the photocathode was
the same for both pictures.

Figure 9 shows an experimental curve of limiting resolution as
a function of photocathode illumination for the same image orthicon.
Also shown is the corresponding characteristic for a 6849 image
orthicon, which contains a glass target having approximately the same
capacitance (relative to the collector mesh) as that of the plug-target
tube.
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Fig. 9—Limiting resolution versus photocathode illumination.

The photocathode in the plug-target tube has a sensitivity of 67
microamperes per lumen. This is quite similar to the average sensi-
tivity of the photocathode in a commercial tube. Therefore, a com-
parison of the curves shown in Figure 9 gives a meaningful indication
of the relative characteristics of the experimental plug-type target and
a conventional glass target. The superior performance of the experi-
mental plug target at low light levels is primarily due to its highly
anisotropic conduction properties. The high interelement resistance
permits full frame-time storage of charge (on those elements which
correspond to illuminated regions of the scene) without the loss of
resolution which would attend an excess of lateral leakage.
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Due to the limitations in the equipment with which the resolution
tests were made, resolutions above 700 lines could not be observed
under standard scanning conditions. Therefore, the target was under-
scanned so that a given resolution pattern stored on the target would
correspond to a lower signal frequency to be displayed on the kine-
scope. The dashed curve of Figure 9 shows the limiting resolution
measured in this fashion. The characteristics of the 6849 were ob-
tained from a system of 9 megacycles bandwidth, which corresponds
to a resolution of about 700 television lines.
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Fig. 10—Effect of image-section temperature on limiting resolution.

The effect of the image-section temperature on limiting resolution
is shown in Figure 10 for three different levels of photocathode illu-
mination. The performance of the plug-target tube again is compared
to the data for the 6849 image orthicon with a conventional glass
target. The resistivity of the aluminum oxide which separates the
nickel plugs in the plug-type target should be so high that the resolu-
tion remains unaffected by moderate temperature changes. Presum-
ably the decline in resolution which is seen is due to lateral leakage
caused by surface contamination of the target. A possible cause of
this surface leakage is the cesium vapor which is used in the activation
of the photocathode.
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An experimental image orthicon containing a plug-type target was
operated intermittently for a total of 3,500 hours. The operation of
the tube remained satisfactory and relatively stable, except that after
about 1,800 hours the target showed a small amount of “sticking,”
i.e., after a change in the scene, an after-image of the original (but
of opposite polarity) was produced. This effect did not grow worse
with additional tube operation. It was produced by the aluminum-
oxide mesh whose surface became more insulating during operation
of the tube (due to a progressive cleaning-up) causing the aluminum
oxide to charge up in the regions corresponding to illuminated areas
of the optical image and, by coplanar-grid action (on the scanned
side of the target), producing negative-polarity after-images. In later
tubes, with targets which (due to better definition of the plug
structure) had smaller exposed oxide areas, much less sticking was
observed.

At the same time that the above-described sticking occurred, the
target was found to be capable of storing an image for a much longer
time than when the tube was new. A pattern with several hundred
lines of resolution could be stored for over a minute (in some regions
of the target). This test was made by projecting, for a short time,
an optical image onto the photocathode of the tube while the scanning
beam was off. Then, after the desired storage time was over, the beam
was turned on and the picture obtained on the first scan was photo-
graphed. This storage ability of the plug target makes it useful for
operation with long frame times.

CoMPOSITE MESH-TARGET STRUCTURES

The geometry of the plug target lends itself to the production of
a structure which consists of the target itself and a ‘“built-in” mesh.
As indicated in Figure 11, this composite unit carries the collector
mesh in a fixed position relative to the target plugs. The capacitance
between the plugs and the collector mesh can be controlled through
(1) the spacing between the plane of the mesh and the top surfaces
of the plugs (distance @ in Figure 11), and (2) by having the mesh
extend a predetermined distance b down the walls of the holes.

In this arrangement, since the collector mesh prevents photoelec-
trons from reaching the insulating regions between the plugs, the
“sticking” effect described in the preceding section will be avoided.
However, the chief advantage of such a mesh-target structure is that
it prevents the occurrence of “microphonics.” This effect consists of
a moving pattern of signal modulation superposed on the desired
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output picture when the tube is exposed to shocks or vibration. Micro-
phonics are due to the relative motion of target and collector mesh —
both acting like thin, edge-supported membranes — causing time-
dependent variations of the storage capacitance across the target area
and resulting in corresponding variations of signal output.

A few laboratory models of the composite mesh-target structure
have been made. An image orthicon containing such a target which
was operative over part of its area, was found to perform in the
expected fashion. It did not show sticking and was free from

FRONT VIEW
CON .
CONDUCTING ousa e
MESH

ALUMINUM OXIDE ? CROSS SECTION
SCANNED SIDE

Fig. 11—Plug target with integral collector mesh.

microphonics. Its resolution capability was similar to that of a tube
containing a simple plug target. At low light levels the effects of
capacitive lag were observed, as expected in a tube with a very close
target-to-mesh spacing.

Since the completion of the work described in this paper Day,
Hannam and Wargo® have reported on a plug-type storage target
which consists of an insulating glass or ceramic matrix containing
metal plugs and carrying conducting meshes on one or both sides.
These targets are made from an insulating screen made by the
FOTOFORM?* process of the Corning Glass Company. The develop-
ment of the plug target described in the present paper was based on
the use of anodic aluminum oxide because it lends itself to the pro-
duction of relatively fine mesh and because of the simple manner in
which metal plugs can be electroplated onto the underlying aluminum
base material.

$ H. R. Day, H. J. Hannam. and P. Wargo, “Targets for Storage and
Camera Tubes,” Trans. I.R.E. PGED, Vol. ED-7, p. 78, April, 1960.

* Registered trade mark.
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CONCLUSIONS

An experimental plug-type image-orthicon target has been devel-
oped which is capable of yielding high resolution at relatively low
light levels. Its useful life has been shown to be very long and the
target was found to be operable in a wide range of operating tem-
peratures.

This target, however, is not entirely free of “sticking’ effects at
relatively low temperatures. In addition, it shows at elevated tem-
peratures a small temperature dependence of limiting resolution.

The plug target was found capable of storing patterns with several
hundred lines of resolution for many seconds. This targzt structure
may therefore be of interest as a possible memory plate. The very
high degree of anisotropy in the conduction properties of plug targets
may also make them useful for many other applications. For instance,
if a somewhat thicker (and stronger) film than described in this paper
is made the faceplate of a tube, it might be used for transferring a
charge image deposited on the vacuum side of the film onto an
insulating sheet held against its outside face.

A composite mesh-target structure was formed by depositing a
conducting mesh on the insulating areas on one side of a plug target.
Such a combination is free of microphonics and can, if desired, be
designed to have a relatively high mesh-to-target capacitance.
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TIME-AVERAGED EFFECTS
ON
CHARGED PARTICLES IN A-C FIELDS*

By

T. W. JOHNSTON

RCA Victor Company, Ltd.,
Montreal, Canada

Summary—W hen a nonuniform a-c field is applied to a charged particle
it experiences a time-averaged acceleration in addition to the a-c accelera-
tion. The development and application of the basic theory to plasmas is
outlined, including some cases with a d-c magnetic field. A fairly complete
bibliography, and a critique of theory and experiments are also given.

INTRODUCTION

averaged forces exerted on charged particles by nonuniform a-c

fields.!'?8 These particles range from small metal dust particles?
down to the ions and electrons in plasmas. Most emphasis has been
on confinement of hot plasmas, but with some consideration given to
possible application to thrust engines with high specific impulse.

As is usual in the early stages of analysis, there is a certain
amount of confusion and, indeed, actual error in some of the physical
concepts used to explain the results. Gradient field, radiation pressure,
plasma dielectric effect are some of the terms involved. The following
exposition is intended to clarify the basic ideas and to give a coherent
picture of the particle motions so that the phenomena can be readily
understood.

" Tt will be shown that “gradient field” is a convenient concept when
the particle currents do not seriously alter the impressed fields, and
that radiation pressure is the useful idea when the particle currents
are so large that very high field and particle density gradients are
produced. Essentially, the two concepts are useful for a low-density
plasma and a high-density plasma, respectively. Dielectric effect is
not a useful idea since incautious application of it leads to erroneous
results. When the particle density is so low that the particle currents
do not seriously alter the applied fields, the analysis is relatively
simple. When the particle density is not low, the trajectory equations
must be combined with Maxwell’s equations, including particle currents

]:[N RECENT YEARS considerable attention has been given to time-

* Manuscript received 15 October 1960.
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and charge effects, and also with an equation of state or stochastic
particle interaction equations. A strong magnetic field will seriously
inhibit and alter the gradient field action in four out of the five cases
considered —the fifth is not likely to be of practical interest.

TRAJECTORY EQUATIONS WITH KNOWN FIELDS

The simplest way to approach the single-particle motion is Boot’s!
method which involves the field variation “felt” by the particle as a
result of its finite amplitude of motion, and neglects any radiation
effects. A simple equation for a particle in an a-c field only with a
viscous damping term (v), (assumed to act only on the first-order
motion) is

q
iF=— (E+1i X B)eiwt — vf, (1)
m

where ¢ and m are the particle charge and mass and E and B (gen-
erally complex numbers) denote the fields at angular frequency o, and
the real part of the result is kept. This point must be clearly held in
mind since here the second-order effects are of interest, involving
products of a-c quantities. A more general case is to include fields of
different frequencies. This adds nothing to the understanding and
so only w-periodic fields are considered.

For nonrelativistic velocities and B derived from v X E, the
i X B term is of second order compared to the first so, for a first-
order equation, take

a
Fy = — Eeiol — i, (2)
m

with E sufficiently small and uniform that the first-order motion is
given by the uniform electric field equation. The first-order amplitude
(&7,) and velocity (&) are

q E 1 + jv/w
ori=————— eiut, (3)
m o2 1+ 1v2/0?

g E 1+ fv/e
= e, (4)
m Jw 1+ v2/e?
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For the correction to the first-order equation, substitute equations
(3) and (4) into (2) to give

q
Fef + By =— (E+ (87, v))Ee/*
m

q
4+ —i; X (B+ (5ry°v)B)e™ — i, (5)
m

where, in the Cartesian notation,® we take for any two vector func-
tions a, b of coordinates x,, x,,

2b,, «—
vVh=——1i,i,=bv, (6)
xﬂ
and
°b,,
(a'V)bz vb'a:an__ inn (Ga)
oz,
as distinct from
ob,,

i

a*(vh) =¢a, (6b)

ne

Tn

with i, a unit vector in the x, direction.
The motion then is

q q v 14jv/e
= -Fejot —— " Eeist
m m Jo 1+ (v/o)?2

Ellmem=)
—_— ] — — Eefot o7 | Eeiet
m w? 1+ (v/w)?
<q>2<1 14+ jv/e >
+ [ — —_ —— Eefut | X Beiwt
m Jo 1+ (v/w)2
< q >3< 1 1+4iv/e >

— — . Eeiot

m Jo 1+ (v/e)?

1 1+ jv/e
X[ — - Eelvte 7 | Beivt, ('
w2 14+ (v/w)?
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If we average over one o period, all the odd harmonics average to
zero, leaving

qg\*1 14+ jv/e
<F>=—(— — < —— Eeiwtesy ) Eeiwt
m/ o 14 v2/?

1 + ].l’/(r)
+ jo Eeivt X Beiwt > > (8)
14+ (v/w)?

where < > denotes the time average. This time average is more
artistically written as

<(1 >"' 11 (E*v)E*
<FE>=—{—] ——-Ne ——
m/) 22 1+ (v/w)?
g\ 1 v/o 1
+ [ — ) —- — Im(E-v)E*
m o® 1+ (l'/w):2 2

g\*"1 1 (E X BY)
+{— ) —-—1Im
m [ 2 1 + (V/m)"'
q =1 l:/(-) 1
+{—] —. — Re(E X B*) (9)
m o 14+ (v/o)2 2
Now from Maxwell’s relation,
v X Eewt = —j.Bejwt
V X E=—juB (10)

V X E*=joB*

[since (2y)* =2x*y*]. Hence

q\2 1 1 1
<E>=—f —] — — [Re(E*Y)E" "+ Re(E X v X E*)]
m 0?2 14+ (v/e)2 2

qg\- 1 v/e 1
+[ — ) — — [Im(E*Y)E*+Im(E X v X E*)].
o? 14 (1'/(:))2 2 (11)

Now, using the notation for Cartesian tensors, we have
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(E*v)E* = (VE*)*E and E X (v X E*) =E<(VE") — (VE")'E
(12)
so that
dE.*

(E*V)E*+ E X (V X E*) =E«(VE") =Ema——min (13)
xn

with the usual summation over repeated indices and with i, as the
unit vector associated with z,, as before. Now,

9 (Emr - jEmi)
ReE- (VE*) = Re (Emr + .]Enn,) '_ in

aE,,“. OEMLL ok* )un ck* )m: 1
= Emr +Emi :_ - in:_— V(E.Eﬁ)
2, o, 2
(14)
If we pUt E - (Emr + ]Emz)lm |Lm I eJ "‘l:n
aEmr aEmz aam
Im(E.VE‘) = E;)zi__Enlp'_ i:L:—Emz—in
o), o, o,
(15)
28
= EmEm' 1,
oz,
Hence
1 /q\21 1 1 v 20,,
<i>=o— [ — | | — V(E*E") +—E,E, —i, | -
2 m w2 14+ (v/w)* 2 ® cz,
(16)

The first of these terms is what is known as the gradient field
term, and shows that there is a time-averaged acceleration of particles
to electric field strength minima, regardless of charge sign.

The second term is somewhat different. It only exists for a propa-
gating wave since 94,,/2x, =0 for a standing wave (except at nodes
when E,,=0). In a sense it can be regarded as a viscous drag on
the momentum of the electromagnetic field, so that the propagating
wave will drag the particle with it along the Poynting vector, but only
by the viscous or in-phase component of the current. The phenomenon
is essentially that of radiation pressure on an absorber.
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The trajectory approach will give more physical insight if we
consider a few special cases.

STANDING WAVE

In a pure standing-wave system,

ao”l/

EmEmt

13

axn

is zero (since the phase changes only at field zeros) and here we can
take E to be real everywhere. The two cases are (writing E*E* = E?
for brevity)

E| VE? and E||VE-
Without following the analyses in detail a few points will be indicated.
E||vE?

Here the (Ev)E term is the operative one since we take
v X E=0. The simplest case to take is ¢E/0z = constant = £ /%,
and gives

q E,

Z=—-—zcos wt, (17)
m 2z,

with 2 =0 at £ = 0. This is a Mathicu equation with the nonperiodic
term equal to zero as is seen by putting 2u — ot and obtaining

d*z 4 q E,

————2zcos 2u =290, (18)
du? 0 m zy
which is equivalent to
d2z
— + (A, + 20, cos2u)z =10, (19)
du?
2 g¢q FE, 2 gq OF
ly=0, j=mn———— = — — ——, (19a)
w2 m 20 o m oz

For #; < 1 the solution is nearly
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U 11 g \* Eg2
2= zgcos | 6y and 2~ ———|[ — z2, (20)
V2 2 o \m 2y*

for z=2, (and E=E,) at t =0.

If we had begun with the gradient-field formula,

1 qg\2 1 1 g\ 1 E, 2
<> =——|(— VE!=—— [ — v(—2,
4 m o% 4 m »? 2y
E

1 /qg\* 1 Eg
=——|— z, (21)
2 m - z02

which will give the same results as the Mathieu equation, provided 4,

X

Fig. 1—Single-particle motions for VE?|{E, sketched for a negative
© and heavier positive @ particle.

is small. If we included the second-order terms to give the “ripples”
on the main term, the result would be similar to Figure 1. The par-
ticle moves out of phase with the field and so sees an opposing force
wherever it is. The opposing force is stronger in the high field region
and the particle is driven towards the field minimum. The action is
that of strong focusing. This action is the dominant one in low-
frequency systems (A >> apparatus dimensions) since, at low frequen-
cies ¥ X E = 0 systems are nearly obtained, i.e., the r-f magnetic
field is small.

E | VE*

The next simple gradient field case is with \VE? perpendicular to
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E. Then, instead of the (E*v)E term the E X (v X E) term (the
Lorentz force) dominates in Equation (11).

The simple trajectory equations are, in the Cartesian system of
Figure 2,

q q
T=—F,cos ot i=—=2aB, (22)
m m
and
1 2F,
B,=—— sin ot. (23)
0] oz
2z
]
© ® TVE
zZ ¢
Z /e
Y
X
Fig. 2—Single particle motions for E] VE2.
This gives
g E,
&=— sin ot,
m o
qg\? 1 CcE,
Z=—— —— EJ sin2 ot
m] o oz
1 g \? 1 ©°E;?
= —} — (1 —cos 20t)
4 m o 2
1 q\2 1 O°F;2
<i>=——{—] — 5 (24)
4 m w2 oz .

and if z and z are plotted, the trajectory is that shown in Figure 2.
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PROPAGATING WAVE

In a plane wave propagating without attenuation, E*E* is uniform
and the v (E*E*) term is zero. If there is attenuation, as well as a
V E? term due the loss, there appears to be an in-phase current result-
ing from v, the damping term. If the plane wave propagating in the
z-direction is given by F,exp (—jBz) exp (jot) where E, and B8 are
uniform and constant (i.e., we assume so few particles that their
effect on the wave is negligible), then

o4,,
E.E,t—i,=—BE 4, (25)
a n
and the result should be
1 q 21 V/m
<EF>=<>i,=—— — BE.. (26)
2 m 0?2 1 + (1'/0))2

If we include the effect of v only on the motion due to E (to be con-
sistent with the previous analysis), and take E to be along the x axis,
we have

Eeivt — EO COSs (a)t - Bz)i:w (27)

B
Beivt = — FE cos (of — B2)i,, (28)

[

q
#=—F,cos (ot — B2) —va or

m
q Eeiwt E,
&= = [veos (ot —B2) + osin (ot — B2) ],
m v+ jo v2 4 02
3 = — et
m
g\ B v cos? (ot — B2) + o sin (ot — Bz) cos (of — B2)
=|—) —Ey ’
m o ’ v2 4 2

(29)
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so that

q \" B v/2 1 q \- 1 v/ .
<= - )| —gp—-="|—) — — pEy?
m » v2 + o? 2 m o2 14+ (v/o?)

as predicted from the general Equations (16) and (26).

Essentially, in addition to absorbing power from the a-c field, the
in-phase or resistive current flow also can be said to induce momentum
“absorption,” and so the particle drifts or, more descriptively, is
dragged, in the direction of propagation — exactly the mechanism of
radiation pressure on an absorber.

At this point a word of caution is in order. This use of a viscous
term in the equation is very useful in certain cases, and certainly
applies well to metallic particles in a gas,? where the charged particle
sustains many small impacts per cycle. In a low-loss plasma, when
we consider electrons, the effect of near collisions is to deflect the
electron in an unpredictable way very suddenly once in many cycles.
Long-range coulomb forces are still more difficult to treat satisfac-
torily, involving something like simultaneous small deflections. Only
a much more sophisticated analysis than any given here would really
justify this crude use of the viscous collision term. Intuitively, the
author believes that the effect would become manifest if the system
were sufficiently stable to allow each particle many collisions without
appreciable outside changes, i.e., for times much larger than 1/v. For
very early times (much less than 1/v) the effect (if any) would
probably be negligible.

Note that this difficulty does not upset normal plasma theory,
since sufficiently large volumes of plasma can be considered for suffi-
ciently long times to obtain enough collisions in the time interval to
use statistical theory, and the total effect of electron flow is of interest.
In this formulation, up to this point, only a single particle has been
considered.

There is no reason why the formulation cannot be extended to
blobs of charge rather than single particles, providing it is understood
that any application of the absorption or propagation drag term be
treated somewhat cautiously. :

Two-BLoB MODEL

Systems of interest usually have used resonant or standing wave
arrangements. Because of this-and because of the reservations con-
cerning the drag term, we will here only consider the v (E<E*) term
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applied to a two-blob model, called the elastic-band, ping-pong, and
soccer ball model.* Since we consider the positive (ion) blob to be
much heavier than the negative electron blob, let us repeat the simple
trajectory picture for each case.

E||VE?

In just the same way as for the single-particle model we set up
two equations, one for each blob;

e dE M
Z,——27,c08 ot + ——f(2,—z) =0,
m  dz m+M
e dE m
Z—————2z;c08 ot ———— f(2,—2;) = 0. (31)
m dz m+ M

If we consider the two blobs to separate only by a small amount
[2¢— 2] K 2,2;, then the natural choice for f(z,—z;), the coulomb
force between them, is proportional to (z,—2z;). Furthermore for
two infinite slabs the constant is

Ne2 Ne2
(up2 = (=] ’
mM Mmeg
—
m+M

the natural restoring force oscillation frequency. For cylinders or
spheres the constant would be »,?/2 and ,%/3, respectively. Using
f(2,—2) = w,?(2,—2;) we have, on elimination of w,?,

z,+ z, +

m+ M ‘ m+M ) m+M

mo M i e dE
dz

> (z,—z) cosat=0. (32)

The location of the centre of mass of the system is given by

m M
Bm = % +z

i » (33)
m+ M m+M

* This model is easy to justify for blobs much smaller than C/w, (so
the field can penetrate) and for separations (~ ¢E/mw,2) much smaller
than the blob dimensions. Larger blobs must include the effect of propa-
gating the field around the blob.
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so the equation is simply

e dE
ém + S cos ot = 0, (34)
m+M dz
where S§=2z,—2z,

If we write 2,= 2,4+ ¢ and eliminate 2, we have

. dE 2, 2 M+ m
S+e + cos ot + -u:p"'8=0,
dz m M M+ m

or

.. 1 M—m dFE dF M+m
d+w,2| 14 —_— e coswt |8 =—e——— 2, ———— COS ot
w,>  Mm dz dz Mm

(35)

Remembering that § is small and assuming that 2z, changes very
little in many o-cycles and avoiding resonance (o =w,) (or invoking
a viscous term),

M+m dE cos ot
d~e Z,, (36)
Mm dz o> —a)p2

the usual equation for a driven system with a resonant frequency w,.
Note also that § changes phase above and below resonance. Now we

have
e dFE ¥ 2,08t ot
Z.t+ =0. 37

mM dz w? — u)‘,,2

This is another Mathieu equation;

dz, 1 e d¥ \* 1
— L — (1 + cos 2(wt) )Zm =90,
d(wt)? 2 mM dz 02 (02 — "’1’:) (38)

with

1 e 1 df 1 2 1
Op=—| — T | T and 6, =8,/2
2 (mM) 2 dz o* 1—0,%/w?
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At this point is it useful to examine the nature of the solutions
of the Mathieu equation close to the origin (§,=86,=0) of the
so-called Mathieu stability diagram.3® Essentially, the situation is as
shown in Figure 3. The dividing line between the stable and unstable

DOUBLE-PARTICLE MODEL - §—
SLOPE 1/2--% . _

~SINGLE - PARTICLE
MODEL

Fig. 3—Mathieu stability chart, showing region near the origin.
Stable region (bounded solution) shaded.

regions is shown as is the characteristic of the solution to the single
blob made with 8, = 0 which is always stable (i.e., bounded) for small
#,. This two-blob case corresponds to the line 8, = 6,/2 and is stable
for 6, > 0 and unstable for 4, < 0. Since all the other terms in 0, are
positive, this means that the solution is stable for v > », and unstable
for o < wg.

For 1> 90 >0 (o> u)p)

9, 0,
2 = % COS (Optot) 1+ ——cos 2wt +
4

cos dot + -+ - :| (39a)
128

For 16y] <1, 6, <0 (0 <o)
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to 84
Zm = %y cosh (00§¢°t) 1+ —cos 2nt +
4

cos dot + - - - :I (39b)
128

where 2z =0 at + = 0. In this model F is proportional to z,, so that
for w? > ,* the gradient field approach applies with

q* 1 1
<E>=—— — VE2,
mM o* 4

i.e., as if to a fictitious particle of mass equal to the geometric mean
of the masses.

Note that this combined acceleration is more effective (by the
ratio M/m) than the effect on the heavy particles alone. The large
excursion amplitude of the electrons means that they “see” a greater
field difference and so they drag the ions along with them much faster
than the ions would go if left to their own devices. When o, > o the
acceleration is reversed in sign and for o? < w,> the magnitude
depends mainly on »,2. The more general formula for E|| v E* becomes

q? 1

<E>=— VE? (40)

AmM  o? — w,?

except at resonance, when damping processes must be considered.

The idea that for E!|wv E? the plasma will move towards strong
fields at low frequencies is not really strange, since it is the familiar
phenomena of dielectrophoresis.?? At the limit of d-c for example, the
gradient in the field means that part of the blob is in a stronger field
than the other and so pulls harder and the blob travels towards the
strong field region.

At frequencies above resonance, the phase of the separation motion
is reversed, inertial rather than separation energy is dominant, and
the plasma, like a pendulum, finds its motion in anti-phase with the
driving field, so the strong field region ejects the plasma more vig-
orously than the weak field. The single-blob case corresponds to
w, — 0, so that all frequencies are above the plasma frequencies and
motion is towards the field minima.

E| VE?

Does this resonance affect the E | VE? arrangement? There is
an effect, but it is minor. We have
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e e
Z,=——F, cos of, &=+ —FE,cos ut, 41)
m M
S0
e I, e E,
&y =—— —— sin ot, &=+ — sin wt. (42)
m o M o

We assume no charge separation effects in the z direction because we
apply this analysis to cases where E,1 Vn, since in high-density
cases VE? will be mostly the result of w# and hence parallel to it.

e M.
Bp=—— 0B, ————w,2(2,—2,) ;
m m+M
e m
G =—=a8, + ———e,* (2, — 7)), (43)
M m+M
and, as before,
1 2FE,
By —— sin wt.
o) oz

If we eliminate v,” as before and write z,, and 8 as before, then

1 e 1 2E?

P (1 — cos 2wt) (44)
4 mM o* oz
1 e 1 2FE,2

<2)n> - - (45)
4 mM o °Cz

and the z,, motion is just that of a composite particle of mass (mM)?
For § we have

L1 1 1 1 2E: m+ M
8§+ —e’| — ——- (1 —cos 20t) 4+ ,*8{ —— | =0,
4 m? M ] o Oz

m+M
(46)
or for M > m,

.. 1 e \? OE%
S o+ — (1 —cos 20t) + 0,28 =0, (46a)
402 m oz
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with the forcing solution

1 e \2 ck*2 1 1
§=— — - 08 20t ). (47
40 m oz mp2 m”'-' — 402

Thus there is a §-resonant effect at o = 0,/2, which is to be expected*
from the 20 variation of z in the single particle model. At the resonant
frequency this resonance might be noticed as some instability or
oscillation effect, but its effect on the average gradient field action
is negligible.

Hence from the two-blob model it can be said that for a plasma
without a d-c magnetic field, the gradient field formula works for
E | VE? for all frequencies, but for E||VE? the convenient formula
is that of Equation (40). Essentially, if we divide VE? into V E?
and V | E?, where || and | refer to parallel and perpendicular to the
electric field, we have for the standing-wave system

1 ¢ 1 v, E?
<E>S =—— vV, E*—m ). (48)
4 mM o? 1— (:)p2/m2

COMPLETE ANALYSIS

Fairly complete standing-wave analyses have been made by Weibel?
and Boot! for a particular case — that of a cylindrical plasma in an
infinite cylinder with a circular symmetric wave guide mode at cutoff
(to ensure no complications due to z variation) at frequencies far
below the plasma frequency at the center. Cushing has also produced
a somewhat sketchy analysis for the one-dimensional or slab case,
apparently unaware of Self’s® unpublished work. The approach had
been indicated earlier by Weibel.# Weibel’s analysis is without doubt
the most thorough, and the difficulties involved in going from a “blob”
model to an actual hot plasma made up of particles which do not stay
in any given volume are neatly treated. (Ref. 4, p. 66). In all these
analyses the applied field is perpendicular to YE2 and v» and so the
parallel gradient field difficulties are not encountered.

The extension to include the plasma effect on the field is made as
follows. By essentially thermodynamic arguments we know that the
equilibrium distribution of a gas of particles which are governed by
a Hamiltonian (H) with a scalar pressure (justified by the low mag-
netic field) is given by

n=mn,exp(—H/IT) = nyexp(—¢/kT)exp (—mv2/2kT). (49)
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From the two-blob model, buttressed by Weibel’s arguments, we can
write, for the time-averaged potential for ions and electrons,

< 2 (E*—Ey?) >
¢‘i: eVs+ ’

4M (u:‘)
1 e (EQ—EMg)
pe=| —eVi+t————— ), (50)
4 m w?

where V, is the separation potential due to the space charge; we write

1 e2 (E2—E,?)

o

4 m [()d
as potential since, due to WV E? alone,
m e \2
mE>=——o2| — v E2,
4 m

and E,2 is an arbitrary constant.

If one neglects charge separation, then n, ~ n;, and

e2(E2—E,2 /1 1
n, =~ n; =~ (M)t ~nexpj ———— | — + —
8u2k T m M

1 e2(E2—FE,2) 1
=~ Neexp| —— . (51)
2 mkT 40?

In addition, we have the well-known wave equation for the plasma
including the dielectric effect of the plasma, which really means that
now we consider the r-f field produced by collective motion of the
electrons, neglected in our single particle treatment. This use of the
plasma dielectric coefficient is justified since E is perpendicular to
Vn, by symmetry. The equation is

0)2 (1)2
(V7)) E +— <1— ”2 >E:0, (52)

where o,? =n,2/¢m and 1 —o,2/w? is the usual plasma dielectric
coefficient. This is
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w? wpa? 1 e2(E*—Ey?)
(V'V)E-i-——{l— exp| ———— — ‘ }E:O,
c? " 8= mkT

(53)

Here w,y> corresponds to the electron density at a point, so that E,?
corresponds to a maximum in n, where E=FE). Usually (but not
necessarily?"28) the field is zero at the density maxima and so one
chooses one of these as a reference point. This can also be written as

w? ‘”1)312 U’pM2 €0 (E2 - EM2)
(VV)E+—<1— exp| — E=0.
c? o> »? SnOkT

(53a)

This equation is solved numerically for cylindrical, planar or other
geometries and » is then calculated. For the one-dimensional case,
at least, it is easily shown that the sum of the electromagnetic and
plasma energy densities is constant.

1 1
? ¢E - E¥ + — y H-H* + (n, + n,) kT = constant.
2

As expected, for o,2>> w® the result is a fairly sharp plasma
boundary and the plasma appears as a high dielectric coefficient sub-
stance, so the radiation pressure effect on a (dielectric) reflector is
a useful concept to apply. The analysis can also give estimates of
leakage rate to a boundary, since the density never quite reaches zero
for nonzero values of T and finite values of the other parameters, and
one can simply use the normal diffusion equation with the density
value at the £ = E, ,, positions.?

The limits on the analysis are essentially that the amplitude of
motion parallel to ¥= be not too large compared with the v E?, which
is essentially the same as saying that (E*V)E or (v+V)v terms are
small. For the planar case this implies that

e \* 1 (o) R
— < 1.
m. 42 (u)p2 — (,)2) ox2

In the cylindrical case the criterion
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e \* 1 1 O°E*
— = <1
m 40t r Or

has been shown by Weibel* to be the proper limit. For interesting
cases, the energy limit of application of the theory is much lower for
cylindrical geometry than for the planar case because the radius r in
the cylindrical case is usually very small. Weibel® has criticized Boot’s!
practical calculations on this score.

When the analysis is applied to a spherical system,>'® different
degenerate modes must be superimposed at the same frequency to stop
the escape at vector field singularities (in this case zeroes) which
exist on simply connected surfaces. This means that symmetry as-
sumptions cannot be made and the calculations are very difficult.

At this point it seems appropriate to tidy up the confusion that
surrounds the idea of gradient-field action and the radiation pressure
concept. Essentially the terms are the microscopic and macroscopic
ways of looking at the same effect. Radiation pressure gives a pressure
from macroscopic conservation of momentum. One looks at the field
momentum on either side of some region and calculates the pressure
required to account for the reflection or absorption of momentum,
without calculating how the reflection or absorption occurred. The
gradient field approach means the study of the particle motions and
their effects to give a complete solution. In fact, the reflection or
absorption of field momentum is always a gradient field effect, and
the effect on the electrons in the reflector or absorber is transmitted
to the body by the space-charge separation or dipole forces and the
resultant force on positive ions or centers in the body. The concept
of radiation pressure is only appropriate to the E | Y E? case, since
a wave propagates (and can exert a pressure) only perpendicular to
E. Radiation pressure is not a useful concept for E||VE? systems
since propagation must then be parallel to the surface: one might
have to consider a surface wave effect.

Another point of confusion is the fact that the W E*= effect varies
as 1/w? while radiation pressure is independent of frequency. This
apparent contradiction is resolved if the frequency behaviour of an
E | VE? glab system is followed. At high frequencies there is little
confinement and little reflection and both vary as 1/0?

wp? \ %
1—(1——
P 1 wpg

R = ~—

"’p2 % 4 v
14+(1—
?

(for w* > UJI,"')
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where R is the magnitude of the reflection coefficient for a lossless
plasma slab (see Figure 4).

w/ Wy, —>

Fig. 4—Variation of reflection coefficient (R) and ©,2/w? with
normalized frequency (w/w;).

As the frequency is lowered R becomes unity at o=, and the
slab reflects perfectly. From there on the reflection and hence the
“radiation pressure” on the slab does not vary with decreasing fre-
quency. On the other hand, the VE? effect varies as 1/w?, down until
the concept is no longer applicable. The confusion comes from not
recognizing the fact that the plasma is not a slab but a fluid. Its
boundary is not sharp, but as the frequency is lowered the boundary
becomes sharper and W E® increases. When the density is greater
than that corresponding to » (i.e., the critical density), the lossless
plasma with a gradual boundary is a perfect reflector, but is not
perfectly confined. The “leak rate” is such that its logarithm varies
as 1/02 and this is continually reduced as o is lowered and the gradient
steepsned. (See Figure 5, illustrating a one-dimensional system.)

The situation is a little like putting a porous stopper in a hole in
a water pipe: as soon as the hole is more or less filled the water in
the pipe ‘“sees” a reflector; outside the pipe the leak rate is reduced
indefinitely by adding more material to the plug.

Effect of a Strong D-C Magnetic Field

To begin with we will neglect space-charge effects in the analysis
and discuss them again at the end of this section. In general, the
equations resemble Mathieu equations but are usually worse, and it
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v =
e PLASMA
f; DENSITY
o
2 2 2 2
w > (JJP W o~ (JJP
Mmax
Owin
wz << wpz wz <<< wpz

Fig. 5a—Behaviour of one-dimensional standing wave plasma confinement
1 e\'.lEm:\x:" 2
system for constant normalized electric field (— ———) and varying
8 kT
frequency.
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Fig. 5b—Relative minimum density (7#mia/7msx) as a function of normalized
field and frequency (9w/@pmax) Or density mwax/7..
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requires ruthless simplification and approximation to obtain any simple
results.

We can distinguish two cases for E||vE? B parallel to E and
v E? (a trivial case since there is no effect) and B perpendicular to
E and vE2 For E | VE?, B can have three directions, parallel to E,
v E? and the r-f magnetic field (i.e., perpendicular to both E and
v E?). The simple linear model will be used again.

E||VE?

For B||E, VE?, there is no motion across B; therefore it has no
effect and the situation is as if there were no magnetic field.

For B | E, vE?2, taking the magnetic field along the « axis and
E, YE* along the z axis, we have

q dE q
Z2=—| E+2 cos ot —y — B,

m

jy=—%—B8B, (55)

with the particle at the origin for ¢ =20.

The simplest way to begin is to note that by a strong magnetic
field we mean (among other things) that o, = |q/mB| > o, and here
we can consider the electric field to vary slowly in time. This suggests
that we consider first the problem with « =0, the well-known crossed-
fields case, but with a unifom electric field gradient.

For z and 2 both zero at ¢ = 0, the standard solution for a uniform
field (dE/dz=0) is

E q q FE
2=m————{ 1 —cos— Bt } =— —— (1 —coswyt), (HBa)
(¢/m) B2

m mow,*

E q F
y=—1———sin w,t. (56b)
B m (Db2

Figure 6 shows the motion for a heavy positive and light negative
particle. If dE/dz=<0 but o, > (¢/m) (dE/dz) then we have, for
dFE /dz = constant,

q E g dE 1 ]! q dE 1 7%
e — | 1 1—cos| wp| 1—m——— | ¢
m w2 m dz o m dz  w,® _]

(57a)
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E q dE 1 =i
y=—t| 1 ——
B m dz o),?

q E q dE 1 —3/2 q dE 1 %
l———— sin{ o, 1————— t
u),,2 m dz mhg m dz ‘”b2

(57b)

m

and we consider the motion to be drifting ellipses rather than the usual

(A) a (B)

Fig. 6—Single-particle (positive and negative) motions for E||VE2 and
B VE? with (A) VE2=0, (B) VE?=0 and d-c electric field.

circles. If we consider (g/m) (dE/dz) <K w2, i.e.,

1 < q \* dE*
o2 \m dz >
K ,
(IE 2
m o?

this implies that the fractional drift/cycle in the nonmagnetic case
(this drift is taken to be small anyway) is much less than 0p2/w? which
we take to be large by our idea of a strong field. There results, with
< >,, meaning time-averaged over t=2w/uv,

E E qg dE 1
<:’]>wb = e — 1 + — R
g dEF 1 B m dz o)
B (1 _— > (58)

m dz oy
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We now say that

oF oF
E = FE cos ot and = cos ot
oz oz

(this is the essence of the slowly varying field concept) to give

E qg dE 1
<Y>,=<—cosSet | 14+{— — }Jceos ot | >,
B -

m dz oy~

1 /aqa E dE 1 ¢ 1 q\* dE*
=—|— =— — (59)
2 \m / Bw,2? dz 4 Jq| e \m dz

1 <m‘~’ 1 dE*
B q mb:') 4o dz .

START

J |_ ® Elp"«l_'_’mm o
NET DRIFT NET DRIFT
PER CYCLE ——w= ~a——— PER CYCLE

Fig. 7—Single-particle motions (positive and negative) for slow (w < w»)
variation in E, with E||VE? and B VE2.

There is no acceleration, but there is a constant average velocity
drift in the y direction which is in opposite directions for opposite
charge signs. The particle motions for a heavy positive and light
negative particle are sketched in Figure 7. The reason for the drift
is the imbalance between the positive and negative parts of the o-cycle,
since the particle travels into stronger fields over one half cycle than
the other. Since the imbalance produces motion perpendicular to v E2
the effect is not cumulative and a steady perpendicular flow is the
result. (The situation is like the action of a magnetic field in convert-
ing an E-directed acceleration into an E X B drift.)
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Thus we see that there is no average force in the z direction and
hence no confinement. As we relax the w2 2> o? and let 02— 0, we
gradually recover the zero magnetic field case with z acceleration, but
the calculations for the intermediate case are quite horrible.

E | vVE?

For B||v X E (i.e., parallel to r-f magnetic field) both the d-c and
r-f magnetic fields are perpendicular to E and VvV E2, and the problem
remains two dimensional with all the motion in the z-z plane.

q f dE q
i:—(E—i—z— cos of —2—-IJ,
m dz m

% q dE q
4=——— —ginet + & —B. (60)
o m dz m

This equation is not readily separable because of the mixture of
implicit and explicit time-dependent terms, so the only course is to
ignore one of the awkward terms (both of them are second-order) at
the outset. Ignoring the & dE/dz term gives a periodic z and 2 motion,
but ignoring the z dE/dz term gives a cumulative motion due to
& dE/dz sin ot, as in the case with no magnetic field. The calculation
for the latter is as follows. Put

q q
&t=—-—F cosot—2—B,

m - m
&z q dE q
f=m—w————sinet + & — B. (61)
o m dz m
Hence
: 11 dF \ q
:?+wb2 1————Sinmt)i’:m—-ESinu:[, (62)
o B dz m

a Mathieu equation in # with a forcing term. If we assume

1 1 q >‘—' cE*
1 1 di @ 2 of m oz

- = « 1,
o B dz q q

E
m m
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essentially the same assumption as before, i.e., that v, > » and that
the gradient field action is considered as a small perturbation, then

o q sin ot
t~———F (63)
0, m (1 — o?/wp?)
Thus
» q q q dE )
2~ — — FEsinot{ — B —— sin ot |},
0, (1 —o0*/a,2) m m m dz
(64)
)
1 - 1 q \* dE*
<E> e — — — . (65)
4 c),,2 o” m dz
® ©

L T, o
START T ? T_ START

o Y

ACCELERATION
x#

Fig. 8—Single-particle motion for E} VE? and B |
(i.e., B parallel to B./), and « << w,.

(We drop the »?/w,* term in the denominator which might imply that
the solution was applicable when the o, >> » condition was not ful-
filled.) The motion is shown in Figure & Thus, for high magnetic
field parallel to the r-f magnetic field the perpendicular-gradient-field
effect acts in the opposite direction and is reduced by »?/w,® from the
zero-magnetic-field case. Essentially the high magnetic field reverses
the phase of the a-motion to produce average acceleration in the
opposite direction in a manner strongly reminiscent of the space-
charge action in the parallel-gradient-field case. The reason is the
same; one is considering a system above and below resonance (here

@y, rather than w, is the resonant frequency).
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B||E

Unlike the E|| v E? case, putting the magnetic field parallel to the
electric field does produce an effect. One must go to three dimensions
and the equations are

q dis
& =—\| F +2z—— ] cos o,
m dz

§=—2=0, (66)
m
t q dE q
= sin ot — y — B.
o m dz m

Neglecting the third-order terms in the & equation gives

1 q
& =— K cos of, & =-——F sin ot, (67)
m . o Mm
q q z [/ q\ dE q
j=¢—B——B| ——— — sinef —y—B |,
m m w \m dz m
(68)
q 1 q \?2 EdE
?7+u)b2:l'/:——-—'B»— — — sin2 ot
m o m dz
1 ¢ 1 q \2 dE?
=-———B - (1 —cos 2at).
4 m o\ m dz

The particular solution is

1 gq 1 q 2 dE*? 1 cos 2nt
j=——B—| — —1 0, (69)
4 m o m dz (-),,2 (1 —_ 40)2/1-),,2)

s0 that

m B 42 m dz

The 2 solution proves to be purely periodic. The trajectories are shown
in Figure 9. Just as in the magnetic field effect on the E|| vV E? case,
with B | VE?, the result is a y-drift rather than acceleration, in

g 1 1 q \* dE* .
<> =——— - . (70)
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opposite direction for oppositely charged particles, althougn the sign
of the drift in the reverse of the E||VE? case.*

Bl v E*

The last case is when the d-c field is parallel to YE? and would
correspond to a magnetic field parallel to the plasma density gradient.

——ii
f/ /( NET ORIFT

’E// Y

X

Fig. 9—Single-particle motion E | VE2, B||E, 0 << .

The equations are

qQ wdlE q
b=—FK+ — cos wt +1y — B,

m dz m
) q
Yy=—2z—B, (71)
m
1 q dE
=—0—— sin wt.
o m dz
As before
q .
i+ o’ = —o— E sin wt, (72)

m
SO

o q Esinot
f=— ,

mb2 m 1—1»2/(1),,2

* According to Weibel (Second meeting, Plasma Physics Division,
American Physical Society, November, 1960) experiments and Vlasos
equation calculations indicate that this system can improve theta pinch
stability.
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and
1 q \* dE
j—=—— | -—— ) E sin? wt, (73)
‘“02 — 0* m dz
o \2 1 q \* dE* 1
<> = - B
o) 402 \ m dz 11— (0/ay)?

This is the same acceleration as for B||v XE (B,) (Figure 8)
but the trajectories are different, as shown in Figure 10.

z
T vel TNET ACCELERATION

le

i/

Fig. 10—Single-particle motion E1 VE2, B[|VE2, v K .

The net result of this simplified analysis is that a strong magnetic
field will either reverse the acceleration and reduce it by the ratio
(02/w,2) or produce a steady flow at right angles to VE? in opposite
directions for opposite charge signs except for B||VVE?||E, when the
effect is nil.

Now, however, we come to the fly in the ointment. The previous
analysis applied to cases where o, > o, a condition which is unlikely
to hold for ions. Also, the results might be applied only when the
particle motion is relatively small compared with the spatial gradients,
another condition the ions will violate because of their large Larmor
radius (e.g., for a 20-kilovolt deuteron with B = 10° gauss, the ion
Larmor radius is .23 centimeter).

Hence it seems that, because a relatively full trajectory analysis
would be needed, the prospects of deriving an average potential in
the sense of Equation (50) are not bright. Even if such a potential
could be derived, so that the equilibrium density (neglecting space
charge) could be written in terms of the field, the wave equation for
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E | V7 no longer has the relatively simple form of Equation (53),
but is an equation using the dielectric tensor {K)}, defined for a uni-
form d-¢ magnetic field.®

o
(S

(Vvev)E+ {K}'E =0, (75)

2

(Ve VIE=— U X VXE+ v (vE)].

Unlikely as it seems, this equation can be put into a simple wave
equation form for a very special case, considered cursorily by Dow
and Knechtli.®® This simple case is a one-dimensional system with the
uniform d-c magnetic field parallel to that dimension and eircularly
polarized standing waves.

Let us begin by calculating the confinement potential in the sense
of Equation (50) and, because we have introduced a longitudinal
magnetic field, the derivation of the VE?2 acceleration will have to be
altered. Instead of Equation (1) (neglecting losses) we have

q q
i=—E et L — i X (B+ B o), (76)
m m

where E| and B, are the r-f fields restricted to be perpendicular to
B, the d-c magnetic field.

As before, the first-order motion is

a ‘ q
i, =—E, el + —i XB.
n m

If we neglect the w, time variation (since it can give no average
effect if w, and o are incommensurable) we have

. q q )
Jo+—B X Ji=—FE | e/t
m m

Operating on both sides with (jo— (q/m) BX ) gives

. q
qoy — — B pad
m q

r, = —Ei(’j‘”’, (77

D) 9
0y~ —— 0~ m
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where w, = |gB/m| as before.
The acceleration parallel to B is given by

) q
jo— —B X
q q \ = m )
i.‘.! - i'L X BLeﬂ'wf = — ELejwi X BLert’
m M wy? — o

1/ q > 1 v X EL>
<i“H> =\ — ——— Re waL X[ ——mm— )
2 < n (v‘,,z—(-;"' [ < j(,-)

q v X E;°
n jo)

v XE;*
where we have used BL‘ _—
jo
In this case (E, +V)E ") =0, so from Equations (12) and (13)

1 q \* 1 1 '
<i'">:_ — R ‘—‘v (E,‘,.ICL:-:) -
2 m o;,f)—u;g 2
q

1
—— B XE|) X (vfo)] (78)
o m

For a linearly polarized wave the second term vanishes and we
obtain the same result as Equation (74). (This can also be obtained
by a suitable combination of right and left circularly polarized modes.)

The interesting cases are the circularly polarized waves, where we
can write

E
E, =— (i, ¥ ji,),

V2
where the upper sign gives a clockwise rotation of polarization looking
along B (a wave which will give cyclotron resonance with negative
particles) and the lower sign gives counterclockwise (or positive
cyclotron) rotation. The root-two factor means that |E | =F, a
convenience for comparison and computation of energy. Then we have

1 q q B FE
———BXE, =——

o m m o \/2~

(i, = ji,)
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and

1 oK

V2

vV XE "=

So that for cyclotron waves

1 q \* 1 1 ck* q 2 oK
<i>,=—| —) ——| ——— s — . .| .
2\ m @yt — o 2 2z m e 2 oz

If we note that ¢B/m — % w, for positive and negative charges,
this becomes

1 G \* 1 1
<>y =—— ) ————— VvV k7,

4 m 0w 1=x oy /o
(positive particles) (78a)
1 g \* 1 1
<H> o =——( — e v
4 m o 1=x wb_/w

(negative particles) (78b)

(In passing it should be noted that Dow and Knechtli,” in their Ap-
pendix B, consider some waves (Equations 2.1(b), (e), 2.2(b) and
the counterclockwise, out-of-phase E| and B) which do not satisfy
Maxwell’s equations. There are in fact, for standing waves, and single
particles, only the one linear and two circular modes considered here.)

Let us now write Equations (78a) and (78b) specifically for an
electron and a positive ion.

1/ q\21 1
<i>=——[ — |} — v B2, (79a)

4 \ m o2 1¥ o/
1 g \* 1 1
<g>S=—— — | — v K=, (79b)
4 M w1 =x Qb/m
where Q, = |eB/M| and «,= |eB/m| for ions and electrons, respec-

tively.

If we follow the reasoning of Equations (49) to (51) with this
VE? effect, neglecting, as before, the direct VE2? effect on the ions
as being of order m/M, we have
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e(E—Ey) 1
(80)

N, ~ N; =~ Ny exp | —
8w2mkT 1+e¢,/o0

With a standing-wave system in which £ = 0 at the density maxima

(field nodes), we take E ;2 =0,

Ny e
“"uu', - ’
€M

where n,, is the maximum dengity (which is at the nodes).

n u>pM: - 1 eOE2
—=exp| — . (81)

Ny w? 1= u:b/u) SHJ,]CT

Now it can be readily shown?®!' that the wave Equati.on (75) of a
circularity polarized wave propagating parallel to the magnetic field

rec¢uces to
SE W 0,2 1
+ 1— — [ E =0,
022 C2 0? 1F ep/o

where o, =ne?/ (e;m) corresponding to the local density. Substituting
Equation (81) this becomes

cE o® [ @ 1 =,y 1 el
+ 1-— exp —_—— E=
oz C2 o2 15 e,/0 o* 15 o,/o0 8ny kT

(32)

Now, for o, > @, which will be the case for interesting frequencies
and fields, the upper (electron cyclotron) sign gives an effect which
concentrates the particles at field maxima, and furthermore for v, > o
the dielectric coefficient is always positive, thus sharp gradients will
not be produced. Hence the useful mode to consider is the lower sign
corresponding to the counterclcekwise or ion cyclotron wave. For this
wave

2K, o® oy 1 o 3 <o
n P exp — E, =0,
oz2 Ct o 1+ e0,/0 o 1+ ¢p/v 8nykT

(83)
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where here the subscript on E reminds us that it is the ion wave we
consider.

The interesting point is that this is just Equation (53a) all
over again (in one dimemnsion) with w,;*/w? replaced by (wyy*/0?)/
(1 + wy/w) ; the numerical solutions obtained by quadratures!® for
Equation (53a) can be applied directly and Figure 5 referred to, with
the appropriate change of variable. As before for sharp boundaries
we must have

o
[CPAY] - 1

> 1.

0?14+ op/e

For w,/0 >> 1 the circularily pclarized ion wave in the magnetic
field case is a factor w/w, less effective in confinement than for o, = 0,
but ,/w better than the linear case for w,/w 3> 0. Actually the super-
position, valid for the single particle, would lead to two coupled wave
equations with generaly incommensurable periods so that the total
linear wave solution would be only quasi-periodic.

More complicated geometries are not considered here since we
cannot neglect charge separation (¥ - E % 6) and neither the confine-
ment potential nor the wave equation are tractable.

General conclusions from trajectcry analysis and potentials may
prove incorrect if not checked against actual wave equation solutions.
As an example of this, it is easy to deduce from the elementary dipole
model of a dielectric (equivalent to o much less than resonance) that
the body force should be towards strong fields even at ordinary radio
frequencies. Yet from radiation pressure arguments one knows that
there is a surface pressure (which is usually much more than the
total body forze) in the reverse dirzction to account for the momentum
of the reflected wave. (The answer to the paradox is that the surface
effects in the transition region have to be included.) Perhaps the
interest in time-average acceleration effects in plasmas will also pave
the way to a better understanding of all forces in dielectrics (not just
the surface layer) a subject whose study seems often to have produced
more heat than light.

EXPERIMENTAL AND PRACTZCAL CONSIDERATIONS

While theoreticians have been bus thinking of fusion applications,
some experimental work and analysis have been done.

Boot! (but see also Weibel’) and Dow? have analyzed the skin
effect losses, which seam to be high. The general impression is that,
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apart from other difficulties, skin effect alone will probably preclude
large-scale r-f confinement of very hot (thermonuclear) plasmas, but
that critical regions may be plugged with r-f field systems. Confine-
ment of cooler plasmas should not encounter skin-effect problems.
The primary low-frequency limit is the small-signal concept used
in the analysis® (see discussion following Equation (53a)). Another
effect considered by Dow?’ is the outward ambipolar flow of the plasma
as the field goes through zero. If the frequency is too low, a consider-
able loss of plasma may occur while the field is nearly zero.
Essentially, it can be stated that the loss is small when

/A 3 . \?
— ) > 1 or|{ — > 1,
I]ian /C Vinn

where [ is a characteristic apparatus dimension, A the free-space r-f
wavelength, and f the frequency, C is the velocity of light and V,,
is the average thermal velocity of the ions. For a system size com-
parable with the wavelength, then the limitation is that the plasma be
nonrelativistic (which has been assumed already), so the limit can
only be important if the system is small compared with the wavelength.

One elegant and relatively inexpensive experiment has been carried
on by Butler et al® at the Argonne National Laboratory. This consists
essentially of suspending an easily deformable conductor representing
the nearly spherical plasma in a cavity, measuring the resonant fre-
quency, and then making a deformation in the conductor and meas-
uring the resonant frequency again. It can be readily shown that the
field in an enclosure acts to reduce the resonant frequency since radia-
tion pressure expands a cavity and so lowers the resonant frequency.
Hence if a deformation lowers the resonant frequency the deformation
can be said to be one which the field assists, and, of course, vice versa.
In this way a physical relaxation can be carried out to find the sort
of shape a plasma will take on due to the gradient field. Two points
arise. The first is that the modes must be such that E is never normal
to the boundary, i.e., only tangential £ (E ~ 0 at the plasma boundary
itself) are permitted since otherwise the E|| v E?2 analysis applies and
the field would pull the plasma apart. The second is that plasma
reflection is not exactly the same as conductor (viscous) reflection.
Furthermore, d-c magnetic-field effects cannot be included.

The effects on electrons alone have been demonstrated by ejecting
or preventing the entry of electrons into high power cavities and by
a curious magnetron effect.? More-direct plasma experiments consist
essentially of allowing a discharge to partly fill a cavity, increasing
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the cavity power and ‘studying the mechanism of the plasma either
by its detuning effect® or by direct probe measurements. (See also
Ref. (3)). Definite results have not been published yet, beyond the
bare fact that r-f power in the cavity tends to exclude the plasma,
with no reference to d-c magnetic field.’¢ Evidently, numerical checks
with theory, without a d-c magnetic field, followed by experiments
with a magnetic field would be most desirable.

ERRORS IN NORMAL-FIELD ANALYSES

In connection with containment in a system with a normal field
(e.g., TM,;; mode, Eevn 0 and E* VE?2 = 0) Hall 2 and Dow® have
produced a conclusion which is exactly opposite to the correct one.
The correct result, as shown above, is that for E||VE? confinement
is produced for w,® < 2 and dispersion for 0,2 > o The opposite
conclusion results first, at low densities, from an incorrect assumption
that because a sharp plasma boundary will not be produced at low
density, there is no confinement. There is confinement, but the density
variation is gradual and can be approximately calculated at very low
densities (w,2 < 0?) by neglecting the dielectric and charge effects
and using v FE?2 equilibrium equation and the original unmodified field
distribution rather than Equation (52). At densities where the
w,2 K »? condition does not hold, the problem becomes complicated,
but at «,%2> o® the charge-separation effects due to the radial field
result in dispersion rather than confinement of the plasma. The wrong
high-density effect results from using the continuity of radial field
and the usual plasma dielectric coefficient. This zero surface charge
argument cannot be used for a field component which produces notice-
able charge-separation effects, which is the case for ,2>«® and
E||vn, and in any case the dielectric coefficient only applies when
E | ¥n, which is not the case here. For a sharp slab this normal
field penetrates to the approximate charge separation and distance
given roughly by

e(,E (4
§ = e = 1.76 X 10"'E/w,? meters (mks units),
en, m w,?

rather than to the “skin depth” C/w, (a concept applicable when
E] vn).
CONCLUSIONS

The main points can be summarized as follows. When there is no
d-c magnetic field the gradient field phenomenon is a direct result of
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the second-order motion of charged particles in a standing-wave sys-
tem and tends to concentrate the particles at field minima. When
plasma rather than single particles are considered, the gradient field
concept can be used directly, together with the thermodynamic equi-
librium state equation and Maxwell’s equations, provided the electric
field is everywhere perpendicular to vn (and W E?), and hence results
from the r-f Lerentz force. When there is an electric field parallel to
the density gradient, it acts to confine or disperse the plasma as
frequency is abovz or below the local plasma frequency. For very low

D.C. MAGNETI;,
FIELD LINES

' MAGNETIC SHUNT

Fig. 11—Possible use of magnectic shield with r-f confinement.

plasma densitiz=s (v, < 0®) the alteration of the field by the plasma
can be ignored and the solution calculated directly from the field
configuration without a plasma. For plasma densities somewhat less
than the critical density, the equations for the mixed-system equilib-
rium are complicated, and for hich plasma densities there is confine-
meant only for the pure perpendicular (¥ | Vn, E | VE?) systems.
For the pure perpendicular system the motion of radiation pressure
gives a good idea of thz results.

The qualitative experimental results so far obtained tend to confirm
these ideas, but detailed and numarical results have not been published.

More analysis should be devoted to the v E* systems with modest
values of d-c magnetic field, which, if strong (o,2> »2) is expected
to reduce the r-f confinement action. If this effect is as serious as
expected from simple electron arguments, the gradient-field confine-
ment will only prove useful in reducing the leak rate from critical
(e.g., cusp) regions in fusion plasma systems when the d-c magnetic
field is ||V E=2 Even then the magnetic field may have to be reduced
to a tolerable level in the r-f field region (see Figure 11). In any case
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the gradient field effect should still be quite useful in controlling
diffusion in medium- and low-energy systems® without resorting to
d-¢ magnetic fields.

It should be emgphasized that the treatment given here assumes the
plasma particles to move short distances in an r-f period due to their
random velocity. When this assumption cannot be used, the Vlasov or
Joltzmann equation should be employed.

ACKNOWLEDGMENTS

1t is a pleasure to thank G. A. Swartz, H. W. Lorber, and M.
Glicksman of RCA Laboratories, Princeton, N. J. for interesting dis-
cussions and to acknowledge the support of RCA Astro-Electronics
Division for some of the early analysis. (Some of the RCA experi-
mental work has recently appeared in the literature343%)

APPENDIX — SIMPLIFiED MICROSCOPIC CONCEPTION OF
RADIATION PRESSURE

Few, if any, texts give a simple microscopic (i.e., particle) exposi-
tion of radiation pressure although the other dielectric and conductor
effects are usually explained in this way (see, for instance, Jenkins
and White,®® pp. 476, 569).

For conductors, the main point to note is that it is the viscous
() term which dominates at radio-frequencies (for silver, v~ 2.74
% 1013 cps) so that it is the drag effect which drives the free electrons
deeper into the metal and the space-charge coupling with the uncov-
ered positive charge which pulls the solid metal after the electrons.
One must exercise care in applying this picture to known solutions
such as waveguides, and realize that while no E tangent to the surface
appears, because of the assumption of “infinite” conductivity, there
is such a component; it need not be calculated since we are only inter-
ested in the viscous current flow, which can be obtained from induction
as J =i, X H, where i, is a unit vector normal to the surface. Then
the average force on each electron is

1 Jr¥ v 1 24, 1 v dé,
s LT L
2 (’)7,(3) * @ 2 a‘Tn 2 [0} d-rn

1

ne

where the T0,/cx, is calculated {rom a consistent-field or a potential
formulation which also gives n, as a function of x,. In near-perfect
conducting guides and cavities, the other effect, VE,> (which acts
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inward), is very small indeed, since VE,> approaches zero as the
boundary conductivity tends to infinity.

In Jow-loss dielectries the electrons are bound, hence the problem
of collective space charge does not arise and the problem then becomes
one of dealing with a surface layer which is responsible for the radia-
tion pressure on the dielectric; bulk effects may come from standing
waves.

In absorbers, the viscous term is dominant but, unlike a conductor,
the material is more or less matched to free space. This may involve
many artifices such as quarter-wave absorbing plates, roughness (i.e.,
multiple scattering) effects etc., but the basic ideas remain the same.

Hence the effects of radiation pressure and gradient field which
have been discussed for plasmas really apply generally to radio-wave
radiation pressure on materials with free electrons. For higher fre-
quencies, of course, this simple picture breaks down and one enters
the domain of atomic physics and quantum mechanics.
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