PAPERS

CORRESPONDENCE

COVER

VOLUME 49, NUMBER 12

Decembenr, 1961

published monthly by The Institute of Radio Engineers, Inc.

Proceedings of the IRE-

contents

Poles and Zeros. .. .. o i 1741
B. R. Tupper, Director, 1961-1962. ... .. e e 1742
Open Letter from the President, Lloyd V. Berkner ... ......... ... .. ... . . . . . ... .. 1743
Introduction to the Plasma lssue, D. G. Dow and E. W, Herold. ... .. ... ... .. .. .. . ... ... .. 1747
Plasma Physics—An Elementary Review, M. P, Bachynski ... ... ... .. .. ... .......... 1751
Oscillations and Noise in Low-Pressure DC Discharges, F. W. Crawford and G. 5. Kina. ... ... .. 1767

lonic and Plasma Propulsion for Space V'ehicles, G. R. Brewer, M. R. Currie, and R. C. Knechtli.. 1789
Fransmission of Electromagnetic Waves Through an lonized Layer in the Presence of a Strong

Magnetic Field, T B. Harley and G, Tyras. ... ...... . .. . . . . 1822
The Use of Magnetic Ficlds in the Elimination of the Re-Entry Radio Blackout, //. Hodara.... 1825
RF Reflectance of Plasma Sheaths, Leonard S. Taylor....... ... .. ... ... .. . ... .. .......... 1831
Correction to “A Small-RF-Signal Theory for an Electrostatically Focussed Traveling-Wave

Tube,™ W. W. Siekanowics. .. ... 0. . . . 1836
Mutual Coupling of T'wo Thin Infinitely-Long Slots Located on a Perfectly Conducting Plane in

the Presence of a Uniform Plasma Laver, James S, Yee. .. .. ... ... ... ... ... ... ... ... 1837
Antenna Noise Temperature in Plasma Environment, M. P. Bachynski, 1. I. French, and

GoGoClontier. ... oo 1846

Generalized Appleton-Hartree Equation for Any Degree of lonization and Application to the

lonosphere, 1. P, Shkarofsky. ... .. 1857 -~
The Electrical Conductivity of a Partially lonized Gas, Dipak L. Sengupta. .. .. ... .. ... ...... 1872
Interaction of Microwaves in Gaseous Plasmas lmmersed in Magnetic Fields, K. 1". Narasinga Rao,

Jo T Verdeven, and L. Goldstein. ... ... ... .. . . . . . . . ... . . . . .. . 1877
Frequency Conversion in a Microwave Discharge, J. R. Baird and I’. D. Coleman. .. ...... .. .. 1890
A Plasma Microwave Energy Detector, R, L. Tavlor and S. B. Herskovits. ... ... ........... 1901
Interaction of a Modulated Electron Beam with a Plasma, G. D. Bovd, R. W. Gould, and I.. M. Field 1906
A Method of Measurement of Flame Mtenuvation at 200 Me, Albert W. Biggs... ........... L1917
Electrical Characteristics of a Penning Discharge, J. C. Heluer and R. .. Jepsen . 1920
Generation and Application of Highly lonized Quiescent Cesium Plasma in Steady  State,

JoV. Wada and R, C. Knechtli.. o000 1926
A New Approich to Thermionic Energy Conversion: Space Charge Neutralization by an Auxiliary

Discharge, W Bernstein and R. C. Knechtli. . . . 1932
Stability Criteria for a Tunnel-Diode Amplilier, H. Boyet, D. Fleri, and C. A. Renton. . . . ... ... 1937

Discussion of a Deflection System for a Flat Television Picture Tube, /. Gruenberg and

E. G . Ramberg. .. ... . ... 1938
A Resonant Slot Parametric Amplitier, J. W. Anioss and G. P. Rodrigue. . . .. . R 1939
Low-Frequeney Noise in Backward Diodes, 1. C. Follmer.............. .. . L 1939
An Extremely Wideband Tunable S-Band Parametric Ampliter, Martin Grace. . ... ... .. 1940
A Tunnel-Diode Frequeney Multiplier with Gain, F. S. Barues and L. Morris.............. ... 1940

Generation of Microwave Harmonies in an Electrodeless Discharge at Low Pressure, C. B. Swan 1941
A Ruby Laser Exhibiting Periodic Relaxation Oscillations, R, E. Johuson, W. II. McMahan,

F. J. Oharek, and A. P. Sheppard. .. ... .. . .. 0 1942
Broad-Band S-Baud Parametric Nanplifier, Kenneth M. Johnson. .. ... .. . . .. .. ... 1943
Magnetoresistive Effect as a Possible Memory Device, C. Pettus and T. Young. ... ........ 1943
2\ Generalized Hildebrand's Method for Nonuniform Transmission Lines, Jwao Sugai. . ... ... 1944
The Radar Cross Section of the Moon, T. B. A. Senior and K. M. Siegel . ... . ... .. ... .. ... 1944
WWVand WWVH Standard Frequency and Time Transmissions, National Bureau of Standards 1945
Notice of Frequency Adjustment WW\ WWVH, National Bureau of Standards. ... .. ...... .. 1945
Rebuttal to “A Note on Sugai's Class of Solutions to Riceati's Equation,” Iwae Sugai. . ... .. .. 1946
On the Hues Seen in Fox-Color Images, C. Burckhardt and M. J. Q. Strutt.................... 1946
A Stability Test for Linear Discrete Systems in Table Form, E. I. Jury and J. Blanchard . . . .. . .. 1947
A Stability ‘Test for Lincar Discrete Systems Using a Simple Division, E. I. Jury. ... ... ... ... 1948
Duality of Planar Networks, J. R. James. .. ............. .. ......... e 1949
Schwarz’s Lemma and Linear Passive Systems, F. M. Reza. ... ................ ... ..... .. 1950

The interaction of electromagnetic radiation with gases comprised of disassociated ions and elec-
trons, as symbolized on the cover, represents one of several areas of plasma physics treated in this
special issue which are becoming of great importance to communications and electronics engineers.

!4
m
o
e
W
O
w
0




published monthly by The Institute of Radio Engineers, Inc.

Proceecdings e the RE

continued
Discussion of “Forward Scattering by Coated Objects Hluminated by Short Wavelength Radar,”

J. Fisch, K. M. Slegel, and R, E. Hiatt. .. ... ... . ... .. . ... .. ... ... i 1951
Inductive Probability as a Criterion for Pattern Recognition, Bernard Harris. ... .. L 1951
Law for Noise Loading of Multivoice-Channel FI) Systems, C. .. Parry. . ................... 1952
Reliability Factors in Thermoelectric Generator Design, M. R. Seiler and T. S. Shilliday. ... . ... 1952
A Proposed Test of the Constancy of the Velocity of Light, C. K. Gordon, Jr.................. 1953
Narrow-Band and Wide-Band Noise Figures, Paul J. Bénétean. ........... .. ..., Soo.... 1954
Design of a Helium-Neon Gaseous Optical Maser, C. F. Luck, R. A. Paananen, and H. Stats. . .. .. 1954
A Critical Note on “Steady-State Analysis of Circuits Containing a Periodically Operated Switch,”

Jlo Vo BB o 5 0 0000000000000 00000060a086030003000050300a9a000800885336003350 ... 1955
Cyclic Codes and Transition Coding, Francis Corr.. B . . 1956
A Transistor Equivalent Circuit, Vasi Usunoghe. ... ... .................. B 1957
A DC Pamped Amplifier with a Two-Dimensional Ficld Structure, J. C. Bass..... .. ......... 1957
Miniaturized S-Band Isolator, D). Bruce Swarts. ........ ... ... .. ... ... 1958
Pole-Zero Sensitivity Relationships, 1V, E. Newell . . ... .. 5688 0800000000800000060000030005300 1959
A Wavegunide In-Line Ferrite Rotary Joint, /1. Saltsman and :1. Rossero. . ... ... ... ... ... .. 1959
Signal-to-Noise Ratios in Photoeleetric Mixing, B. M. Oliver.......... e . ... 1960
Efficieney of Frequeney Multipliers Using Charge-Storage Effect, D. J. Roulston. .. .. ... .. 1961

Transistor Storage Time in Cirenits with Speed-Up Capacitors, R. P. Nanavatiand R. J. Wilfinger 1962
Imiprovement in the Performance of an Automatic Noise Figure Meter with a Liquid-Nitrogen-

Cooled Termination, C. T Stelsried ... ... ... ... ........... R L ... 1963
A Tunncl-Diade Wide-Band Frequeney Doubling Cireuit, Frank D New. ... ... 1963
A Note on Antenna Breakdown, K. L. Tarca. ... ... . ... ... ...... . 1964

REVIEWS  Books:
“Satellite Fnvironment Handbook, ™ Francis S. Johnson, Ed., Reviewed by M. G. Morgan. ... 1970
“Handhook of Thermophysical Properties of Solid Materials, Vol. 1V,” A, Goldsmith,

I 5. Waterman, and 11, |. Hirschhorn, Eds., Reviewed by James G. Harper. . . ... ... 1970
“Static Relays for Electronic Circuits,” Richard F. Blake, 15d., Reviewed by R. P. Burr... ... 1971
“Fhermoelectricity : Science and Engineering,” by R. R. Heikes and R. \W. Ure, Reviewed by
T 00, Climgmran. o e 1971
Reecentt BOOKS . .o e 1971
Seanning the TRANSACTIONS . . ..o e e 1972
ABSTRACTS  Abstricts of TRE TRANSACTIONS . . ... ... 1973
Abstracts and References. ... ... oo o 90000 a0 a0 000aARaa0aaRaasos .. 1979
INDEX 1961 ProciinpiNGs OF THE IRE INDEX. .. ... .. .. e Follows Page 1994
1961 IRE INTERNATIONAL CONXVENTION RECORD INDEX. .. ... ... ......Follows Page IRE index-24
IRE NEWS AND NOTES  Current RIS Statistios. ...ttt et 14A
Calendar of Coming Events and Author's Deadlines. ... ... . 14A
Professional Group News. ... ... ... o e 15A
Current [RE Standards Available. . ... - 800G aRAa0n00a060005600000008a86000003300 16A
(PR 0000000686000 808000a00aa0000 a0 M 856 60000003000003060000003006030003000009000 22A
Program:
Eighth National Symposium on Reliability and Quality Control. .. ..................... 22A
DEPARTMENTS  Contributors. .. .. it e e e e 1965
IRE People. .. ......... L 2o BBEana00E00a800800000000a00a00006598336990000000000900 40A
Industrial l<ngineering Notes. . ... ... . .. 8080 8RB aa080a00000000008000886000900¢ . 28A
Meetings with Exhibits. .. ... ... 8A
Membership.. . ... oo i 660 000000030300003000006000000830a000000aa0 68A
News—New ProdUctS. ... oo 80A
Positions Open................. .. b 60090000000 0000330003aAA00AAAAG030063390000 105A
Positions Wanted by Armed Forces Veterans. . o o oo 124A
Professional Group Meetings. ... ......... :50000000000aa00000080A00A03G0003aaa : L. 76A
Section Meetings......................... oo . 72A
Advertising Index. . ........... 6500008008000 AREA0G00800600303Aa00A08A0G0000030400 - 141A
BOARD OF D]R,I‘Z(‘TORS. 1961 D. K. ?;nble EXECUTIVE SECRETARY EDITORIAL DEPARTMENT
* t 1 i ~ 5 . N . S i : q
‘_]l‘.' l§ l?_\?:ll)‘(l'l.e{;iir”li:lj:;::eul j; Ili“ .Ru];!:eel;, Jr. (RD) George W. Bailey é";(lgn;})u r(,;:.),l_dT,‘.I_“[I.'_‘,'[,':;,h’o’ LS
Ff;mz ﬂllgndorﬁf, Vice President lohn B. Buckley, Chief Acconntant E. K. Gannet(,.‘\Iauugiug Editor
:-\. L. Bulk’)'.. U "\'_'-""” 19611962 ) ’ Helene Frischauer, Associate Editor
..:J“ﬁ‘f:;:;"l:rl;;}:' ',r”’;,«l:;,-',':;, A. B, Bereskin (R4) Laurence  G. Cumming, Professional
*lrnst Weber M. W, Bullock (R6) Groups Necretary
Senior Past President (x\/ '(’: (éllord;mod(Rl) Joan Kearney, Assistant to the Execntive EDITORIAL BOARD
*R, [.. McFarlan Vo (i BLIHIES D F. Hamburge Chai
Junior Past President (l; i"‘%"“r (A 3 . Hamburger, Jr airman
. R. Tupper (R8) Kmily Sirfane, 0 \ T. A. Hunter, Vice Chairman
1961 Smily Sirjane, Office Manager E. K. Gannett o,
C. W, Carnahan (R7) 1961-1963 ADVERTISING DEPARTMENT T. F. Jones, Ir. > %
R. }. Dasher (R3) K. F. Carter - S .. J. D. Ryder ! o
;\_) g l;?'ldsmm»l L. C. Van Atta William C. Copp, Advertising Manager G. K. Teal oz
g ,“} o‘;ﬁgm'\ Lillian Petranek, Assistant Adrertising Kiyo Tomiyasu ”‘. ‘\°
R. I, Moe (RS) *Execntive Committee Members Manager AL H. Waynick ver

PROCEEDINGS OF THE TRE, published monthly by The Institute of Radio Engineers, Inc., at 1 Ilast 79 Street, New York, 21, N. Y. Manuscripts should be submitted
in triplicate to the Editor Department. Correspondence column items should not exceed four double-spaced pages (illustrations count ax one-hali page each). Re-
sponaibility for contents of papers published rests upon the authors, and not the IRE or its members. All republication rights, including translations, are reserved
by the IRE and granted only on request. Abstracting is permitted with mention of source. o .

Thirty days advance notice is required for change of address. Price per copy: members of the Institute of Radio Engineers, one additional copy $1.25; non-members
$3.00. Yearly =ubscription price: to members $9.00, one additional subscription $13.50; to non-members in United States, Canada, and U, 8. l_’qsse:\ﬂons $18.00; to
non-members in foreign countries $19.00. Second-class postage paid at Menasha, Wisconsin, under the act of March 3, 1879. Acceptance fn_r m:plmx at u~sl_)(~clal ritte
of postage it provided for in the act of February 28, 1925, embodied in Paragraph 4. Section 412, P. L. and R., authorized October 26, 1927. Printed in U.S.\. Copy-
right © 1961 by The Iustitute of Radio Iingineers, Iue.




Poles and Zeros

Plasma. On those occasions
when a Special Issue of the
PROCEEDINGS is assembled,
the Editor uses this page to say
a word about the issue. On this occasion, as usual, the Editor
was preparing his “gaseous discharge” when he received a
copy of the excellent introduction to this Special Issue.
Messrs. Herold and Dow had produced such an all inclusive
introduction that the Editor's “discharge” was thoroughly
quenched. Your attention, therefore, is directed to the “Intro-
duction to the Plasma Physics Issue,” page 1747.

One cannot, however, fail to emphasize and acknowledge
the outstanding effort of Guest Editor E. \WW. Herold and his
Co-Guest Editor D. G. Dow. Their work, with the coopera-
tion of the contributing authors, has produced this unusually
well balanced treatment of an increasingly important subject.
Not only did these editors solicit, review, and accept the
eighteen papers that comprise the issue but also they sug-
gested the cover design. As an addenda to this issue, for
those with a special interest in the propagation aspects of the
subject, watch for the January, 1962, issue of the TraNsac-
TIONS of the Professional Group on Antennasand Propagation.

Tutorial. The Board of Editors is aware of its primary
responsibility to bring to IRE members the most up-to-date
material of broad general interest and the most recent ad-
vances in all phases of the art. It discharges this responsibility
through the pages of the ProcEEDINGS. The Board is equally
aware of its obligation to provide TRE members with the op-
portunity to inform themselves of the essence of areas cognate
to their own specialty. To satisfy this latter need and to meet
its clear responsibitity the Board of Editors has evolved an
extensive plan for a series of review and tutorial papers.

To initiate this plan, suggestions were solicited from the
Editors of the Professional Group Transactions. This solici-
tation, supplemented by ideas from the members of the Board,
resulted in an initial list of over thirty topics and suggestions
for authors for cach. The Managing Editor then began the
task of inviting selected authors to prepare contributions for
publication in the PROCEEDINGS for this serics of review and
tutorial papers. Through the splendid cooperation of 1. A.
Zadeh, the series started in the October, 1961, issue. Professor
Zadeh, a leading authority on the subject, presented Part I
of a survey of time-varying network theory.

It is the hope of the Board of Editors that this new series
of papers will enhance the value of the PROCEEDINGS to IRE
members. It may not, however, meet the needs and desires of
all members. To assure that all subjects of interest are ulti-
mately covered, you areinvited tosend in your suggestions for
topics and authors to the Managing liditor.
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Dreams May Come True. For many years there has been
an increasing tendency to ask why the profession of radio and
clectrical engineering should be represented by two profes-
sional technical societies. :\t the grass roots there has been an
effort to compensate for this situation by a growing number
of cooperative ventures, and this same tendency has been
spreading to regional activities as well. Nevertheless, there
has heen a continuing trend toward the proliferation of meet-
ings, redundancy of subject matter, and conflict of interest
where there shoukd be solidarity and a single minded ap-
proach to the same area of interest.

October, 1961, may well be a date never to be forgotten in
the electrical and radio engineering profession. During that
month, through arduous work on the part of members of
both IRE and AIEY, through fortuitous circumstances, and
through a sincere Cesire to move in a direction dictated by the
clear necessity of the profession as a whole, the Boards of
Directors of IRE and AIEE passed resolutions looking toward
the possible amalgamation of the two organizations and the
formation of a single organization for the entire profession.
President Berkner's letter to Section Chairmen giving the
background of this entire proposal will be found on page 1743.
[t deserves your thoughtful consideration.

Student Affairs. Student membership in IRE continues to
grow. In recognition thereof and with full realization of the
significance of its program for students in the further growth
and development of IRE, a new and important post has been
added to the headquarters staff. The Exccutive Committee
authorized the organization of student affairs into a separate
division of the IRIZ administration, and the appointment of
an appropriate person to be designated as Student Affairs
Necretary. It is a pleasure to announce the appointment of
W. Reed Crone to this newly created position. The “IRE
News and Notes” section of this issue of the PROCEEDINGS
provides additional detail. We welcome Mr. Crone and wish
him success in this new venture.

Section News. At its meeting in October, the Executive
Committee approved the petition for the formation of an IRE
Section in France. The section, to be known as the French
Section, is Number 111; may it grow and prosper.

Texas claims another big first! The El Paso Section held
a regular section reeting at Radio Station NELO in Juarez.
Chihuahua, Mexico. They believe this to be the first regular
meeting of a United States Section to be held in another
country. IRE goes international again!—F, H., Jr.

World Radio Histoi



B. R. Tupper

Director, 1961-1962

Bertram R. Tupper (A'36-SM'46-F’34) was born in Vancouver, British Columbia, on
April 15, 1906. He reccived his B.Sc. degree from thé University of British Columbia, Van-
couver, in 1928.

After graduation he was employed by the British Columbia Telephone Company in the
Transmission Engineering Department. The company was interested in the possibility of
serving the Northern British Columbia coast by Radiotelephone, and the North-west Tele-
phone Company. an associate company, was formed for this purpose. As Radio Engineer for
the North-west Telephone Company, he took a leading part in building up a large medium
frequency point-to-point and ship-to-shore network on the B.C. Coast.

In 1942 he was appointed Radio Consultant to the joint military services in the Pacific
Coast arca. The Telephone Company acted as prime contractors in providing defense com-
munication in British Columbia and as a result of these defense requirements to the off-shore
islands, FM VHF radio systems were built up which provided voice and teletype circuits
between the radar sites and operational bases. Since 1958, he has been Chief Engineer of the
British Columbia Telephone Company, which is an affiliate of General Telephone and
Llectronies Corporation, and which recently absorbed the North-west Telephone Company.

Mr. Tupper has served as a member of Sir Robert Watson Watts’ Canadian Air Defence
Communications Evaluation Committee in 1953-1954. For two years, he has been Chairman
of the Electrical Board of Examiners for the Association of Professional Engineers of British
Columbia and is a past Chairman of the Vancouver Section of the IRE.

He received the IRE Fellow Award in 1954 in recognition of his application of radio tech-
niques fo the extension of toll telephone services in Canada.
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Open Letter from the President

The following letter from Lloyd V. Berkner, President of the IRE, is self-explanatory with reference to the
aclions of the two Boards concerning the possible consolidation of the IRE and AIEE. This letter is pub-
lished to provide full information to the IRE members.—The Editor

October 20, 1961

Dear Mr. Section Chairman:

At its meeting on October 18, 1961, the IRE Board
of Directors took action which makes possible future
joint measures by IRE and AIEE aimied towards con-
solidation of their resources, membership and activities
into a single new professional society dealing with the
whole range of radio and electrical engineering and re-
lated professional interests. At its meeting on October
20, 1961, the Board of Directors of the AIEE took simi-
lar action. The action taken by the two Boards at this
time is no more than a preliminary step toward the
formulation of specific proposals on which each Board
and the membership of each society must act subse-
quently in accordance with their statutes. Nevertheless,
the proposal is now at a stage that the IRE Board
desires the broadest possible discussion on the part of
IRE membership. The Board has therefore instructed
me to communicate with the Sections asking for their
views alter their careful consideration of the substantive
effects of the proposal. The resolution of the Board is
appended hereto.

IFormation of a single professional radio and electrical
engineering society through combination of IRE and
AIEE is a matter of major international professional
importance. I shall endeavor to outline the reasons that
have led the IRE and AIEE Boards to join in discus-
sions that open the potentiality of merger of the two
socicties into a single professional society in our field of
technology. All related factors deserve the most mature
cousideration. But above all, the decision should be
reached primarily on the judgment of that course of
action that would lead the radio, electrical and elec-
tronic profession to develop in the most healthy and
fruitful fashion.

The AIEE was tounded as a New York corporation

in 1884 to meet the professional needs represented in a
growing power, telephone and telegraph industry.
AlEE now has about 65,000 members, headquarters in
the new Engineering Building in New York, and re-
sources of about $1.5 million.

As you well know, the IRE was founded as a New
York corporation in 1912 to meet the professional needs
represented in radio communications. IRE now has
about 92,000 members, its own headquarters in New
York and resources of about $4.5 million.

Because of the basic evolution of each Institute to-
ward the broad methods of electronics, on which both
societies are founded, there has been an increasing over-
lap of interest in the two societies. This overlap has been
in evidence in a number of ways.

1) Between 5000 and 6000 engineers are members of
both AIEE and IRE.

2) Some technical standards committees of the two
societies deal with similar standards problenrs that
have produced conflicts. This has led to establish-
ment of joint AIEE-IRE standards committees.
Both societies deal with overlapping standards in
the international field through ASA and [EC.

3) Standards for admission in the two societies are
generally equivalent and by agreement members
in a given grade of one society are admitted, upon
application, to the corresponding grade in the
other without further examination.

4) AIEEand IRE haveformed joint student branches
at many universities and technical institutes to
avoid the obvious conflicts of common interest
that arise from similar student interests in the
same university departments.

5) Both IRE and AIEE are members of the Engi-
neers’ Council for DProfessional Development
(ECPD), where their interests are very similar.
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Moreover, the rapid evolution of training in radio,
electrical and electronic engineering and in ap-
plied physics, in the universities and in industry is
toward an identical curriculum for members of the
two societies.

6) There is a broad overlap of much of the material
published by the two societies.

7) A large number of local and U. S. national meet-
ings are jointly sponsored by IRE and AIEE. The
two societies have a major problem in avoiding the
duplication and unnecessary proliferation of meet-
ings on similar subjects.

8) AIEE is evolving toward formation of technical
groups, very similar in purpose to the Professional
Groups of IRE. This evolution promises a great
increase in the area of conflict and duplication be-
tween the two societies.

The administration of these joint activities is com-
plex and necessarily incomplete and consuming of major
time and effort of the profession. Equivalent time on
positive professional programs would greatly strengthen
the profession.

Moreover, the areas of conflict are steadily enlarging
as the advance of electronics brings both societies ever
more into the same areas of interest. Typical examples
of the problems that could be avoided by synthesis of
the two societies are mentioned below:

1) Under one society and one Editorial Board, the
publications of the two societies could be tailored
for much better coverage of our professional field.
Members would have a wider choice of the type
of publications individually desired.

2) Meetings in the whole field could be simplified and
duplication automatically avoided. Attendance
would be improved.

3) The danger of increasing overlap and conflict of
the IRE’s professional groups and AIEE’s tech-
nical groups could be avoided. The whole field of
professional specialized technical societies could be
more rationally covered by 35 to 40 professional
groups of the new society.

4) The administration of student sections would be
simplified, and one publication, such as the IRE
STUDENT QUARTERLY, would serve the combined
student needs.

5) Sectional activities would be simplitied, the
strengths of small sections enhanced, and activi-
ties in professional group chapters would become
more rational.

6) Standards activities would be simplified, and dan-
gers of conflict entirely removed, especially in view
of IRE’s vigorous participation in international
standardization.

7) The new society would enjoy the international
character of I1RE with its attendant advantages.
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Likewise, it would carry the mantle of a “founder”
society brought to it by AIEE.

8) The combined headquarters staffs could provide
a much broadened service to our membership, our
section organization, our professional group struc-
ture, our regional, national and international
meetings, our technical committees, and our pub-
lication structure through reduction in duplica-
tion,

The synthesis of the new society would create an in-
ternational professional institute with a membership of
more than 150,000, an annual budget of about $6,000,-
000, and publications of great breadth and depth with
wider opportunity for choice. The opportunities of its
membership would be substantially increased within the
new framework that is promised. The present office
space controlled by IRE and ATEE appears sufficient
to service the new institute, but with the elimination of
obvious elements of duplication the service to the mem-
bership by the combined headquarters staffs would be
substantially broadened.

Over the years there have been a number of joint
committees charged with exploring possible areas of
mutual interest, beginning with the attempt (1922) to
merge the two societies in which Dr. Alfred N. Gold-
smith (Founder 1RI) and Professor A. . Kennelly
(then Past President of the IRE and President of the
AITEE) were active. In spite of their efforts, the attempt
failed because of the then preoccupation of AIEE in
nonradio activities. The most recent committee was
established in 1960, with Donald G. Fink as Chairman
for the IRE, which seriously discussed the possibility
of merger.

The emergence of electronics in the broad sense has,
since that time, brought the two societies into more in-
timate juxtaposition. Typical is the growing preoccupa-
tion of both societies in the fields of surface and satellite
communications, automatic control, computer tech-
niques, magnetohydrodynamics and plasma physics
(with its promise of nonrotating and more efficient
power generation), solid-state physics, information the-
ory, instrumentation, and a host of other new technical
developments which are of common concern to both.
Only merger of the two societies can avoid an ever
larger scale duplication, overlap, and conflict since the
membership of the two societies draw their strength in
ever greater measure from the same basic scientific ele-
ments and the same educational backgrounds.

Therefore, the future of the radio, electrical and elec-
tronic professions would appear to be greatly benefited by
synthesis of the two socielies into a single institiule.

IFor these reasons, the two Boards have felt that
thorough exploration of a possible merger would be in
the best interests of our members and of the profession.

The steps in this exploration have been as follows:

1) In January, 1961, Junior Past President Ronald L.
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McFarlan, acting on my behalf, was invited to meet
with the Board of AIEE in New York for discussion of
mutual IRE-ATEE problems.

2) On March 20, 1961, the Board of IRE invited
President Clarence Linder, AIEE, to join it at a lunch-
con where the mutual problems of IRE and AIEE and
past history of attempts toward merger were discussed
fully and frankly. At that meeting it became evident
that while many mechanical problems of merger stood
in the way, the professional interests of our membership
should be the primary objective of closer cooperation.

3) At the Executive Committee meeting of April 27,
1961, | reported on a conversation which I had had with
President-elect of ATEE Warren Chase, to explore IRE-
AILEE cooperation. It was the consensus of the Execu-
tive Committee that I be authorized to appoint a suit-
able member of IRE to a committee, without limitations
of scope, to discuss |RE-AIEE relations in conjunction
with a suitably appointed delegate selected by AILE.
The Board of Directors of IRE, at their meceting the
next day, April 28, concurred with the recommendation
of the Executive Committee, whereupon, | appointed
Dr. Patrick E. Haggerty as the IRE representative to
that committee and the AIEE appointed Fellow
Richard Teare.

4) Haggerty and Teare met in Pittsburgh, Pa., on
May 21, 1961. During their discussion it became appar-
ent that continued cooperation was becoming so com-
plex to administer, and the danger of serious conflict was
so rapidly increasing, that the possibilities of merger
should be considered without delay. In the view of
Haggerty and Teare the profession would be greatly
strengthened by svnthesis of ATEE and IRE into a
single radio, electronic, and electrical engineering insti-
tute. They spectfically recommended that Warren Chase
and I appoint an ad hoc committee to explore this possi-
bility more critically.

5) Upon this recommendation I acted to appoint P. E,
Haggerty (now President-elect IREE) and Ron McFar-
lan (Jumor Past President IRE) and Haraden Pratt
(Secretary and Past President IRE), while President
Warren Chase of AIEE appointed Clarence Linder
(Junior Past President AIEE) and Richard Teare
(Chairman AIEE Committee on Coordination). Chase
and [ served as ex-officio members.

6) This quasi-official Committee met in New York
on September 13, 1961, to explore the problems of merg-
er. The general recommendations were:

a) That in spite of mechanical problems, the pro-
fessional advantages outweighed these problems,
and that the two Institutes should move actively
toward merger into a new professional society.

b) That the Committee should be voted authority
by both Boards to draft statutes for a single soci-
ety into which IRE and AIEE could be merged.
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These statutes could then be considered by the two
Boards and, if satisfactory, referred to the mem-
bership of the two societies for adoption.

7) On October 18, 1961, and October 20, 1961, re-
spectively, the IRE and AIEE Boards accepted the
report. The Committee on formulation of plans for
merger of ATEE and IRE into a single society has been
activated with the membership shown in the resolution
attached. Statutes and bylaws for eventual considera-
tion by the Boards, publication and final action of the
membership, will be drawn in the coming weeks.

As these plans have developed, | have consulted per-
sonally with many leaders and Section Chairmen of
IRE. In the balance I have encountered a most favor-
able and enthusiastic response to the preliminary pro-
posals. The feeling seems general that so much pro-
fessional strength could be acquired by suitable action,
that the mechanical problems should be appropriately
solved in the interest of professional advantage.

I came away from the discussions of September 13,
with the feeling that amalgamation could be accom-
plished without lesing the vital aspects of IRE organiza-
tion that have made it great. Both AIEE and | RE negoti-
ators have approached the problem with a sense of
statesmanship that would look to creation of a new
institute having the best characteristics of both the IRE
and the AIEE, at the same time dropping outmoded
procedures. Both sides recognized that evolution of the
profession requires changes from time to time that must
be clearly foreseen, and undertaken promptly if the
profession is to prosper.

I therefore ask you to discuss this whole matter in
your next Section meeting, and advise me of your
views before December 1, 1961, so that the drafting
committee may have the benefit of your thinking.

Sincerely yours,

L. V. BERRKNER
President

RESOLUTION

WHEREAS, the Board of Directors of The Institute
of Radio Engineers and the Board of Directors of the
American Institute of Electrical Engineers have con-
cluded that the advancement of the theory and practice
of electrical and radio engineering, and the educational
and scientific objectives of both Institutes, may be bet-
ter served by a merger or consolidation of the two Insti-
tutes into one organization in which all present mem-
bers would be included, and in which they would enjoy
the same rights and privileges now conferred upon them
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by their separate organizations, and it appearing that
such consolidations would not affect the Institutes or
their members, now therefore, be it

RESOLVED, that the Board of Directors of IRE
deems it advisable, in accordance with the stated objec-
tives of IRE, to move actively toward the consolidation
of the activities and organization of IRE with those of
the American Institute of Electrical Engincers (ATEE),
by consolidation or otherwise, provided that the legal
and operational problems incident to such consolidation
can be satisfactorily resolved, and

FURTHER RESOLVED, that Lloyd V. Berkner,
Yatrick E. Haggerty, Ronald L. McFarlan, and Hara-
den Pratt, be and they hereby are appointed to join
with Warren H. Chase, Clarence H. Linder, B. Richard
Teare, Jr., and Elgin Robertson, when appointed by the
Board of Directors of AIELE, as members of a commit-
tee, which shall be authorized and directed to undertake
such studies as they shall deem necessary and appropri-
ate to determine the feasibility, practicability and form
of such consolidation, and to make a report thereon to
the Boards of the two Institutes not later than Febru-
ary 15, 1962, with a view to submission to a vote of the
memberships of the two Institutes, and consummation,
if so approved, by January 1, 1963, and

FURTHER RESOLVED, that such committee shall
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be authorized to meet with the officers, directors and
representatives of the two Institutes to consider the
proposed amalgamation of the two groups and to make
available to such persons such documents and informa-
tion relating to I1RE as such committee deems advisable
under the circumstances, and

FURTHER RESOLVED, that this committee be
directed to prepare, in consultation with representa-
tives of IRE and AIEE, a proposed constitution and
byvlaws and such other documents as counsel may rec-
ommend, with a view to submission thereof to the
Boards of Directors of the two Institutes on or before
February 15, 1962, and

FURTHER RESOLVED, that the proper officers
and directors of the Institute of Radio Engineers be and
they hereby are authorized and directed to cause a copy
of these resolutions to be delivered to the Board of Di-
rectors of the American Institute of Electrical Engi-
neers, and

FURTHER RESOLVED, that these resolutions shall
become effective as soon as the President of the Institute
of Radio Engineers has been notified in form satisfactory
to him and to counsel for the Institute of Radio Engi-
neers that the Board of Directors of the American
Institute of Electrical Engineers has adopted resolutions
substantially to the effect of these presents.
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Introduction to the Plasma Issue®

D. G. DOWY, MeMBER, IRE AND E. W. HEROLD{, FELLOW, IRE
Guest Editors

Y HE study of the physics of ionized gases has had
along and complicated history. The word “plasma”
was first coined by Langmuir and Tonks in 1929
to denote a gas in which an important fraction of the
molecules are dissociated into ions and eclectrons, the
was as a whole remaining electrically neutral. The lab-
oratory study of plasmas, of course, had been pursued
long before that, many important discoveries in the
realm of gas discharge phenomena having been made in
the 1800°s. These studies, continuing into the Twentieth
Century as exemplified by the work of Langmuir, served
as the foundation for many practical clectronic devices
used for the generation, rectification, and control of
clectrical energy. The plasmas used in these devices
usually have a low-charge density, and the fractional
ionization is ordinarily less than one per cent. This small
percentage of ionization is sufficient to provide good
clectrical conductivity which can be controlled ex-
ternally, but it is dithcult to study theoretically because
of the numerous competing processes involving neutral
atoms, metastable atoms, ions, electrons, and collective
oscillations of ions and clectrons.

With the progress made in astronomy and theoretical
physics in the early part of the Twentieth Century, it
was realized that most of the matter in the Universe,
that in the stars, exists in the fully ionized state. Thus,
anew forny of plasma physics evolved in which the study
was largely theoretical, and was concerned with matter
at immensely high temperatures and pressures, the lat-
ter being balanced by the gravitational forces of the
stars. Much of the work currently of interest and many
of the men of greatest stature in the field of plasma
physics started in the field of astrophysics.

Recently the astrophysicists have tackled problems
which are more earthbound, although hardly any less
exotic. The advent of an understanding of thermo-
nuclear fusion, and its possibilities for the generation of
power, have created a great deal of activity concerned
with high density, high temperature plasmas of terres-
trial design. Since these cannot be contined by gravita-
tional forces as they are in the stars, magnetic methods
of confinement must be used, and a large amount of
theoretical and experimental work has been conducted
with an eyve toward the generation and containment of
hot dense plasmas by magnetic fields. In the U.S.A.,
this area of study began under the AEC-sponsored
Sherwood project, which was originally highly classified,

* Received by the IRE, October 13, 1961.
t California Institute of Technology, Pasadena, Calif,
1 Varian Associates, Palo Alto, Calif.

and thus developed a language and fraternity of its own
before most of it was declassified in 1938.

A third group of investigators in the realm of plasma
physics consists of those who were originally acro-
dynamicists. Asairborne vehicles move faster and faster,
their effect on the environment increases. One of the
principle manifestations of this is the increasing temper-
ature, eventually reaching a range in which appreciable
ionization takes place, making the air conductive. The
equations of gas dynamics are modified by this conduc-
tivity, and thus plasma physics is an important area of
study for those in the missile and aircraft fields. In addi-
tion, the high temperatures which exist in rocket flames
lead to appreciable ionization, and the conductivity of
this material may be an important consideration. Re-
cently, the desirability of extremely high velocity rocket
exhaust has led to attempts to use electrically-acceler-
ated particles for rocket propulsion.

Finally, we should discuss the field of radio propaga-
tion which has made important contributions to the
understanding of plasmas and their interaction with
electromagnetic radiation. It has long been recognized
that portions of the earth’s upper atmosphere are ionized
enough to cause refraction and reflection of radio waves.
The basis for much of the world’s long range communi-
cation is the fact that the ionospheric layers will reflect
radio signals with greater or lesser amounts of attenua-
tion depending on the frequency, ion (and thus electron)
density, and altitude (and thus the neutral density). In
order to understand and make use of this phenomenon,
many contributions had to be made to the understand-
ing of the behavior of the ionosphere and the influence
of a plasma on radio signals. Closely related to this has
been a study of more recent origin which arises because
of the high-speed aircraft and missile phenomena which
concern the aerodynamicists. In spite of the plasma
sheath surrounding these vehicles, we must communi-
cate with them, and some interesting problems have
been attacked, and system proposals have been evolved.
The properties of this plasma sheath also result in some
interesting radar return properties, with obvious mili-
tary interest. (It should be noted that the word “sheath”
in this context means the layer of plasma surrounding a
a vehicle; much earlier, the word was used by Langmuir.,
and still is used by gas discharge physicists and engineers
to denote the non-neutral layer which surrounds the
plasma in a discharge. The reader should beware of this
ambiguity.)

Plasma physics, then, might be divided up into four
major disciplines, separated not so much by the concepts

World Radio History|
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used as by their historical aims and the interests of those
involved. These might be denoted by the following
names: gas discharges, fusion plasma physics (including
astrophyvsical applications), acrodynamical applications,
and radio propagation plasma studies. As might be ex-
peeted, this special issue of the PROCEEDINGs is aimed
predominantly at the electronics engineer and empha-
sizes the fields most concerned with the communication
and electronics arts, namely gas discharges and radio
propagation. It has been our intention in laying out this
issue to make it largely one in which the basic principles
and known fundamentals of plasma physics are ex-
pounded as they apply to problems in these arcas, with-
out concentrating on specific devices and techniques.
\Wherever possible, the fundamentals are emphasized
and detailed engineering concepts omitted. It is our hope
that in this wayv an issue of reasonable size will com-
municate many of the basic ideas, and stimulate the
reader’s interest in some of the areas of plasma physics
and its engineering applications.

\With this background, let us scan this special issuc on
plasma physics.

Plasma Physics . n Elementary Review, (Bachynski,

p. 1751). This paper summarizes most of the arcas of
current interest in plasma physics, and serves as a back-
ground article for almost all of the rest of the issue. The
thermonuclear  problem, astrophysics, propagation,
noise, propulsion, and electronic devices are all treated
in a form which allows the reader to grasp the basic con-
cepts preparatory to reading the specialized articles.

Oscillations and Noise in Low-Pressure DC Discharges,
(Crawford and Kino, p. 1767). All laboratory discharges
seem o be plagued with an excess amount of low fre-
quency noise. and in special cases, oscillation. In this
paper the authors review the history of scientific investi-
gation into this phenomenon, and present in a coherent
package the bulk of present day knowledge about this
noise as well as some tantalizing suggestions for con-
trolling it. These phenomena take place in two different
frequency ranges, the first generally below one mega-
cvele and dominated in some manner by the ionie prop-
erties, and the second in the microwave range typically
governed by the electron plasma frequency. The com-
plete explanation of the source of either of these forms of
noise is still lacking. However, much experimental data
exists, and a qualitative picture has been presented
which is consistent with the observations.

lonic and Plasma Propulsion for Space Vehicles,
(Brewer, Currie, and Knechtli, p. 1789). In their search
for higher specific impulse (thrust per unit mass of
propellant), rocket experts have turned to clectrical ac-
celeration of ions or plasmas as a potentially practical
method for obtaining this objective. The engineering
techniques required are an interesting mixture of elece-
tronics, power conversion, and astronautics. The authors
of this paper present an outline of the basic principles
underlying this line of approach, and follow with the
hasic system concepts appropriate to two somewhat dif-
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ferent techniques, the ion engine in which ions are ac-
celerated and then mixed with electrons to form a
plasma, and the plasma rocket in which the neutral com-
bination of ions and electrons is accelerated. A number
of specific techniques are illustrated and the basic tech-
nological problems are presented. In this arca, as with
many space instrumentation problems, high efhiciency,
high-power electrical sources will be necessary for prac-
tical utilization of these techniques.

Transmission of Ilectromagnetic Waves Through an
lonized Layer in the Presence of a Strong Magnetic Field,
(Harley and Tyras, p. 1822). This paper attacks the
same problem, that is, the enhancement of propagation
through a plasma by the use of a magnetic field. The
plasma is approximated here by a succession of slabs so
that the variations in density may be reasonably repre-
sented. A numerical calculation is given showing the
transmission as a function of magnetie field for a specific
model of density variation.

The Use of Magnetic Fields in the Iilimination of the
Re-Entry Radio Blackout, (ITodara, p. 1825). The effect
of a plasma sheath on a re-entering space vehicle is to
greatly reduce the high frequency propagation through
this sheath. This paper discusses the technique of im-
proving the communication with a space vehicle by
imposing a magnetic field near the antenna which
reduces the attenuation through the sheath.

RF Reflectance of Plasma Sheaths, (Taylor, p. 1831). As
noted carlier, the plasma sheath about a re-entering
space vehicle not only degrades the communication with
it, but also changes markedly the radar return. This
paper exhibits a calculation of the reflectance of a plane
sheath which can be used as an approximation of the
true sheath problem. The result is obtained in analytic
form, in general as the ratio of two complex infinite
series.

Mutual Coupling of Two Thin Infinitely-Long Slots
Located on a Perfectly Conducting Plane in the Presence of
a Uniform Plasma Layer, (Yee, p. 1837). The plasma
sheath about a re-entering body is again considered, this
time from a near-field point of view, in which the author
considers the mutual coupling between two antennas lo-
cated on the surface of the body. The result is expressed
as a coupling coefficient between the two antennas. It is
shown that the coupling is generally less than that which
would exist in the absence of the plasma, provided the
operating frequency is above the plasma freguency.

Antenna Noise Temperature tn Plasma Environment,
(Bachynski, French, and Cloutier, p. 1846). Again the re-
entry sheath is considered. In this paper, the authors are
concerned with the degree to which the plasma itself
contributes noise energy to the antenna. Since the sheath
is at an extremely high temperature, even a small degree
of coupling to the plasma may result in badly degraded
noise performance. The analysis shows a peak in noise
temperature in the vicinity of the plasma frequency,
above which the noise is principally external, and below
which it arises mostly in the vehicle. Because auxiliary
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magnetic fields may also be used in these vehicles, the
calculations have been extended to include the appropri-
ate anisotropy. The noise then exhibits peaks at both
plasma and cyclotron frequencies, but the structure is
much more complicated, and general conclusions are
harder to draw.

Generalized A ppleton-Ilartree Equation for any Degree
of lonization and Application to the Ionosphere, (Shkarof-
sky, p. 1857). This paper is motivated by the problems of
ionospheric propagation, but may have much broader
application. The author formulates the generalized
equations for propagation of electromagnetic waves
through a plasma, when the collisions result from both
electron-neutral and electron-ion collisions in arbitrary
mixtures. The analysis is compared with experimental
results, and a proposal is made that ionospheric electron
temperatures may be measured by correlating suthcient
propagation data.

T'he Electrical Conductivity of a Partially Ionized Gas,
(Sengupta, p. 1872). The problem of conductivity of a
plasma is considered theoretically over the range where
both electron-neutral, and electron ion collisions are im-
portant. Explicit expressions for both the real and
imaginary parts of the conductivity are given in integral
form. While these general forms are applicable to any
degree of ionization, the author also presents expressions
for the same quantities for the case that the plasma is
fully ionized, in which case the conductivity may be ex-
pressed in terms of known transcendental functions.

Interaction of Microwaves in Gaseous Plasmas Im-
mersed in Magnetic Fields, (Rao, Verdeyen and Goldstein,
p. 1887). The 1930’s saw the discovery of the Luxem-
bourg effect, in which a strong radio transmitter passed
its own modulating intelligence onto other signals whose
propagation path passed over the region of the trans-
mitter. Correctly explained as a nonlinear plasma effect
(cross-modulation) in the ionosphere, the phenomenon
has its modern counterpart and extension scaled down
to laboratory size by use of microwaves. This paper
covers basic studies of plasma characteristics in a strong
5 Ge/sec microwave field, using a weak sensing signal at
6 Gce/sec for the measurements. A magnetic field swept
through cyclotron resonance is also used. The data are
all taken in the inherently equilibrium state of the after-
glow, using pulse techniques: thus, the rise in electron
temperature due to absorption of power, and the changes
in collision frequency, can be used for analytic compari-
son of the data with theory. Good qualitative agreement
is found.

Frequency Conversion in a Microwave Plasma, (Baird
and Coleman, p. 1890). Closely related to the above paper,
is the present one in which plasma nonlinearity is used
in a practical way to get microwave frequency multi-
plication and frequency mixing. The work indicates that
the principal source of nonlinearity is modulation of the
electron density at twice the drive frequency. Little or
no magnetic field was used. In the experiments, a 9
Gce/sec high-level signal and 11 Ge/sec low-level signal
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produced a 20 Gc/sec output, about 25 to 30 db down;
the same large conversion loss occurred for second har-
monic generation. The values agree with those expected
from this theorv. Thus, the results are still rather far
from useful, but it is expected that much higher power
densities might improve matters.

A Plasma Microwave Detector, (Taylor and Herskovitsz,
p. 1901). In this paper, the authors describe a novel use
of an activated plasma as a microwave detector. This is
done in a most unusual way, by detecting the change in
recombination radiation, as observed by a photomulti-
plier. It appears that the presence of microwaves changes
the electron temperature slightly so as to reduce the re-
combination and to quench the light. Greatest sensitiv-
ity requires the low electron temperature of the after-
glow equilibrium state. As little as a microwatt of input
could be detected, which is rather remarkable even
though it is considerably poorer than a video crystal.
The authors point out that such a plasma detector is
burn-out proof and has an extremely wide bandwidth.
Several suggestions are proposed which might increase
the sensitivity (with a reduction in bandwidth) but they
have not vet been tried.

Interaction of a Modulated Electron Beam with a
Plasma, (Boyd, Gould, and Field, p. 1906). There has been
great interest in recent years in the use of electron-
beams interacting with a gaseous plasma to produce
microwave amplification. This paper describes the first
successful experiments of a few vears ago, in which the
microwave modulation of an electron beam was in-
creased by interaction with a “resonant” plasma. Later,
traveling-wave amplification was achieved, by inter-
action with a slow propagating wave on the plasma
column. These two different modes are compared and
both theory and experiment are described. In the experi-
ments, both helix coupling at 3 Gc/sec, and cavity
coupling at 0.5 Ge/sec are emploved. The observed
gains of 7 db/cm in the plasma resonance case, though
only half of the theoretical, are nevertheless significantly
high. In the slow-wave case, about 0.8 db/cm is observed
again well below theory. The discrepancies with theory
are not unexpected because the theory assumes a uni-
form, loss-free plasma. Unfortunately, the present inter-
actions are very noisy compared with conventional
traveling-wave high-vacuum tubes.

A Method of Measurement of Flame Attenuation at 200
Mec, (Biggs, p. 1917). The first plasma ever produced by
man on earth was the flame, i.e., a gas ionized by its
high temperature. Many vears ago, the electrical con-
ductivity of flame was studied, today it is once again of
major importance in magnetohvdrodynamic power gen-
eration or propulsion, and in missile trails. In the paper
by Biggs, 200 Mc/sec measurements are described
which can be used to obtain conductivity and dielectric
constant of flames passing between a two-bar measuring
line. Distilled water is used to calibrate, and theoretical
curves are shown for electron densities ranging to 10°
per cmd,
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Electrical Characteristics of a Penning Discharge,
(Ielmer and Jepsen, p. 1920). The llelmer and Jepsen
paper concerns a most interesting type of magnetically-
confined plasma known as the Penning discharge. Orig-
inally proposed as an ionization gauge, this discharge
can take place at gas pressures as low as 1072 mm of
mercury, ordinarily considered an ultra-high vacuum.
This type of discharge is the basis of the getter-ion
vacuum pump. In this paper, it is shown that the
trapping of clectrons along the axis of symmetry is so
effective that the axial potential is severely depressed.
By a split anode structure, oscillations were obtained
from the magnetron-like structure whose cathode is the
space-charge cloud. With the normal anode, star-shaped
sputtering patterns indicate that complex instabilities
are present. Probably the most important result is the
discovery that intense, nearly monochromatic, ion beams
~an be produced by such discharges.

Generation and Application of Ilighly Ionized Qui-
escent Cesium Plasma in Steady State, (Wada and
Knechtli, p. 1926). This next paper covers work on the
method of generating plasma which requires no electrical
discharge. It has been known that highly ionized plasma
can be generated by use of cestum vapor in the vicinity
of a hot clectron-emitting tantalum cathode. With two
such plasma sources facing each other, and only a mod-
est confining magnetic field, the authors show that
plasma densities of 10" per em?, and 90 per cent ioniza-
tion, are obtained. This work is of importance in that
such plasmas are basically quiescent, and need no ap-
plied electric field to maintain them. In practice, such
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plasmas are useful for physical measurements, in
thermionic energy converters and in plasma sources for
rocket propulsion.

A New Approach to Thermionic Energy Conversion,
(Bernstein and Knechtli, p. 1932). The original work
on high-efficiency thermionic energy converters used
a self-generated cesium plasma resembling that de-
scribed in the preceding paper. However, a low tem-
perature electron emitter does not ordinarily release
enough ionized cesium to make an ethcient device.
For a long time, workers have been trying to obtain an
auxiliary source of ions which would not require too
much energy to produce. In the Bernstein and Knechtli
paper, such a source is described; while this work was
going on, a similar concept was also explored inde-
pendently in England. The structures devised appear to
work well and to make a very important contribution
to the low-temperature thermionic energy converter.
In this paper, data on an argon plasma source are given;
it is calculated that a 1500° K. cathode should be sufh-
cient to provide an over-all efficiency of conversion of
25 per cent, if a sufficiently low work-function anode
can be devised (Editor's note: a good low work-function
anode is still a long way from realization). By modu-
lating the plasma source, it should be possible to gen-
erate ac directly.

In concluding this Introduction, the Editors wish to
thank the special group of reviewers who, although they
must remain unnamed, are responsible for the selection
of the papers, and much of the detailed editing of the
papers.
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Plasma Physics—An Elementary Review*

M. P. BACHYNSKI{, SENIOR MEMBER, IRE

Summary~—Although plasma phenomena have been observed in
nature since the beginning of time, it is only in recent years that man
has recognized the vast potential that plasmas hold for his future
activities. One needs only to consider the scale of present day plasma
physics experiments in order to realize the emphasis now being
placed on the subject. At one extreme, there is the formation of arti-
ficial plasmas in nature such as in the Argus experiment and at the
other is the study of microplasmas in tiny crystals of semiconducting
material.

This paper summarizes the role plasma physics is playing in
present day scientific activities. A brief description is given of plasmas
in nature, of the role of plasma physics in attempts at the ignition,
control and diagnosis of thermonuclear fusion reactions, of the
effect of plasmas on communication and telemetry from space and
re-entry vehicles, of propulsion techniques (ionic, magneto-hydro-
dynamic, plasma) which utilize plasmas, and of the possibilities of
incorporating plasmas in practical devices. In conclusion, the future
prospects of plasma physics are outlined.

INTRODUCTION

ITTLE did prehistoric man realize, as he watched the
sun, lightning discharges, the Aurora Borealis, or
even his open fire, that he was observing plasma

phenomena. Only in recent time has it become evident
that the principal state of matter of the Universe is
neither solid nor liquid nor gaseous, but plasma—a
system including many free electrons and ionized atoms
whose mutual interactions markedly affect its proper-
ties. This fourth state of matter probably comprises
more than 99.9 per cent of the matter in our Universe.

Although an ideal plasma could readily be created in
the laboratory many vears ago in the form of a par-
tially ionized gas, such investigations were not pursued
very actively since the techniques for controlling a
plasma were in a primitive state, and it appeared that
they bore little relation to phenomena occurring on the
carth. Consequently, the astrophysicists who realized
the role played by ionized matter in Galactic processes
were left unmolested in their ivory towers to make some
of the earliest and most significant contributions to
plasma physics. It remained for two very recent de-
velopments to give the necessary impetus to make
plasma physics “fashionable.” These were the successful
creation of an uncontrolled thermonuctear fusion reac-
tion in the form of the hydrogen bomb and the realiza-
tion of large rocket thrusts which enabled vehicles to be
propelled at hypersonic velocities and hence to open the
door to the space age. The hydrogen bomb opened the
scarch for techniques of controlling the thermonuclear
fusion reaction for generation of clectrical power on
carth, while attempts to thrust further and further into

* Reccived by the IRE, Augnst 14, 1961,
t Research Labs,, RCA Vietor Co., Ltd., Mantreal, Can.

space were confronted by communications and guid-
ance problems involving plasma physics phenomena.
Even the problem of propulsion in space itselfl has be-
come a branch of the subject. As a result, plasma physics
has become one of the most intensely investigated fields
of science (see Fig. 1) with controlled experiments rang-
ing in size from many earth diameters, such as the arti-
ficially formed plasmas in high-altitude nuclear explo-
sions of the Argus experiment, to the minute micro-
plasma of importance in tiny crvstals of semiconduct-
ing material.
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Fig. 1—(a) Plasma physies research, 1960 B.C.
(b) Plasma physics research, 1960 \.D.

This paper is intended as a short exposition of the role
plasma physics is playing in present dav scientific ac-
tivities; of a number of the ideas presently being investi-
gated and of some hopes for the future. A brief descrip-
tion is given ol plasmas in nature, of plasma physics
activities in attempts at control, ignition, and diag-
nosis of thermonuclear fusion reactions, of the interac-
tion of clectromagnetic waves with plasma and their of-
fect on communications and on telemetry from space
and re-entry vehicles, of plasma propulsion techniques,
of the possible practical devices incorporating plasma
properties, and of prospects for the future.
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PLASMAS IN NATURE
The Sun

The sun!=? and its activities, upon which the existence
of life on carth fundamentally depends, is a plasma phe-
nomenon. The visible part of the sun or the solar at-
mosphere can be considered to consist of three layers.
The photosphere comprises the visible disk which is a
few hundred kilometers thick. Present-day knowledge
attributes an average particle density of 10%/cm? to
this region with a free electron density of 10" electrons/
cm?. The photosphere is thus a plasma. Surrounding the
photosphere is a reddish ring approximately ten thou-
sand kilometers thick above which flame-like promin-
ences rise. This is the chromosphere, a very inhomoge-
neous region consisting principatly of hydrogen, helium
and calcium, which radiate energy due to electron-pro-
ton recombination and excitation of the light elements.
Surrounding the chromosphere and extending millions
of kilometers into space is a thin, hot atmosphere—the
corona. The corona is very tenuous—stars are visible
through it and comets traverse it unaltered. A steep
temperature gradient extends from the chromosphere to
the hotter corona where temperatures exceeding one
million degrees exist (see Fig. 2). Although almost all
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Fig. 2—Plasma between carth and sun.

known elements are seen in its spectrunt, the presence
of fully ionized hvdrogen and helium ions is of prime
significance.

It is now considered that the self-sustaining action of
the sun is that of & huge thermonuclear device which re-
leases energy by fusing together protons to form neutral
helium atoms. The process can be written in short:

4p— He' + 2¢* + energy (26.7 Mev).

This process proceeds at a slow rate establishing tem-

' G. P. Kuiper, Ed., “The Sun” (“The Solar System,” vol. 1),
University of Chicago Press, Chicago, 1., and Cambridge University
I’ress, Cambridge, ng.; 1953.

21, G. Cowling, “Nuclear reactions in stars,” Proc. Roy. Soc.
(London) A, vol. 260, pp. 170-174; Feb. 21, 1961.

3 J. A. Ratcliffe, Ed., “Physics of the Upper Atmosphere,” Aca-
demic Press, New York, N. Y.; 1960,
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peratures in the interior of the sun exceeding 20 million
degrees. Due to the large mass of the sun, the force of
gravity is sufhcient to prevent the escape of all but the
most energetic charged particles (plus radiation) from
the hot plasma.

Plasma Phenomena Due to Sun’s Radiation

As the ionizing radiation from the sun (principally
ultraviolet and N-ray radiation) penetrates deeper and
deeper into the atmosphere of the earth it encounters a
larger and larger density of gas particles. As a result the
radiation produces more and more electrons per unit
volume. However, in this process the radiation is ab-
sorbed so that a position is reached where the rate of ab-
sorption of the radiation is greater than the rate of in-
crease of the atmospheric density. Consequently, the
rate of production of clectrons decreases as one proceeds
to lower altitudes. Hence there exists a height, which
depends on the gas density gradient and the absorp-
tivity of the radiation, where the rate of electron produc-
tion is greatest. By this process, a great natural blanket
of plasma, the ionosphere,*=7 which envelopes the earth
from an altitude of approximately 70 to over 300 kilo-
meters, is produced. The various “lavers” of the iono-
sphere (D, K, F in order of increasing altitude and also
electron densitv) represent regions of ionization ranging
from 10! to 10° electrons per em?, ecach merging into the
next higher region without pronounced minima. An ac-
curate, detailed explanation of the formation of the
ionosphere is not vet available, although the gross fea-
tures are readily accounted for.

In addition to the ionosphere, whose existence has
been known for some time, recent satellite experiments
have discovered other plasma effects due (at least in
part) to radiation from the sun. These are the Van Allen
radiation belts®? (see Fig. 3) in which high-energy
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Fig. 3—Van Allen natural radiation zones.

charged particles (principally electrons and protons) are
trapped in regions where they execute complicated
trajectories which spiral to and fro along geomagnetic
lines of force across the earth’s equator and, at the same
time, drift slowly around the earth. The net result is an

1 “The Physics of the lonosphere,” The Physical Society, London,
Eng.; 1955.

s Proc. IRE, Special Issue on the Tonosphere, vol. 47, pp. 131
323; February, 1959.

8 “International Symposium on Fluid Mechanics in the lono-
sphere,” J. Geophys. Res., vol. 62, pp. 2037-2238; December, 1959.

7 “Symposium on the Exosphere and Upper F-Region,” J. Geo-
phys. Res., vol. 65, pp. 2503-2036; September, 1960.

 J. A, Van Allen, “Radiation belts around the world,” Sei. odw.,
vol. 200, pp. 39-47; March, 1959.

9P, J. Kellogg, “Electrons of the Van Allen radiation,” J.
Geophys. Res., vol. 65, pp. 2705-2713; September, 1960.
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electric current associated with the belts which should
slightly modify the magnetic field at the earth’s surface.
Particles can escape from the belts by collision with the
atmosphere and recombination to form neutral parti-
cles. Due to this slow loss, the radiation regions are
maintained only as a result of a continual replenishment
of particles.

Completely ditferent origins are attributed to the two
radiation belts. (The data from U. S. satellite Pioneer V
indicates a third radiation region'® surrounding the
carth at a distance of 8-10 carth radii.) The inner belt is
ascribed to cosmic rays, which penetrate into the
atmosphere forming proton-electron pairs which are
“trapped” by the magnetic field of the carth and main-
tained in the belts. The outer belt is thought to be due
to and maintained by streams of neutral plasma con-
sisting mainly of protons and electrons which arc
ejected from time to time by the sun. This belt changes
considerably in extent and intensity depending on the
solar activity. These streams are considered to be
ejected at very high velocities (1000 km/see) so that the
particles are confined by the magnetic fields associated
with such intense electric currents.

Plasma Phenomena Resulting from Solar Disturbances

The emission of radiation and particles from the sun
does not by any means proceed at a uniform rate. A\t
times the chromosphere of the sun becomes turbulent
and vortices (sunspots) appear. These sunspots reach a
maximum (in number and size) about every 11 years.
At the maximum the sunspots are found to be concen-
trated principally in one hemisphere of the sun, and, as
the sunspot cycle proceeds, the spots decrease in num-
ber and intensity, move nearer the sun’s equator and
finally disappear at a time of sunspot minimum. These
disturbances then proceed to break out again in the
opposite solar hemisphere reaching a peak in another
eleven-year period. The total sunspot cyvcle thus takes
about 22 vears to complete.

The result of the solar eruptions is an enhanced dis-
charge of strongly electrified particles from the surface
of the sun forming strong plasma whose fields and parti-
cles permeate interplanetary space. Simultaneously, in-
tense ultraviolet and XN-ray radiations are emitted
which enhance the normal ionization of the carth’s
atmosphere. The streams of ejected particles travel into
space and on occasion are intercepted by the carth.
\When this happens, about a day after the solar erup-
tion, a geomagnetic storm resulting in sharp fluctuations
in the strength and direction of the earth’s magnetic
field occurs. These streams of plasma are able to find
their way into a circular zone around the geomagnetic
poles (the auroral zone) where electric currents of mil-
lions of amperes are generated. This seriously distorts

W[, V. Berkner, “Science in Space,” Goldschmidt Memorial
L.ecture, X 111th General Assembly of URSI, London, Eng.; September
6, 1960.
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the normal magnetic fields around the polar regions,
‘ausing the incoming particles which produce auroras
to spread further and further southward. Finally, the
particles become trapped in the outer Van Allen radia-
tion region forming a ring current about the equator
which falls off slowly and in a few days attains its “nor-
mal” value.

At times of sunspot maxima, particularly violent
solar eruptions with the projection of hot “fireballs” of
material into space are also known. These explosions
give rise to the arrival of energetic particles at the earth
in about 1-4 hours after the event and long before the
slower but more intense main stream of plasma. The
density ol particles is insufficient to distort the earth’s
magnetic feld, but the particles enter into the polar cap
following along the almost vertical magnetic field lines
where they cause a prompt blackout of radio communi-
‘ations.

During the periods of sunspot maxima, observations
of the solar-induced phenomena have been organized on
an international scale. The International Geophysical
Year (IGY) thus has been to a large extent devoted to a
study of plasmas in nature.

THERMONUCLEAR PPLASMA
The Thermonuclear Process

It is well known that the nucleus of any atom is com-
posed of a number of protons and neutrons which are
held together by strong binding forces and that, by
modifving the atomic structure of certain nuclei, en-
ergy may be released. In one method, the energy arises
from the splitting of heavy nuclei into lighter fragments.
This process of fission creates a net energy vield due to
the fact that the mass of the original nucleus is greater
than the sum of the masses of the fragments after fission
has occurred. An alternate method is the combination
of certain light nuclei into heavier components whose
mass is less than the sum of the masses of the original
constituents. This is the fusion process.

Of the light elements, the two isotopes of hydrogen,
deuterium (consisting of one proton and one neutron)
and tritium (consisting of one proton and two neu-
trons) appear among the leading candidates as fucls
for fusion reactions. (Hydrogen itself is not practical
since its rate of fusion is much slower than either of its
two isotopes under the same conditions.) Reactions of
principal importance for these constituents are

e + n + 3.2 Mev
D+ D

NT 4+ p+ 40 Mev
D4+ T— Het + n 4 17.6 Mev.

In cach case, energy is released, and although this en-
ergy is appreciably less than that released in a fission
reaction, the energy per unit mass of fuel is greater from
fusion than from fission. Since deuterium occurs in na-
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ture (about 1 part in 6000 of the most abundant element
in our universe—hydrogen) and can be readily and inex-
pensively separated from hydrogen, it presents an al-
most inexhaustible supply of basic fuel for fusion.

The fundamental goal of thermonuclear research is
the production of economic power from the controlled
release of fusion energy.''=" In addition to the low cost
and abundance of the fuel required, the fusion reac-
tion holds the promise of being inherently safe in that

there would be no possibility of “runaway”™ reactions.
The fusion products are nonradioactive and hence pre-
sent no disposal problems, and furthermore a controlled
fusion device offers the possibility of direct generation
of electric power by the elimination of the inefheient
heat cycle.

FFor fusion to occur, the particles must approach suth-
ciently close to each other for long enough time that the
short-range nuclear forces interact causing the nuclei to
fuse. This is the so-called Thermonuclear reaction. Due
to the positive charge on the nuclei, the particles tend
to repel cach other strongly. In order to overcome these
Coulomb forces, the particles must be made to collide
at high velocities corresponding to temperatures of the
order of 108°K (for a Maxwellian distribution of particle
energies). At such temperatures, attainable only in
gases, the gas is fully ionized consisting ol ions and free
clectrons, i.c., a plasma. Thermonuclear rescarch is thus
concerned with the confinement, heating, and diagnosis
of very-high-temperature plasmas.

Confinement

One of the major requirements for thermonuclear {u-
sion is & means o contain the hot plasma™=' in a given
volume for a sufficient length of time such that an appre-
ciable portion of the nuclei will fuse together. Solid ma-
terial containers are of no value for this purpose due to
the cooling effect on the plasma when it comes into con-
tact with the walls and the consequent quenching of the
reaction. [t is thus necessary to use a force which acts at
a distance, such as gravitational or electric or magnetic
ficlds. For masses of the size encountered in laboratory
experiments, gravitational forces are much too weak to

1R, F. Post, “Controlled fusion research—an application of the
physics of high temperature plasmas,” Proc. IRE, vol. 45, pp. 134-
160; February, 1957.

12 “Controlled release of thermonuclear energy,” Nature, vol. 20,
pp- 217-223; January 25, 1958.

13 Second U, N. Tnternatl. Conf. on the Peaceful Uses of Atomie
Energy, vol. 31: “Theoretical and Experimental Aspects of Con-
trolled  Nuclear Fusion,” vol. 32: “Controlled Fusion Devices,”
United Nations, Geneva, Switzerland; 1958,

M AL Simon, “An Introduction to Thermonuclear  Research,”
Pergamon Press, New York, N. Y.; 1959,

15 A, S, Bishop, “Project Sherwood—The U. 5. Program in Con-
trolled Fusion,” Anchor Books, Doubleday & Co., Inc., New York,
N. Y.; 1960.

18§ G. Linhart, “Plasma Physics,” North-lolland Publishing
Co., Amsterdam, The Netherlands: 1960,

17\, A. Leontovich, Ed., “Plisma Physies and the Problems of
Controlled Thermonuclear Reactions,” Pergamon Press, New York,
N. Y., vols. 1-4; 1960.

18 N, R. Nilsson, Ed., Proc. 4th Internat. Conf. on lonisation Phe-
nomena in Gases, North-lolland Publishing Co., Amsterdam, The
Netherlands, vols. 1, 2; 1960.
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be of practical use (although these are precisely the
forces which are effective in confining the plasma parti-
cles in the sun and other large stellar masses). Statie
electric fields act in opposite directions on positive ions
and electrons causing charge separation which creates
opposing fields, making this method ineffective. The
only plausible schemes are those involving magnetic
fields (either static or slowly varying in time) and pos-
sibly combinations of RI electric fields and magnetic
fields. Some of the suggested schemes of plasma confine-
ment will now be discussed:

1) Pinch: Thisis one of the earliest schemes suggested
for plasma confinement.'*:13:19:20 [{ is based on the prin-
ciple that a current tflowing in a conductor produces its
own magnetic field which encircles the current [see Fig.
4(a)]. This magnetic field exerts an inwardly directed
force which tends to constrict or “pinch” the conductor.
A high-temperature plasma is a very good conductor
(its resistance can be many times lower than that of
copper), so that in the pinch confinement the current is
made to flow in the plasma itself. As the current builds
up, its associated magnetic field increases in strength
and in turn pinches the plasma into a dense, hot region
in the center of the container.

‘The pinch devices need not be linear in conbiguration.
In fact, in order to eliminate end losses, one of the favo-
rite configurations is the torus. ZISTA, the British ma-
chine at Harwell, is an example of a toroidal pinch de-
vice.

Unfortunately, highly constricted columns ol plasma
are unstable against forces which distort its shape, and
any initial disturbances tend to grow in amplitude so
that the column rapidly disintegrates. It has been dem-
onstrated that the presence of a longitudinal magnetic
field within the plasma-current discharge has a stabiliz-
ing intfluence which inhibits the formation of small
“kinks.” In addition, theory predicts that external con-
ducting shells may also assist in controlling the insta-
bilities. A great deal of investigation still remains to be
done on schemes of this type.

2) Magnetic Mirror: The use of a straight section of
tube to contain a thermonuclear plasma requires some
suitable technique for “stoppering” the ends of the con-
tainer. One approach is to wind magnetic field coils
about a straight section of tube so as to produce an
axial magnetic field which is weak in the central region,
but strong at the two ends [see Fig. 4(b)]. The strong
fields at the ends tend to repel the charged particles of
the plasma and hence tend to move them back towards
the central region. These strong fields at the ends, which
trap the particles'™='7 thus constitute the “magnetic
mirrors.”

The requirement for containment of plasma particles
by a magnetic mirror is that the particle energy in the

1 R, Latham and J. A. Nation, “Report on linear pinch devices,”
Nuclear Instr. and Methods, vol. 4, pp. 261-272; June, 1959,

2 R, J. Bickerton, “Brief review of the toroidal stabilized pinch,”
Nuclear Instr. and Methods, vol. 4, pp. 273-278; June, 1959.
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Fig. 4—(a) Pinch. A current in a column of plasma creates an en-
circling magnetic ficld which exerts an inward force on the
charged plasma particles and hence “pinches”™ them to the center
of the tube. The pinch effect unfortunately tends to be unstable.
?I)) Magnetic mirror. Current carrying coils are wound on a
cylinder so as to produce strong magnetic fields at each end. The
plasma can then be trapped between the two end “mirrors.”
(¢) Cusp geometry. By suitable arrangement of magnetic field
coils “cusp” contiguration of contining magnetic fields is possible.

axial direction be small compared with its energy in the
perpendicular direction. If the axial velocity of the par-
ticle is too great, the mirror ficlds will not turn the
particle back, and henee it will escape. This creates the
problem of how the particles should be injected so that
trapping by the mirrors will occur. Suggested schemes
include the injection of beams of low-energy ions which
are given large perpendicular accelerations by RFE elec-
tric fields as they pass slowly through the central mir-
ror region, thus giving them sufficient transverse energy
to be trapped. A second scheme is to inject a beam of
high-energy neutral atoms as molecules and break these
up as they pass through the confinement volume, thus
providing a means for continuous re-injection of ener-
getic particles.

2\ second problem is that the above-mentioned aniso-
tropies in the velocity-space required for containment of
the plasma in a mirror machine can give rise to instabil-
itics. These instabilities are of two types; one is due to
unstable electrostatic plasma oscillations which grow at
the expense of the electron energy and the second to
unstable hydromagnetic disturbances which cause the
confining field to become “rippled” and to fluctuate
rapidly, which in turn gives rise to enhanced diffusion of
particles across the field.
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The usc of mirror machines ts thus not without its
problems, and considerable investigations are yet to be
made.

3) Other Schemes: Other schemes for the containment
of thermonuclear plasmas include the Stellarator,?
which uses a magnetic field parallel to the axis of a to-
roidal tube and is produced by external currents flow-
ing in solenoidal windings encircling the plasma. The
confining fields are such that the magnetic lines of force
generate not a single circle but an entire complex heli-
cal or toroidal surface suitable for the trapping of plasma
particles. Some of the stability problems of the Stel-
larator are similar to those of the toroidal pinch, al-
though the much smaller currents in the plasma inter-
act less violently with the confining fields.

Another approach is based on the idea that, as a re-
sult of the gyroscopic action, a rotating plasma may be
stable. In this “homopolar” device,' the application of
radial electric and transverse magnetic fields causes the
plasma particles to precess about a central axis, creat-
ing a centrifugal force which tends to keep the particles
away from the axis and trap them in regions of magnetic
ficld which have been caused to “bulge” by the rotating
plasma.

Studies of magnetic confinement indicate that mag-
netic configurations with lines of force curving away
from the plasma should be stable while those curving
towards the plasma tend to be unstable. This suggests
that configurations in which the magnetic lines ol force
curve everywhere away from the plasma might be
stable. Such a scheme is the picket fence or cusp geome-
try shown in Fig. 4(c). There exists, of course, the prob-
lem of “stoppering” the regions of weak confinement.
One idea is to use RF electric fields which are nonlinear
in space and thus create a net force on the particles
which inhibits their escape. 2 (Some consideration has
been given to complete systems using RI° gradient fields,
however, tne required power appears excessive com-
pared to other techniques.)

A further idea has been to start from the high-cnergy
side, that is, with a beam of particles having cnergies
greater than those needed for thermonuclear reactions
and by injecting and trapping them in a confined region
to build up to densities which would sustain the thermo-
nuclear reactions. To achieve this it is necessary to in-
ject a high-energy beam of particles into a strong mag-
netic field and to dissociate the particles before they
come out.

Many other schemes have been proposed and are
under investigation.

# L. Spitzer, Jr., “The Stellarator Concept,” Phys. of Fluids, vol.
1, pp. 253-264; July-August, 1958,

2 H. \. H. Boot and R. B. R. S. Harvie, “Charged particles in a
non-uniform radio-frequency field,” Nature, vol. 180, p. 1187; No-
vember 3, 1957,

= H. A. H. Boot, et al., “Containment of a fully ionized plasma by
radio-frequency helds,” J. Electronics Control, vol. 4, pp. 434 -153;
May, 1958.

*T. W, Johuston, “Time-averaged effects on charged particles in
ac fields,” RCAA Rew., vol. 21, pp. 570 -610; December, 1960.
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Heating

A crucial requirement for any thermonuclear machine
is the means to heat the plasma to the required high
temperatures''='® of one hundred million degrees or
more. Of the several methods for heating the plasma,
the simplest is the ohmic or Joule heating by the cur-
rents in the plasma which produce the confining fields.
At high temperatures, the power input per unit volume
becomes small due to the high conductivity of the
plasma, so that interparticle collistons must occur to
provide any Joule heating. The collisions, however, tend
to diffuse the azimuthal confining fields and the axial
stabilizing field into cach other. Thus, the Joule heating
requirements and those for stability are contradictory.

Another method of heating the plasma (used in mir-
ror machines) is that of “adiabatic compression.” In this
technique the magnetic field strength of the entire mir-
ror configuration is made to increase with time. Thus,
particles (ions and eclectrons) injected into the machine
at times of low field strength will increase their trans-
verse energy as the magnetic field is increased, while
their axial energy will remain the same. In fact, it turns
out that the increase in transverse energy of the particles
is directly proportional to the increase in magnetic field
strength,

A plasma can also be heated by pulsing the axial con-
fining field so as to produce an oscillating electric field
which encircles the axis of the tube. This induced elec-
trie ficld can increase the energy of the gyvrating charged
particles. Such a method is aptly called “magnetic
pumping.” The magnetic pumping technique is particu-
larly effective if the confining field is pulsed at the cy-
clotron frequency of the positive ions. This is due to the
interaction between the oscillating electric field and the
gyrating positive particles which move in the same
direction and with the same velocity as the electric field
so that resonance coupling is possible.

Of importance in the thermonuclear reaction is any
process which might cause more energy to leave the
reaction than is created and hence cool the plasma.
Under the assumption of perfect containment, the basic
energy loss is due to bremsstrahlung—radiation from
the plasma itself due to deflection (through collision) of
the rapidly moving charged particles. If the system is to
be self-sustaining, the generated power within the
plasma must exceed the radiated power. This occurs
above a certain critical temperature, the so-called “igni-
tion temperature.” For the D-D reaction, this critical
temperature is of the order of 4 X 108°K. A second form
of radiation loss from the plasma which may be im-
portant is synchrotron radiation due to the radial accel-
eration of particles in a magnetic field.

In addition to the radiation losses from the plasma,
particle losses will occur. There will always be a number
of particles, particularly electrons, in the high-energy
tail of the velocity distribution of particles in the
plasma. These electrons are too energetic to be con-
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tained by the normal confining field strength and con-
stitute “runaways.”

Diagnostics

Since thermonuclear plasma research is in a highly ex-
ploratory state, a great number of techniques are neces-
sary to diagnose'® 17 what is actually happening. These
constitute such a variety of methods that most experi-
mentalists in physics would be able to recognize at least
some techniques with which they are familiar. No at-
tempt will be made to give an exhaustive account of the
possible approaches, but the number of different disci-
plines which can contribute to furthering the knowledge
ol thermonuclear plasmas will be indicated.

Visual diagnostics such as fluorescent screens and
photographic methods are of value in obtaining qualita-
tive information. Fluorescent screens have been used to
determine the location of the plasma, ion orbit size and
approximate density measurements. The same informa-
tion can be obtained with fast-shutter photography,
while streak photography enables a display of the time
history of the position and light intensity of the plasma.

Spectrographic techniques have yielded much quan-
titative data, such as determination of the ion velocity
distribution from Doppler and Stark broadening of the
spectral lines, spectral line identification of the plasma
species and impurities and determination of electron
temperatures by measurement of the intensity ratio of
the spectral lines of ionized and neutral species of the
plasma. In addition, X-ray energy analysis has been
applied to measurement of the radiation emitted from
the hot plasma.

Direct current probe techniques have been used with
moderate success (the major difficulty being that probes
severely perturb the plasma) to obtain indications of
electron temperature, ion and electron densities and dis-
tribution profiles. Current loops and probes are of value
for plotting contours of magnetic field and current dis-
tributions. Considerable interest has been shown in
solid-state probes based on the Hall effect for similar
purposes.

RF techniques have proven extremely uselul, since
transmission of microwaves through the plasma vields
information on the plasma electron density, while a
measure ol the intensity of RF energy emitted from a
plasma vields the kinetic electron temperature. Further-
more, resonance absorption at certain RI° frequencies
can be used for ion identification since the gyvrofrequency
of a specific ion depends on its charge to mass ratio. The
use of HE radio techniques in plasma diagnostics has in
turn stimulated research on the generation of higher
and higher frequency coherent EN energy.

Infrared measurements as thermonuclear diagnostics
have been limited, due to the slow time response of
most long-wavelength 1-R detectors. As the time con-
stant of these detectors continues to be improved with
the advent of new semiconductor materials and tech-
niques, their utility in such studies will gain prominence.
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Many techniques first introduced tn nuclear particle
physics are of great value. Among these are the deter-
mination of temperature and velocity of runaway elec-
trons by use of graded absorbers in front of scintilla-
tion counters and similar studies employing nuclear
emulsion plates and the use of neutron counters for de-
tecting neutrons, which should arise out of the thermo-
nuclear process, but more usually are formed far too
prematurely as a result of acceleration mechanisms,
such as instabilities.

Of course, the true criterion of a thermonuclear reac-
tion is to measure more energy being ereated by the
plasma than is being put into the plasma. In the course
of achieving this no doubt many byproduets will come
to pass which may be of nearly as great importance as
the hnal goal.

Of the numerous experimental approaches under in-
vestigation, none is in a position to achieve the “igni-
tion” temperatures where the input energy begins to
cqual the energy generated. Before this is possible, a
tremendous amount of basic knowledge of plasma prop-
erties is still required. These investigations point only
to further clarification of the severe stability require-
ments, of the important energy loss mechanisms, of the
necessary containment times, the techniques of heating
and diagnosing plasma and many other problems. All
the different approaches are studies of plasma physics
necessary to build up the fundamental behavior of
plasmas over the widest possible range of conditions.
This is being achicved by the use of many relatively
small-scale experiments devised to test crucial limita-
tions and novel ideas in addition to the large machines,
which create conditions approaching those in a genuine
thermonuclear reaction.

COMMUNICATIONS AND Prasya Puysics
Llectromagnetic Wave Interaction with Plasmas

The interest in electromagnetic wave interaction with
plasmas is many fold. IFirst, there is the direct applica-
tion to communication techniques. Secondly, there is
the information which can be derived from a knowledge
of such interaction. This is the basis for numerous funda-
mental studies in physics, diagnostic techniques, and in
this same category can be included the effects on radar
return. In addition, the effect of the plasma environ-
ment on the performance of a given system must be
considered.

The interaction of an electromagnetic wave with a
plasma can be described in terms ol a number of “bulk”
parameters of the plasma. These parameters in turn de-
pend upon the basic particle interactions. The degree
of ionization of the gas or mixture of gases comprising
the plasma determines the “electron density” or number
of electrons (the most important constituent) con-
tained within the plasma. The interaction of these elec-
trons with neutral atoms, ions, and with cach other de-
termines the “collision frequency” of the plasma con-
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stituents, Z.e., a measure of the average number of colli-
sions an electron undergoes per unit time. Complicating
factors are that the collisions can be elastic or inelastic,
the electron can be interacting with several particles
simultaneously and the nature of the interacting lorces is
different for electron-neutral particle interaction than
for electron-ion or electron-clectron collisions. The elec-
tron density, collision frequency and external forces de-
termine the “conductivity™ (and in turn the current
density) of a plasma. For slightly ionized plasmas, the
conductivity is almost exclusively due to the more mo-
bile electrons. However, at high degrees of ionization,
the ion conductivity becomes of importance. From a
knowledge of the time and spatial variation of these
quantities (electron density, collision [requency, con-
ductivity), electromagnetic wave interaction with a
plasma can, at least in principle, be deduced.

A fundamental quantity which enters into a discus-
sion of the properties of a plasma, particularly when
clectromagnetic wave interaction is concerned, is the
plasma frequeney. The plasma frequency (w,) for elec-
trons in a plasma, regarding the ions as stationary mo-
tionless points is defined as

w, = (ne*/egm)'’?,
where

n=the electron number density per unit volume
¢=1the charge on the electron

m=the mass of the electron

€ = the permittivity of [ree space.

Although the plasma [requency enters into most consid-
erations as a convenient “lumped parameter” having the
dimensions of frequency, it also is an inherent property
of a plasma. If, in an infinite plasma, a small number of
electrons are displaced from their equilibrium position,
a restoring space charge field is created which, if the
displacing force is suddenly removed, causes the elec-
trons to oscillate about their equilibrium at a frequency
proportional to the plasma frequency.
The electromagnetic properties of a
change markedly depending upon whether the angular
frequency of the electromagnetic wave is greater or less
than the plasma frequency. For RF frequencies above
the plasma frequency, a plasma behaves more or less
like a dielectrie, the lossiness of which is determined by
the collision frequency. At frequencies well below the
plasma frequency, the plasma acts like a very good
conductor, while at frequencies around the plasma fre-

plasma?—28

® 1. A. Ratclifie, “The Magneto-lonie Theory and its Application
to the lonosphere,” Cambridge University Press, Cambridge, Eng.;
1958.

% B. N. Gershmann, et al., “Propagation of electromagnetic
waves in a plasma (ionosphere),” Upsekhi Fis. Nauk, vol. 61, pp. 561-
612; 1957, (‘Translation: AEC-1r-3193.)

27 L. Smullen, “Interaction between plasmas and electromagnetic
ticlds,”™ J. Res. NBS, vol. 64D, pp. 766--767; November/December,
1960.

2 M. P Bachynski, et al., “Plasmas and the Electromagnetic
Field,” MeGraw-Hill Book Co., New York, N. Y.; in press.



1758

quency, cutoff or very high attenuation and reflection
occurs so that the wave cannot penetrate to any great
depth into the plasma.

A plot of the typical variation of the penetration
depth of an incident electromagnetic wave into a given
plasma with RF frequency is shown in Fig. 5. The effect
of increasing electron density is to depress the entire
variation, particularly in the dielectric region. Increas-
ing the collision frequency has no effect in the cutoff
region, but in the conducting region it increases the
depth to which an EN wave can penetrate while it de-
creases the penetration depth in the dielectric region.

~
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EFFECT OF
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ELECTRON

DENSITY

PENETRATION DEPTH
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Fig. 5—Variation of depth of penetration of an electromagnetic wave
into a plasma. At low frequencies the plasma acts as a conductor,
while at high frequencies its behavior is similar to a dielectric. A
cutoff region for the electromagnetic waves exists when w=wp.

In the presence of a steady magnetic field, the electro-
magnetic properties of a plasma are drastically modified.
In this case, the plasma behaves as a doubly refracting
medium and exhibits band-pass characteristics. That is,
for certain frequency ranges, depending upon the plasma
properties and the strength and direction of the mag-
netic field relative to the incident wave, the plasma is
transparent to radio waves, while in other frequency
ranges it is opaque. This means that for specific condi-
tions, radio energy at frequencies well below the plasma
{requency can penetrate through the plasma.

Further electromagnetic wave-plasma phenomena of
consicderable interest occur when the effects of electron
gradients are considered. These nonlinearities in the dis-
tribution of the electron density arise as a result of
thermal currents in the plasma and give rise to longi-
tudinal waves which travel at very low velocities (some
as low as the sound velocity) in the plasma. Thus, the
plasma can support a pressure wave in addition to the
transverse electromagnetic wave. In most instances, the
pressure and electromagnetic waves are coupled, and
energy can be transferred from one type of wave mo-
tion into the other.

Communications and Natural Plasmas

The fact that an ionized region acts as a conductor
and hence is a good reflector for incident radio waves of
frequency below the plasma frequency has been utilized
for communications for some time. Thus, the ionosphere
is a naturally occurring plasma, and long-distance com-
munication over the earth via reflection from the iono-
sphere is feasible for frequencies less than a critical fre-
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quency® (which depends on angle of incidence as well as
the electron density). At these frequencies, the radio en-
ergy will be almost totally redirected (reflected) down
towards the earth again. This is the basis of the so-
called “sky-wave” in modern radio communications.
Extensive exploration of the ionosphere has also been
carried out by “radio soundings” in which a variable-fre-
quency radio signal is directed at the ionosphere and the
reflected wave observed until a frequency is found
above which the signal penetrates into the ionosphere,
and the reflected wave is appreciably reduced. If the
electron density of the ionosphere changes, this critical
frequency changes. In this manner, it has been possible
to determine the stratification of the ionosphere by vir-
tue of the differing electron densities of the various
layers. Fortunately, the electron density is greater in
the layers at higher altitudes so that frequencies can be
found which penetrate the lower layers but are still re-
flected by the higher regions of the ionosphere.

The newer communication techniques which use
meteor trails are based on the same principles.®=31 A
meteor re-entering the carth’s atmosphere creates a
column of ionization due to impact on the atmosphere
and to ablation of the meteor material. When the elec-
tron density is suthciently large, this cylinder of plasma
reflects incident radio energy. The trails are transient
phenomena since, due to diffusion, the electron density
soon decreases below the critical value for reflection of
the electromagnetic energy.

An electromagnetic wave traveling in an ionized re-
gion may, under certain circumstances, interact with a
second wave in such a way that a modulation imposed
on one of the waves becomes transferred to the other.
To produce this crossmodulation or Luxembourg ef-
fect??37 (so-called because it was first observed from
radio station Luxembourg), a nonlinear medium is re-
quired, and the absorption of energy from radio waves
by an ionized region provides the necessary nonlinear-
ity. If now another wave (the interacting wave) is ab-
sorbed in the same region, the energy from it will in-

2 P, A, Forsyth and E. L. Vogan, “Forward scattering of radio
waves by metcor trails,” Canad. J. Phys., vol. 33, pp. 176-188; May,
1955.

30 P, A. Forsyth, et al., “The principles of JANET—a meteor
burst communication system,” Proc. IRE, 45, vol. pp. 1642-1657;
December, 1957.

3 R, f. Carpenter, and G. R. Ochs, “The NBS meteor burst com-
munication system,” IRE Trans. ox COMMUNICATIONS SYSTEMS,
vol. CS-7, pp. 263-271; December, 1959.

32 B. . Tellegen, Nature, vol. 131, p. 840; 1933.

8 G. W, 0. Howe, “Accurate measurements of the Luxembourg
cffect,” Wireless Engr., vol. 15, p. 187; April, 1938.

3 1., G. H. Huxley. “lonospheric cross-modulation at oblique
incidence,” Proc. Roy. Soc., vol. A200, p. 486; 1950.

% V', L. Ginsburg and A. V. Gurevich, “Non-linear phenomena in
a plasma located in an alternating electromagnetic held,” Upsekhi
Fiz. Nauk, vol. 70, pp. 201-246; February, 1960, pp. 393-428;
March, 1960.

® F, H. Hibberd, “lonospheric self-interaction of radio waves,”
J. Atmos. Terr. Phys., vol. 6, pp. 268-279; May, 1955.

37 V. L. Ginzburg, “Non-linear interaction of radio waves propa-
gating in a plasma,” Zh. Eksp. Teo. Fiz., vol. 35, pp. 1573-1575;
December, 1938,
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crease the velocity of the electrons and hence the fre-
quency of their collisions with the net result that the
wanted wave will be more strongly absorbed. Thus in
the presence of the interacting wave, the wanted wave
will become weaker. H the amplitude of the interacting
wave is varied, the velocity of the electrons will follow,
and the absorption of the wanted wave will also vary.
In this way, the modulation of the interacting wave be-
comes superimposed on the wanted wave.

Due to the doubly refracting nature of the plasma in
a magnetic field, a further cffect occurs when radio
waves are propagated in a plasma in the direction of the
magnetic field lines. This is a rotation of the plane of
polarization of the wave, namely Faraday rotation. Com-
munication systems whose signals must pass through
the ionosphere, for instance, suffer from this effect.

The band-pass behavior of the plasma in the presence
of & de magnetic field discussed carlier, explains “whis-
tler” propagation.®* These decreasing-frequency audio
whistles observed by radio means are the result of LF
clectromagnetic energy being generated by natural
lightning discharges and propagating from one earth
hemisphere along the magnetic lines of force of the
carth to the conjugate positions of their origin in the
opposite hemisphere.

At low radio frequencies, the ions in the plasma pro-
foundly affect the electromagnetic characteristics of the
plasma.i®*" As a result, the band-pass structure of the
plasma is moditied with electromagnetic wave propaga-
tion now being possible at very low frequencies. These
LI EM waves are the classic magnetohydrodynamic or
Alfven waves* that propagate at a velocity which is
often nine orders of magnitude less than the velocity of
light. Such magnetohydrodynamic waves have been de-
tected both in the laboratory and during the high-alti-
tude nuclear detonations of the Argus experimentg—4
ol 1958,

The Plasma Sheath

A space vehicle moving at hvpersonic velocities within
a planetary atmosphere will be surrounded by a shock-
induced envelope of jonized gas (Fig. 6). This laver of

1. RO, Storey, “An investigation of whistling atmospheries,”

Phil. Trans. Roy. Sec. (London) .1, vol. 246, pp. 113-141; July,
1953,

# R,M. Gallet and R. A Helliwell, “Origin of ‘very-low-fre-
quency’ emissions,” J. Res. NB.S, vol. 63D, pp. 21- 27; July /Augnst,
1959.

#© C. O. Hines, *Heavy-ion cffects in audio frequency radio propi-
gation,” J. Atmos. Terr. Phys., vol. 11, no. 1, pp. 36-42; 1938.

" R. E. Barrington and T. Nishizaki, “The hyvdrogen ion effect in
whistler dispersion,” Canad. J. Phys., vol. 38, pp. 1642-1652; Decem-
ber, 1960.

2A. Alven, “Cosmical  Electrodynamies,” Oxford University
Press, Oxford, Eng.; 1950.

# N. C. Christofilos, “The Argus experiment,” J. Geophys. Res.,
vol. 64, pp. 869-875; August, 1959,

H P, Newman, “Optical, electromagnetic and satellite observa-
tions of high-altitude nuclear detonations: part 1," J. Geophys. Res..
vol. 64, pp. 923 933; \ugust, 1959,

® AL M. Peterson, “Optical, electromagnetic and satellite observa-
tions of high-altitude nuclear detonations: part 2,” J. Geophys. Res.,
vol. 64, pp. 933 938: August, 1959
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Fig. 6—A plasma sheath surrounds a hypersonic
space vehicle as it re-enters the atmosphere.

ionized gas or “plasma sheath” can have a profound in-
fluence on communications and telemetry to and from
the vehicle® 7 and can also seriously alter the radar re-
flecting charaeteristics of the wvehicle and hence its
radar detectability.

The effect of the plasma sheath on communications is
to attenuate the signal severely and markedly degrade
the antenna performance.*® At typical re-entry velocities
for missiles and space vehicles, the signal attenuation is
sufficient to cause “blackout,” except at extremely high
microwave frequencies. For a manned re-entry vehicle
which descends slowly in altitude, the plasma sheath
ionization can persist over a large part of its flight path.
This makes it extremely difficult to guide and control
such vehicles from the ground by means of telemetered
signals. The same difficulties apply to information
transmitted from space probes and other scientific data
measurements. Consequently, it is very important to
understand the plasma phenomena created on re-entry
in order to select the optimum system requirements.

Of great importance for delense applications is
knowledge of the behavior of the radar scattering cross
sections of ballistic missiles at launch and during re-
entry caused by the ionized sheaths and trails of the
vehicles. In general, the plasma sheath enhances the
scattering cross sections, but under specific conditions,
the scattering properties can even be reduced.

Basically, the above phenomena involve the interac-
tion of electromagnetic waves and plasmas. This is, how-
ever, only part of the story, since to specify the plasma
properties and the plasma geometry at any time, a de-
tailed knowledze of aerophysics for determining the
shock front configuration and related aerodynamic flow
fields and flow rates is required.® These factors, in turn,

% AL P. Bachynski, et al., “Electromagnetic properties of high-
temperature air,” Proc. 1RE, vol. 48, pp. 347-336: March, 1960.

A VL Phelps, “Propagation constants for clectromagnetic
waves in weakly ionized, dry air,” J. Appl. Phys., vol. 31, pp. 1723-
1729; October, 1968,

# ] W. Marinmi, “Radiation and admittance of an insulated
slotted-sphere antenna surrounded by a strongly ionized plasma
sheath,” J. Res. NBS, vol. 641, pp. 525 532; September/October,
1960.

W, Rotman and G. Meltz, Eds., “Electromagnetic Effects of
Re-Entry,” Pergamon Press, New York, N. Y.: 1960.
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depend upon the environment in which the body is mov-
ing and hence upon upper atmospheric physics as well
as depending on the atomic processes of particle interac-
tion in the plasma, dissociation, ionization rates and
products, etc. This is, indeed, a formidable problem.

Plasma sheath phenomena have been reported asso-
ciated with orbiting satellites.3*=% [t is speculated, with
some experimental evidence, that due to space charge
which may build up on the satellite, a cloud of ions
coukl be projected in front of the satellite. This plasma
clowd is thought to be sufficiently dense to reflect HFF
(megacycele) radio waves at times of intense solar ac-
tivity, More quantitative measurements are neces ary
before the existence of this effect can be proven.

Atmospheric Breakdown

Gas “breakdown” or gas “discharge” in a given region
occurs when the number of electrons being created by
jonization is equal to or exceeds the number of electrons
which are lost through diffusion, recombination and at-
tachment. In the breakdown process,’7* the residual
electrons in the gas gain sufficient energy from the RF
electric fields to cause primary ionization by collision
with the neutral constituents. Initially, since there are
few clectrons, the ionizing collisions are infrequent, but
as the number of clectrons created increases, an ava-
lanche process is initiated until breakdown occurs. At
high pressures, the mean free time between collisions of
the electrons is small compared to the RE period so that
the electron does not have time to gain much energy be-
fore collision. At low pressures, the time between colli-
sions is long so that in the interval the electron gains
sufhcient energy from the RF fields to cause an ionizing

80 A, Flambard and M. Reysat, “Electromagnetic waves and satel-
lites: echoes from ionized trails of satellies at high frequency,” Onde
Elect., vol. 38, pp. 830-837; December, 1958,

&t C. R. Roberts and P. H. Kirchner, “Radio reflections from
satellite-produced ionization,” Proc. IRE, vol. 47, pp. 1156-1157;
June, 1959.

82 ). B. Beard and F. S. Johnson, “Charge and magnetic held
interaction with satellites,” J. Geophys. Res., vol. 65, pp. 1-7; January,
1960.

8 S, Rand, “Wake of a satellite traversing the ionosphere,” Phys.
of Fluids, vol. 3, pp. 265-273; March/April, 1960.

st ], D. Krauss, et al.,, “The satellite ionization phenomenon,”
Proc. IRE, vol. 48, pp. 672-678; April, 1960.

$ |, D. Krauss, “Evidence of satellite-induced ionization effects
between hemispheres,” Proc. 1RE, vol. 48, pp. 1913-1914; No-
vember, 1960.

% [, D. Krauss and R. C. Higgy, “The relation of the satellite
ionization phenomena to the radiation belts,” Proc. IRE, vol. 48,
pp. 2027-2028; December, 1960.

57 [, Gould and [.. W. Roberts, “Breakdown of air at microwave
frequencies,” J. Appl. Phys., vol. 27, pp. 1162-1170; October, 1956.

8 A, . MacDonald, “High-frequency breakdown in air at high
altitudes,” Proc. IRE, vol. 47, pp. 436-441; March, 1959

8 J. B. Chown, e al., “Voltage breakdown characteristics of
microwave antennas,” ’roc. 1RE, vol. 47, pp. 1331-1337; August,
1959.

8 P AL Platzmann and E. H. Solt, “Microwave breakdown of air
in non-uniform electric fields,” Phys. Rev., vol. 119, pp. 1143-1149;
August 15, 1960.

8 . Kelly and H. Margenau, “High frequency breakdown of
air,” J. Appl. Phys., vol. 31, pp. 1617-1620; September, 1960.

62 \V'. 5. Scharfman and T. Morita, “Voltage breakdown of an-
tennas at high altitude,” Proc. IRE, vol. 48, pp .1881-1887; Novem-
ber, 1960.
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collision. At extremely low pressures, there are few
particles for the electrons to collide with, so an optimum
pressure exists at which a minimum voltage is required
for breakdown.

Thus the electric field strength required to break
down a gas at low pressure is, in general, less than that
required at atmospheric pressure. As a consequence,
even low-power antennas on a high-altitude vehicle may
be susceptible to voltage breakdown.’*82 The effect on
the antenna performance when voltage breakdown oc-
curs is to alter the radiation pattern of the antenna,
lower the total power radiated, change the pulse shape
of the radiated power and modify the input impedance
of the device. \When the number density of electrons in
the discharge is such that the plasma frequency exceeds
the RF frequency, little transmission and considerable
mismatch will occur.

Direct application of breakdown theories to antenna-
voltage breakdown characteristics are ditheult due to
the complex fields which exist near the antenna and
which vary with the antenna configuration. The effect
of pulse shape, pulse repetition rate (since electrons may
be left in the gas in front of an antenna due to the previ-
ous pulse), and peak powers under varying conditions
before breakdown occurs are yet not fully understood.
The environmental conditions of a space vehicle com-
plicate the problem due to the questionable validity of
concepts such as diffusion length at high altitudes, the
unknown effects on breakdown of air turbulence, plasma
sheaths, ete., around the vehicle and the effects of pre-
ionized regions such as the ionosphere in which large
initial electron densities exist through which the vehicie
must pass.

Plasma Noise

As a result of the interaction between electrons, 1ons
and neutral molecules in a plasma, clectromagnetic en-
ergy is generated and emitted by the plasma.®® This
emission of “passive” radiation from the plasma can be
due to a variety of physical processes such as: brems-
strahlung—the deceleration of particles due to an
atomic encounter; the release of energy during recom-
bination of an electron-ion pair; or Cerenkov radiation
from the “bow wave” formed when particle velocities
exceed the velocity of light in the medium or unstable
plasma oscillations arising from gradients of electron
density which exist in nonuniform plasmas. The radi-
ated energy is in general noncoherent, varying over a
wide continuous spectrum of frequencies and thus ap-
pears principally as a noise signal.

This noise can impose limitations on the sensitivity of
an antenna receiving system by raising the noise level of
the environment in which the transmitting and receiving
system operates and hence defeating the advantages

83 . Bekefi and J. L. Hershield, “Incident microwave radiation
from plasmas,” Phys. Rev., vol. 116, pp. 1051-1056; December 1,
1959.
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gained in using masers, parametric amplifiers and other
low noise receiving devices. The “noise” radiated from
a plasma is not, in all cases, necessarily a detrimental
effect such as it is in communications, Thus if the spec-
tral distribution of the emitted energy is characteristic
of the plasma properties, a measurement of the nicro-
wave radiation provides specific information on the
plasma. As an example, knowledge of the radiated power
gives a measure of the electron temperature in the
plasma, and this has been used as a powerful diagnostic
technique. Further investigations have been focused on
the microwave radiation from plasmas produced by
hypervelocity bodies in the hope of providing a means
for detection and discrimination of such vehicles as they
enter the atmosphere.

A major difficulty in the above-mentioned applica-
tions is an understanding of the fundamental processes.
For a plasma in a steady state, macroscopic radiative
transfer concepts without detailed knowledge of the
atomic processes can be applied and the emission spec-
trum determined from the electromagnetic wave ab-
sorption, transmission and reflection properties of the
plasma. These determinations are complicated by the
nonuniformity and geometrical configuration of the
emitting plasma. However, most practical plasmas of
interest are not in equilibrium, and as yet a considerable
amount of theoretical work remains to be done on non-
equilibrium radiation. Furthermore, few rehable quan-
titative measurements are available to guide the the-
oretical work,

Prasyma PrRoPuLsioN
General Rocket Considerations

After a vehicle has been placed out of the reach of
strong gravitational forces into a low satellite orbit by
conventional means (e.g., a chemical rocket), there no
longer exists a need for a high-thrust device. One then
can look towards more novel methods for reducing the
cost of propelling large payloads in space. The use of
electrical propulsion techniques for this purpose greatly
increases the size of the payvload that can be projected
into larger orbits.

To show that this is the case, consider some funda-
mental system parameters of a rocket.® The basic
parameters are the specific impulse (defined as thrust
in weight units/propellant mass flow rate) whose units
are seconds and the thrust (in weight units) per unit
weight which is a dimensionless parameter. IFor a rocket
to take off from a planet, the thrust per unit weight of
the rocket must be greater than one. However, in re-
gions where the forces of gravity are small, even small
values of thrust/weight may be useful. In a chemical
rocket, the thrust power is limited to the specific energy
content within the chemical propellant so that the high-

s .S, Seifert, Ed., “Space Technology,” John Wiley and Sons,
Inc., New York, N. Y.; 19059,
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est specific impulse possible is desired. In electrical
propulsion however, the source of the power and the
working fluid are completely separate, hence the opti-
mum specific impulse is not necessarily the greatest one.
Thus the source of power increases with inereasing spe-
cific impulse, and the propellant or working fluid de-
creases with increasing specific impulse with an opti-
mum specific impulse when the sum weight of the pro-
pellant and power plant (i.e., vehicle) is minimized. For
operations within the influence of the earth’s gravita-
tional field, such as a complete round trip of a lunar
mission or the establishment of a communications satel-
lite in a “stationary” 24-hour orbit at a height of 22,500
miles, the optimum specific impulse required ranges
from 1500 to 5000 seconds. For interplanctary flights, a
specific impulse of 7500 to 20,000 seconds is desirable.

These values of specific impulse are beyond the limit
of the enerygy of conventional rocket propellents so that
new methods are required. In Fig. 7 are illustrated the
limit of thrust per unit weight and specific impulse of
chemical rockets and the regions of operation of some of
the devices to be discussed in the sequel.
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Fig. 7—General rocket characteristics of some
plasma propulsion devices.

Electrostatic or Ton Propulsion

One technique for attaining a large specific impulse is
to electrostatically accelerate a beam of charged parti-
cles and expel them at very high velocities.®=%% [n this
manner, it may be possible to design a low-thrust sys-
tem suitable for space flight. In its simplest form, an
ionic rocket would consist of an ion source to supply the
“fuel” and an electrostatic accelerator or gun to accel-
erate the ions, the ejection of the ions from the device
corresponding to the mass flow from an ordinary rocket.

% 12, Stuhlinger and R. Seitz, “Some problems in ionie propulsion
systems,” TRE Trans, ox MiLiTARY ELictroxics, vol. MIL-3, pp.
27-33; April, 1959.

s F. Hecht, Ed., Proc. 10th Internatl. Astronautical Congr., V.on-
don, Eng., 1959, Springer-Verlag, Vienna, Austria, vols. 1 and 2; 1960.

875 W, Kash, “A comparison of ion and plasma propulsion,”
Proc. I1RE, vol. 48, pp. 458-465; April, 1960.

S F. 1. Ordway, Eid., “Advances in Space Science,” Academic
P’ress, New York, N, Y., vol. 2: 1960).
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Considerable thought has gone into a choice of fuel
for an ionic rocket. The basic requirements are that the
ion source yield an ion of sufficient mass (to give an
appreciable thrust) and at the expense of a minimum
amount of power. Most present experimentation has
been with the contact-ionization type of ion source using
vapors of alkali metals as the “fuel.” In this technique,
cesium or rubidium, which have very low ionization po-
tentials, are passed through regions of incandescent
tungsten (which has a higher work function than either
cesium or rubidium). The alkali atoms readily lose their
valence electrons to the tungsten and nearly 100 per
cent ionization can be achieved.

A more serious problem in the development of ion
rockets is the space charge limitation upon the maxi-
mum current densities which can be obtained for a
particular accelerating voltage, electrode configuration
and propellant. Practical current densities which have
been achieved at accelerating voltages below 10 kv are
of the order of 12 ma/cm? for cesium.

Since ion bombardment can cause serious electrode
erosion, secondarv-electron emission and impact heat-
ing, it is necessary to focus the ion beam to overcome the
beam spread resulting from the space charge repulsion
of the charged ions. To obtain collimated beams, cylind-
rical-beam and converging-beam Pierce Gun accelerat-
ing systems have been studied.

In order to preserve the clectrical neutrality of the
ion rocket and to prevent space charge from building
up behind the ship and hence inhibiting the ejection of
ions, it is necessary to neutralize the “exhaust” of the
ion rocket. To achieve space charge neutrality, particles
of the opposite charge must be introduced into the ex-
haust. The entire ensemble, consisting of negative and
positive particles and hopefully neutrals due to recom-
bination, is electrically neutral, so in effect, it is a
plasma. One technique of neutralizing is to inject clec-
trons into the positive-ion beam from electron emitters
located around the perimeter of the beam. The eclec-
trons are attracted into the ion beam by the space
charge fields in the unneutralized portion of the beam
and oscillate through the beam, thus giving some de-
gree of neutralization to the ion beam. Since the mass of
the clectron is a small fraction of the ion mass, an ¢jec-
tion of electrons would make a negligible contribution
to the net thrust and is therefore useful solely in an at-
tempt to attain charge neutrality. A further suggestion
for an ion rocket which may overcome the charge neu-
tralization problem is to have the rocket composed of
ion diodes, each alternately accelerating positive and
negative ions. The exhaust of such a system would be
electrically neutral, and furthermore, if a suitable nega-
tive ion of comparable mass to the positive ion were
known, then the over-all thrust of the system could be
doubled. The diffculty is, of course, in obtaining a suit-
able negative ion source. Such a dual ion device is il-
lustrated in Fig. 8.

Other charged masses such as colloidal suspensions,
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Fig. 8—Positive and negative ion accelerators to achieve space
charge neutrality in exhaust of an jon rocket system.

dust particles and heavy molecules have been suggested
as possible fuel for an ionic propulsion system and are
currently being investigated.

Neutral Plasma or Magnetohydrodynamic Propulsion

High specific impulse devices are possible using a
partially or fully ionized gas (i.e., a plasma) as the pro-
pellant®=71 in which the ion and electron densities are
essentially neutral. Such a device is not affected by the
space charge limitations of the ion rocket. Since the
plasma is an electrically conducting fluid, electromag-
netic fields can be used to interact with it in order to
heat the plasma to higher temperatures or to accelerate
it to high velocities. Electromagnetic fields can transfer
energy to a plasma by two basic methods, namely, Joule
heating which increases the thermal energy of the
plasma and by the interaction of the plasma current
with the magnetic field which creates a force accelerat-
ing the plasma and hence increases the energy of motion
of the plasma. The manner in which this force interacts
with the plasma is strongly dependent on the geometry
of the apparatus and on the plasma properties, and is
the basis for a number of schemes for plasma propulsion
devices.

The plasma arc jet is an example of a device in which
a plasma is used to Joule heat a gas. In the plasma jet,

6 M. Alperin and G. P. Sutton, Eds., Proc. Symp. on dvanced
Propulsion Systems, Los Angeles, 1957, Pergamon Press, New York,
N. Y.; 1959.

7 M. Camrac, et al., “IPlasma propulsion devices for space flight,”
IRE TraNs. oN MILITARY ELECTRONICS, vol. MIL-3, pp. 34—41;
April, 1959.

W, Rayle, “Plasma propulsion possibilities,” IRE Trans. onN
MiLitary ELECcTRONICS, vol. MIL-3, pp. 42-45; April, 1959,
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Fig. 9—(a) Plasma jet. A plasma are is used to heat a gas to high
temperatures. The gas is then passed through an expansion nozzle
and forms a high velocity exhaust. (h) MHD accelerator. In the
magnetohydrodynamic accelerator an ionized gas is passed
through crossed electric and magnetic fields which accelerate this
plasma. (¢) T tube accelerator. In the T tube, the energy stored in
a capacitor bank is discharged into a gas creating a plasma which
is accelerated up the stem of the T using magnetic fields.

a dc voltage is applicd between the operating electrodes
[see Fig. 9(a)] causing a breakdown of the gas in the
chamber. The propelled gas is then forced through this
electric are and is heated upon passing through the arc.
After heating, the hot gas is expanded in a conventional
nozzle. The limitation of specific impulse in the plasma
jet is caused by the inability 1o recover the energy ex-
pended on dissociation and ionization of the gas as it
passes through the arc. Unless recombination occurs be-
fore the gas is expelled from the nozzle, this energy will
not appear as kinetic energy of the gas flow and hence is
lost.

A device which minimizes the above losses can be
made by accelerating a preheated gas using magnetic
ficlds. In this scheme [Fig. 9(b)], a hot gas (~3000°K)
is passed into the acceleration chamber where clectric
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currents are caused to flow through the plasma in a
given direction. A magnetic field permcates the plasma
in a direction normal to the electric current. The action
of the current and the magnetic ficld creates a JX B
(where J is the current density, B the magnetic field)
force which accelerates the plasma in a direction per-
pendicular to both the magnetic field and the electric
current.

Considerable experimentation has been performed
with the T tube [Fig. 9(c)] in which the gas is highly
ionized by passing a large current through the head of
the 7" and then accelerating the plasma up the stem of
the tube using magnetic fields. Further sophistication
of this device is to use additional magnetic fields orien-
tated along the stem of the T which act as magnetic
nozzles increasing the velocity of the plasma and fur-
thermore keeping it away from the walls of the tube to
prevent cooling and crosion. In this manner, specific
impulses up to 3000 seconds are possible.

Techniques have been developed on a laboratory
scale whereby  donut-shaped “blobs” of plasma or
plasmoids™ ™ can be projected by magnetic forces at
speeds exceeding 107 em/sec. Such a plasma gun con-
stitutes another possible means of propulsion.

As the interaction between magnetic fields and plas-
mas becomes better understood, a greater and greater
number of novel propulsion techniques™ % will be sug-
gested, and some of these will inevitably prove to be
practical.

PrLasya DEvices
Pre-Plasma-Era Devices

Many years before the full importance of plasmas in
the field of science was realized, devices employing
plasma were in operation. These devices, of course, did
not require a detailed understanding of plasma proper-
ties and included the fluorescent lamp, noise sources for
the calibration of radio receiving devices and as labo-
ratory standards and transmit-receive tubes for radar
applications. The fluorescent lamp, for example, is just
a gaseous discharge plasma whose light emission is used
to activate the fluorescent material coating of the light
tube. Most noise sources for laboratory calibrations are
also gaseous discharges operating well below the plasma
frequency in the “opaque region.” In radar systems, on
the other hand, it is necessary to have a switch to dis-
connect the receiver from the transmission line during
the transmitted pulse and to disconnect the transmitter
the rest of the time. Such a switch can be obtained

2. H. Bostick, “Experimental study of ionized matter pro-
jected across a_magnetic field,” Phys. Rev., vol. 104, pp. 292-299;
October, 15, 1956.

® \W. H. Bostick, “Experimental study of plasmoids,” Phys. Rev.,
vol. 106, pp. 404-412; May 1, 1957.

¥ M. M. Klein and K. A. Brueckner, “Plasma propulsion by a
rapidly varying magnetic field,” J. Appl. Phys., vol. 31, pp. 1437-
1448; August, 1960,

® G. A Askaryan, “Acceleration of charged particles in travelling
or standing electromagnetic waves,” Zh. Eksp. Teor. Fiz., vol. 30,
pp. 619-621; February, 1959.
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using appropriately connected spark gaps which “break
down” during transmission and act as a low-impedance
device, while normally they are high-impedance open
circuits. The T-R tube is merely a sophisticated spark
gap which operates at lower voltages (since the gas in
the tube is at low pressure) and whose properties are
not affected by external environment conditions such
as humidity and temperature.

In addition, many important vacuum tube devices of
long standing used for rectification and regulation pur-
poses have utilized plasma in their operation. Among
these can be listed the ignition, the mercury vapor rec-
tifier and even the common voltage regular tube.

Microwave Devices

Promising applications of the properties of plasmas
appear in the field of guidance and generation of high
RF energy. Since a column of plasma will support the
propagation of various field configurations of electro-
magnetic waves, 30 a considerable effort is presently
being devoted to an understanding of “plasma wave-
guides.” The waveguide is the basic component of the
microwave system, and its characteristics will deter-
mine and limit the other microwave devices which are
possible. Since a plasma waveguide exhibits specific
mode and band-pass characteristics (which can be con-
trolled by external magnetic fields), waveguide filters
are obvious applications. An electromagnetic wave
traveling down a plasma column will have its phase and
amplitude altered, depending on the plasma propertics
and configuration and prototype attenuators,® and
phase shifters have been built in several laboratories.
Plasma properties can also be used for waveguide
switching.82=#% In addition, since plasmas exhibit inter-
esting properties such as the Faraday effect, polariza-
tion characteristics, double refraction and nonlinearity,

%1.. D. Smullin and P. Chorney, “Propagation in ion-loaded
waveguides,” Proc. Symp. on Electronic Waveguides, pp. 229-248;
April, 1958.

7 A, \V. Trivelpiece and R. W. Gould, “Space charge waves in
cylindrical plasma columns,” J. Appl. Phys., vol. 30, pp. 1784-1793;
November, 1959.

7 V. B. Fainberg and M. F. Gorbatenko, “Electromagnetic waves
in a plasma situated in a magnetic field,” J. Tech. Phys. (USSR), vol.
29, pp. 549-562; May, 1959.

19 V. E. Golant and A. P. Zhilinski, “Propagation of electromag-
netic waves through waveguides filled with plasma,” Soviet Tech.
Phys., vol. 5, pp. 12-21; July, 1960.

80 [, Goldstein, “Non-reciprocal E-M wave propagation in ionized
gaseous media,” IRE TRANS. ON MicrowAavE THEORY & TECHNIQUES,
vol. MTT-6, pp. 19-29; January, 1958.

8 P, D). Lomer and R. M. O'Brien, “A microwave pulsed attenua-
tor using an RF excited discharge,” Proc. IEE, vol. 105, pt. B,
suppl. No. 10, pp. 500-504; 19358,

28, ]. Tetenbaum and R. M. Hill, “High power magnetic field
controlled microwave gas discharge switches,” IRE Traxs. ox
MicrOwAVE THEORY AND TecuxiQUES, vol. MTT-7, pp. 73-82; Janu-
ary, 1959.

# . S. Braden, “A new concept in microwave gas switching ele-
ments,” |RE Trans. ox ELEcTrRON DEVICES, vol. ED-7, pp. 54-39;
January, 1960

84 13, \W. Downton and P. D. Lomer, “A pre-TR tube for high
mean power duplexing,” IRE Trans. oN MickOwave THEORY AND
TecnxiQues, vol. MTT-8, pp. 654-659; Novemher, 1960.

8 3. M. Hill and S. K. Ichiki, “Microwave switching with low-
pressure arc discharge,” IRE TraNs. oN MicrowavE THEORY AND
Trcuxioues, vol. MTT-8, pp. 628-632; November, 1960.
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they present a host of phenomena that can be utilized
for circuit and microwave applications.

It has been demonstrated that slow electromagnetic
waves can propagate in a plasma cylinder in the pres-
ence of a dc magnetic field. As a consequence, intense
investigations are being made in attempts to utilize a
plasma®-92 as the slow-wave structure of traveling-
wave tubes. In this manner, the characteristics of the
slow-wave structure can be altered externally by chang-
ing the plasma properties. By using modulated electron
beams®-* passing through a plasma, a growth of the
modulation has been observed. This has stimulated in-
terest in the possibility of obtaining microwave ampli-
fication by such techniques. A diagram of such an elec-
tron beam-plasma interaction amplifier is shown in Fig.
10. Suggestions have been put forth in which the non-
linear effects of a plasma at high power levels is utilized
as the nonlinear propagating medium of a parametric
amplifier. The generation of millimeter waves by plasma
techniques, such as high-intensity arcs and harmonic
generation where the plasma provides the nonlinearity,
excitation of coherent plasma oscillations and their con-
versions to short wavelength radio waves, etc., is another
field of great interest®='% and current importance.

In a gascous discharge (plasma) system, it is possible
for metastable states of a given atom to be used as car-

# E. V. Bogdanov, ef al., “Interaction between an clectron stream
and plasma,” Proc. Symp. on Millimeter Waves, Brooklyn Polytechnic
Press, Brooklyn, N. Y., pp. 57-72; April, 1959.

871G, S. Kino, “A proposed millimetre-wave generator,” Proc.
Symp. on Millimeter Waves, Brooklyn Polytechnic Press, Brooklyn,
N. Y., pp. 233-248; April, 1959.

J. R. Baird and P. ). Coleman, “High power gas discharge fre-
quency multiplier,” Proc. Symp. on Millimeter Waves, Brooklyn
Polytechnic Press, Brooklyn, N. Y., pp. 289-300; April, 1959.

8 7. 8. Tchernov, “Interaction of E-M waves and electron beams
with centrifugal electrostatic focusing,” Proc. Symp. on Electronic
Wareguides, Brooklyn Polytechnic Press, Brooklyn, N. Y., pp. 339-
344; April, 1959.

%\, Javan, “Possibility of production of negative temperature in
a gas discharge,” Phys. Rev. Lett., vol. 3, pp. 87-89; July 15, 1959,

90\, 0. Schumann, “The backward wave in a metal waveguide
filled with longitudinally magnetized plasma,” Z. Angew. Phys., vol.
11, pp. 333-335; September, 1959.

9|, M. Anderson, “Possible low-noise clectron beam plasma am-
plifier,” J. A ppl. Phys., vol. 30, pp. 1624-1625; October, 1959.

2 G. S. Kino, “Parametric amplifier theory for plasmas and elec-
tron beams,” J. Appl. Phys., vol. 31, pp. 1439-1458; August, 1960.

% G. 1. Boyd and L. M. Field, “Excitation of plasma oscillations
and growing plasma waves,” Phys. Ree.,, vol. 109, pp. 1393-1394;
February 15, 1958.

% G D. Bovd, ef al., “Interaction between an electron stream
and an arc discharge plasma,” Proc. Symp. on Electronic Waveguides,
Brooklyn Polytechnic Press, Brooklyn, N. Y., pp. 367-378; April,
1958.

% I, . Froome, “.\ new microwave harmonic generator,” Nature,
vol. 184, p. 808; September 12, 1959,

% 12, M. Hill and S. J. Tetenbaum, “Harmonic generation in a
cvelotron resonant plasma,” J. Appl. Phys.. vol. 30, pp. 1610-1611;
October, 1939.

97 N, R. Bierrum and D. Walsh, “Harmonics from a microwave
gas discharge,” J. Electronics Control, vol. 8, pp. 81-90; February,
1960.

98 N R. Bierrum, ¢t al., “Coherence and bandwidth of a gas dis-
charge harmonic generator,” Nature, vol. 186, p. 626; May 21, 1960.

9 1. D). Froome, “Millimetre waves from mercury arc harmonic
generator,” Nature, vol. 186, p. 959; June 18, 1969.

100 ] M. Anderson, “Microwave detection and harmonic genera-
tion by Langmuir-type probes in plasmas,” Proc. IRE, vol. 48, pp.
1662-1663; September, 1960.
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o> advantages of such magnetohydrodynamic (MHD) de-
" I oUTPUT vices are that no moving parts, only a moving fluid, is
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< required. The dithculties include characteristics of the
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working fluid (ionization and dissociation potentials,
1 o R 1
100 \ ;“:ae" heat transfer properties), the methods ol achieving ade-
\ i quate flow velocities, geometry, contamination and cor-
rosion problems. MITD generators have been proposed
»Ecﬁ“"“ e for ac power generation” as well. These devices can be
ofg .
o oLASMA INTERACTION cither pulsed or steady-state.
Pl A o . . .
7 REGION 2\ plasma device for the conversion of heat into elec-
| MERCURY WELL tricity is the thermionic diode'' ' in which some of
Y the electrons liberated from the cathode have sufficient
Y o T - energy to overcome the internal work function of the
N ectron beame-plasma interaction amplifier. 3

(From Bovd and Fielkl.%)

ers ol cnergy to excite specific quantum energy levels
of another atom.'”' If the excitation cross section for
this process is large, then a “population inversion” or
excess of atoms in this excited state will occur. This is
precisely the condition required for maser action, and
the successful operation of such a quantum plasma de-
vice producing maser oscillations at optical frequencies
has been achieved recently, 02

Further schemes have been put forth whereby the ion
sheaths surrounding hypersonic re-entry vehicles would
be utilized as coherent radiative elements and hence as
a plasma antenna. However, considerably more work
is still required in this direction. Other novel applica-
tions of plasma are also in progress.'"-107

Electric Power Generation

If a de magnetic field is applied in a direction per-
pendicular to a moving conducting fluid, an electric
field is generated in a direction normal to both the mag-
netic field and the fluid flow. If now electrodes con-
nected to an external load are appropriately placed, the
electric field will cause a current to tlow in the external
circuit (as well as in the plasma). Energy is transferred
to the load at the expense of the kinetic energy of di-
rected motion of the conducting fluid. This is the basis
of the dec magnetohvdrodynamic generator.!%:19 The

A, Javan, in “Quantum Electronics,” C. H. Townes, Ed.,
Columbia University Press, New York, N. Y.; 1960.

12 A, Javan, et al., “Propulation inversion and continuous optical
naser oscillation in a gas discharge containing a He-Ne mixture,”
Phys. Rev. Lett., vol. 6, pp. 106-109; February 1, 1961,

AV, Schmidt, “The microwave plasma burner.” FElectron.
Rundschau, vol. 13, pp. 404-406; November, 1959,

0 . M. Anderson and L.. A, Harris, “Negative-glow plasma as a
cathode for electron tubes,” J. Appl. Phys., vol. 31, pp. 1463-1468:
August, 1960,

19 LW, Lewis and J. R. Reitz, “Efficiency of the plasma thermo-
couple,” J. Appl. Phys., vol. 31, pp. 723-727; April, 1960,

1, W, Lewis and J. R. Reitz, “Open-circuit voltages in the
plasma thermocouple,” J. Appl. Phys., vol. 30, pp. 1838-1839; No-
vember, 1959,

107 RV, Pidd, et al., “Characteristics of a plasma thermocouple,”
J. Appl. Phys., vol. 30, pp. 1861-1865; December, 1959,

1981, Steg and G. W. Sutton, “The prospects of MHD power
generation,” Astronautics, vol. 5, pp. 22-25; August, 1960.

109 H, Hurwitz, et al., “Influence of tensor conductivity on current
distribution in a NMHD generator,” J. Appl. Phys., vol. 32, pp. 205-
216; February, 1961,

cathode and proceed to the anode where they lose their
kinetic and potential energy. If the resulting cnergy
level of the electrons in the anode is more negative than
the original energy level at the cathode, then the device
is capable of driving a current through a load and hence
do useful work by this conversion of heat into electric-
ity. The most serious limitation of such a scheme is
the space charge of electrons which builds up near the
anode and which inhibits electrons emitted from the
cathode from reaching the anode. One technique of
overcoming the space charge problem is to introduce
cesium vapor into the device, which, upon contact with
the hot anode, becomes a positive cesium ion and hence
tends to neutralize the negative clectron space charge.
Other suggested schemes for controlling the charge ef-
fects include the use of a grid as a third control element
and the use of crossed electromagnetic fields. Consid-
crably more study is required on anode work functions

1. B. Bernstein, et al., “Magnetohydrodynamics ac power gen-
erator,” Proc. Natl. Aerospace Electronics Conf., pp. 205-214; May,
1961.

" H. Moss, “Thermionic diodes as energy converters,” J. Elec-
tronics, vol. 2, pp. 305-322; January, 1957,

112G, R. Feaster, “Thermionic diodes as energy converters—an
addendum,” J. Electronics Control, vol. 5, pp. 142-145: August, 1958,

1 K. G. Hernquist, ef al., “Thermionic energy converter,” RCA
Rerv., vol. 19, pp. 244--258; June, 1958.

M G. N. Hatsopoulos and J. Kaye, “Analysis and experimental
results of a diode configuration of a novel thermoelectron engine,”
Proc. IRE, vol. 46, pp. 1574-1579; September, 1958.

15\, B. Nottingham, “Thermionic diode as a heat-to-electrical
power transducer,” J. Appl. Phys., vol. 30, pp. $413-417; March,
1959.

"6\, C. Wilson, “Conversion of heat to electricity by thermionic
emission,” J. Appl. Phys., vol. 30, pp. 475-481; April, 1959,

117 J. M. Houston, “Theoretical efficiency of the thermionic energy
converter,” J. .Appl. Phys., vol. 30, pp. 481-187; April, 1959.

"8 H. F. Webster, “Calculation of the performance of a high
vacuum thermionic energy converter,” J. Appl. Phys., vol. 30, pp.
488-492; April, 1959,

" H. W. Lewis and ]. R. Reitz, “Thermoclectric properties of the
p(l)u%mn diode,™ J. Appl. Phys., vol. 30, pp. 1439-1445; September,
1959.

' F. K. Jablonski, e al., “Space-charge neutralization by fission
fragments in the direct conversion plasma diode,” J. Appl. Phys.,
vol. 30, pp. 2017-2018; December, 1959,

12 N, S. Rasor, “Figure of merit for thermionic energy conver-
sion,” J. Appl. Phys., vol. 31, pp. 163-167; January, 1960.

12 P, A, Lindsay and F. W. Parker, “Potential distribution be-
tween two plane emitting clectrodes: pt. 2—thermionic engines,”
J. Electronics Control, vol. 9, pp. 81-111; August, 1960.

2 F. G. Block, ef al., “Construction of a thermionic energy con-
verter,” Proc. IRE, vol. 48, pp. 1846-1852; November, 1960.

M E. N. Carabateas, et al., “Interpretation of experimental char-
acteristics of cesium thermionic converters,” J. A ppl. Phys., vol. 32,
pp. 352-357; March, 1961.
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under operating conditions and materials to withstand
the high temperatures required at the cathodes as well
as on the space charge problem.

Semiconductor Microplasmas

A good analogy exists between the process of electri-
cal breakdown in a low-density gas and the *
effect” which occurs in some reverse-biased semicon-
ducting diodes.'»= [n these devices, a slight increase
in the reverse voltage above some critical value causes a
very rapid increase in current and the junction is said to
“break down.” The breakdown occurs due to the multi-
plication and resulting avalanche of the charge carriers
both positive (holes) and negative (electrons) in the de-
pletion layer of the device in a manner analogous to the
creation of ionization by clectrons in a gascous dis-
charge. Observations indicate that the breakdown oc-
curs in very minute highly ionized regions or micro-
plasmas of about 500 A in diameter. Such devices are of
great practical potential for applications which require
switching times of milli-microseconds. In addition, a

‘avalanche

number of other effects' =" found in gaseous plasmas
may also be observed in semiconductors.

The above are only a few of the devices and applica-
tions for which plasmas are suitable. The current in-
tense investigations on the properties of plasmas will

1% D, |. Rose, “Microplasma in silicon,”™ Phys. Rev., vol. 10§, pp.
413-418; January 15, 1957.

126 R Yee, ef al., “Avalanche breakdown in N-P germanium dif-
fused junctions,” J. Appl. Phys., vol. 30, pp. 596 -597; April, 1959,

27K, S, Champlin, “Microplasma fluctuations in silicon,™ /.
Appl. Phys., vol. 30, pp. 1039-1050; July, 1950,

128 A, "G, Chynoweth and K G. McKay, “Light emission and
noise studies of individual microplasmas in silicon -\ junctions,”
J. Appl. Phys., vol. 30, pp. 1811-1813; November, 1959,

129 V[ Kikuchi and T. lizuka, “Observation of microplasma
pulses and electroluminescence in gallium phosphide single crystal,”
J. Phys. Soc. Japan, vol. 15, p. 935; May, 1960.

B C. 1. Root, et al., “Avalanche breakdown voltages of diffused
silicon and germanium diodes,” IRE Traxs. ox ELEcTroN DEvices,
vol. ED-7, pp. 257-261; October, 1960.

131 ], M. Roth, et al., “Theory of optical magneto-absorption ef-
fects in semiconductors,” Phys. Rev., vol. 114, pp. 90-104; April 1,
1059,

B2 \l. Glicksman and M. C. Steele, “Plasma pinch cffects in
indium antimonide,” Phys. Rev. Lelt., vol. 2, pp. 461-463: June 1,
1959.

13 M. Date, “Magneto-plasma resonance in semi-conductors,”
J. Phys. Soc. Japan, vol. 15, pp. 1488-1492; August, 1060,
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ing particle physics, physical electronics,
radiation physics, clectromagnetic wave L.
netohvdrodynamics, thermodynamics, spes

physical chemistry, quantum mechanics ana
others. The interplay between these various feld
study cannot help but further the frontiers of scienc

As slowly and surely solutions are found to the many
pressing problems of plasma physies, what can we hope
to achieve? The promise of the future includes a better
understanding of the creation of the Universe and the
forces at work in it, an almost inexhaustible supply of
clectrical power using thermonuclear fusion reactions,
reliable communications with  space and  re-entry
vehicles, propulsion devices appropriate for interplane-
tary travel, devices for producing and amplifying HI¥
radio energy, electrical generators with no mechanical
parts, and numerous new semiconductor devices. These
are the goals of plasma physics research.

The immediate future must be devoted to a better
understanding of the behavior of plasmas and related
phenomena under various conditions. The most sig-
nificant progress is thus most likely to be made in funda-
mental studies under controlled conditions. Application
of the basic knowledge gleaned in this manner will fol-
low immediately.

[t is dithcult to predict what the long-term future will
hold. Will the present hopes and dreams be realized, or
will some now incidental and little understood by-
product of the present effort prove to be an even greater
achicvement than our present goals? Only the future
will tell. One can, however, safely predict that plasma
physics will grow both in importance and in scope. The
present problems are indeed formidable, but the rich-
ness of the rewards for their solution warrant the in-
terest and effort which is and will be devoted to plasma
physics.
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Oscillations and Noise in LLow-Pressure

DC Discharges*

F. W, CRAWFORD®T axp G. S. KINOZ, ASSOCIATE MEMBER, IRE

Summary—This is a review paper concerned mainly with oscilla-
tions and fluctuations which have been observed to occur either
spontaneously or as a result of deliberate excitation in low-pressure,
hot-cathoede plasmas. Experimental observations on high- and low-
frequency effects occurring spontaneously are discussed, and specu-
lations are made about the possible generation mechanisms. In
many cases, theories of these mechanisms have been treated in ex-
periments involving deliberate excitation of oscillations, and com-
parisons are made where relevant.

For device applications, and to relieve the difficulties which occur
in quantitative experiments in plasma physics, it is important that the
sources of spontaneous oscillations be understood and suppressed,
if possible. The paper includes a discussion of work which has been
carried out to reduce these effects, and concludes with some sug-
gestions for further lines of attack on the problems.

I. INTRODUCTION

NHIE production of a plasma by means of a dis-
charge in a gas at low pressure is of considerable
interest today not only from the point of view of

fundamental physics, but also for the possible device
applications in fields as widely varied as nuclear fusion,
generation of electromagnetic waves, and microwave
amplification. The plasma medium is, however, com-
plex. Its motion involves the many degrees of freedom
associated not only with its internal space-charge prop-
erties and its several ionization processes, but also with
the additional hydrodynamic properties analogous to
those of a neutral conducting fluid, and the surface
motion of a (inite medium. It is not surprising then that
an unfortunate feature of the plasma is its inclination
towards instability, and most properties of a “steady-
state” plasma, e.g., number density, current, and main-
taining voltage, are found on close examination to be
fluctuating with amplitudes far above reasonable es-
timates for such phenomena as thermal noise. For
example, voltage fluctuations at the anode of a dis-
charge tube are typically in the range of hundreds of
millivolts to volts. The presence of strong collective
processes is indicated, and analysis of the frequency
spectrum of the disturbances usually indicates strong
components in two distinct ranges: zero to a few N,
and the microwave band. In this paper we shall call
unwanted fluctuations  “noise,”
whether they are coherent or incoherent.

these regardless  of

* Reeeived by the IRE, August 7, 1961. The rescarch reported in
this paper has been jointly sponsored by the Electronics Research
Directorate, AF Cambridge Research Labs., Office of Acrospace
Res., USAF and by the UL S, Atomic Energy Commission.

T Service de Physique Appliquee, Section d'lonique Generale,
Centre des Etudes Nucleaires de Saclay, Gif-sur-Yvette (Scine-et-
Oise), France. Formerly at Microwave Lab., W. \W. Hansen Labs.
of Physics, Stanford University, Stanford, Calif.

1 Microwave Lab., W. W. Hansen Labs. of Physics, Stanford
University, Stanford, Calif.

For microwave applications such as amplification and
frequency generation, it is clearly desirable to minimize
the level of the high-frequency Auctuations, but it is
also necessary to reduce the low-frequency components
since they can cause substantial modulation of propa-
gated or generated signals. Kino and Allen [1] have
shown theoretically and experimentally that there is
strong phase modulation of propagated signals, and
that phase information is lost rapidly near cutoff,
while the results of Boyd, Field, and Gould [2]-[5] on
microwave amplification in plasmas have indicated
amplitude modulation of the output in the tens of
kilocyeles range to a depth of as much as 30 per cent
3],

Before approaching the problem of suppressing the
fluctuations, it is necessary to determine their genera-
tion mechanmisms and to establish which of them, if any,
are present as essential processes in the maintenance of
the plasma. This last point is extremely important be-
sause it has been recognized for many vears that some
features of the de discharge cannot be explained by a
steady-state theory. The most notable is the phenom-
enon known as “Langmuir's paradox.” This is the ex-
perimental observation that a Maxwellian distribution
i1s maintained in circumstances where the effects ol
collisions could not offset the depletion of the high-
energy tail by wall losses [6], [7]. Refined theoretical
calculations showed that strong microscopic interaction
processes would be required [8]-]10], but experiment
showed that they were not present [11]. There is the
possibility of macroscopic effects, and collective oscilla-
tions have been postulated as the means for making up
the deficiency [12], though the site of origin and nature
of their generation is still controversial [13], [14].

The purpose of this paper is to review the experi-
mental and thearetical work which has been carried
out on oscillations and neise in de discharges at pres-
sures where the mean free path for electron-neutral
collisions is comparable to the dimensions of the dis-
charge tube. We shall exclude much of the work carried
out at higher pressures, the work on oscillations and
noise occurring in magnetic fields, and the great volume
of work on instabilities peculiar to fusion devices
(mainly in the presence of a magnetic field), except
where they serve to throw light on an effect of interest.
References to noise and oscillation problems at higher
pressures are 1o be found summarized in the work of
Cobine and Gallagher [15], Fite [16], Sears [17],
and Van der Ziel [18]. An excellent summary of the
American work on the problem of instabilities and
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Quantity

Radius of column
Pressure ‘

Longitudinal held
Current density
Average number |
density:
Neutrals
Electrons

lons
Temperature:

Neutrals

Electrons

lons {

Average collision
frequencies:
Neutral-neutral
(clastic)
lon-neutral |
(elastic)

Electron-neutral
(elastic)

Electron-ion
(clastic)

Electron-electron
(elastic)
lon-wall (recom-
bination)
Electron-wall
(recombina-
tion)
Electron-neutral
(ionizing)
Mean free path:
Neutral-neutral
(elastic)
lon-neutral
(elastic)
Electron-neutral
(elastic)

Electron-ion
(elastic)
Electron-electron
(elastic)
Thermal speed:
Electrons
lons
Neutrals
Drift velocities: ‘
Axial-electrons |
Radial-ions at |
edge of posi-
tive column
Plasma frequency: |
Electrons
Tons ]
Debye length
(electrons) '
Potential drop
across sheath [

Sym-
bol

~m

n.

YN

ViN

Ww

Vel

Voa

Lyx
Lix
l‘b\'

Lei
L,

Tt
e
TN

Via

TABLIE 1

Typical
f Value

1 om
[N I T

0.8 v/cm
| 0.1 amp/em?

3.9X10%/cm?
1010 /e

10'°/cm?

203°K
| 30,000°K

~500°K

|25 ke

~350 ke

~ 350 k¢
~ 350 k¢

+.4 cm
Sem

‘ Sem

7X10% em
8.5X10% cm

1.3X10° cis
~2.5X 10" cms
| 2.0X 10 cms

6.3X 107 cms
1.7X 106 cms

900 M
1.5 Mc¢
0.022 cm

18 volts
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Variation

Increases with tem-
perature of coolest
part of tube. Range
0.2-10pu.

N=9.7X105p/T

Me=A;=n  APProxi-
mately proportional
to current density;
depends on pressure.
Range 101013

Range 273°K-320°K

Decreases  with in-
creasing pressure or
plasma volume; in-
creases slightly with
current. Range 10~
50,000°K

Probably
with 7',

increases

vax=ux/Lya

piv X prriv<Keollision
frequency forcharge
exchange.

| v = Tt /Ln\'

vei=2.0mT,~%% In A
where In A s a pa-
rameter of the or-
der of 4, tabulated
by Spitzer [68).

ve=3.1AnT.,/¥2ln A

vor = 2t /a

Vel =¥l

i
yonT=viw
Ly =4.()/p

Lix of same order as

Ly
Ley * l/p Ley usually
in range where it is
a rapidly decreas-
ing function of T,.
Lei=v1/ve

Lee=101/ver

=6.74 X103T,/?
v=11.17,Y2
vn=1117Ty"2

2., =0.25X 107 /n,
=132 5L

Fpo =8980m, 12
Sri=14.8n,2

l —l/,/(a),.f

V.=6X107T,
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oscillations in fusion devices mayv be found in the book
by Glasstone and Lovberg [19].

Our range of interest includes one of the most com-
mon experimental discharges,
temperature, which has a pressure of the order of 1 pu:

mercury vapor at room
uniess stated, it may be assumed that the experimental
data described were taken in this gas. [n general, the gas
used has little effect on the nature of the phenomena,
though there may be variations in degree. Similarly,
many mechanisms to be discussed are independent of
the tvpe of cathode used. The majority of the work
has been carried out with hot cathodes, and except
where stated, their use also may be assumed.

After sketching briefly the characteristics of a low-
pressure discharge, we shall survey low-frequency and
high-frequency  phenomena separately, conclude
with some reference to relations between these two
ranges and possible techniques for reducing the ampli-
tude of plasma noise.

and

[1. CHARACTERISTICS OF A Typican
Low-PRESSURE PLasya

To give some idea of the ranges of values encountered
experimentally, typical figures are quoted Table 1
for a mercury-vapor discharge at a pressure of 1.1 p
(~20°C).

Further information on the experimental determina-
tion of electron temperatures and general properties of
plasmas is to be found in the papers of Killian [20],
Klarfeld [21], and Boyd [22], and in the pioneer work
of Langmuir and Mott-Smith on the use of probes

[23]-[27].
A. Regions of the Discharge

Probe measurements and visual observations of dis-
charges have some measure of correlation, and Fig. 1
shows the appearance of a typical discharge.

m L Lz LLLL
T N
~ ~ ANODE
HOT CATHODE }
7 7

Fig. 1—Characteristic regions of a typical low-pressure discharge.

[. Cathode sheath. I1. Unscattered primaries and ultimates. [11.
Meniscus. IV. Slowed primaries, secondaries, and ultimates. V.
Ultimates. V1. Anode fall. VII. Wall sheath.

Region I: The properties of this region, which are
analogous to those of a simple diode in which electrons
are emitted at the cathode and ions at the anode, have
been treated analytically by Langmuir [28]. In this
low potential region, which has a thickness of a milli-
meter or less [29], clectrons are emitted at the cathode,
yielding an excess of electron space charge, ie., an
electron sheath, near the cathode. lons stream toward

(World Radio Histo
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the cathode from the main plasma region, forming an
ion sheath at the surface of the plasma facing the
cathode. The potential drop across region 1 is of the
order of the ionization potential of the gas; consequently
very few eclectrons and ions are produced by collisional
jonization in this region. As the number of elastic colli-
sions of electrons with neutrals is also small in this
region, the majority of the electrons emerge from
region 1 with energy appropriate to the voltage drop
across the sheath, and the electron stream has only a
very small velocity spread.

Region I1: 1t had been shown in the ecarly experi-
ments of Langmuir [6] and Dittmer [12], using flat
probes to intercept the primary beam from a tungsten
filament cathode, that at low anode currents two
classes of electrons could be observed: the electrons
emerging from region I (“primary” clectrons) and a
group of electrons with an isotropic Maxwellian velocity
distribution (“ultimate” electrons). The ultimate elec-
trons were approximately 1000 times more numerous
than the primary ones. However, as current was in-
creased a scattering phenomenon occurred introducing
a small additional electron velocity group (“secondary”
electrons) with an isotropic Maxwellian velocity dis-
tribution, and energies intermediate between the pri-
mary and the ultimate groups. Concurrent with this
effect was a slowing down of the mean velocity of the
primary clectrons and a superimposition of an approxi-
mately Maxwellian distribution upon it. As a typical
result, it was observed that a 50-v beam was slowed to a
mean velocity corresponding to 36 v, but some elec-
trons from it could reach potentials as high as 90 v. The
anisotropy of the primary beam and the isotropy of the
secondary and ultimate groups were established by
turning the probe parallel to the primary stream [6].
The results for secondary and ultimate electrons were
identical, but no primary electrons were observed.

Druvvesteyn and Warmoltz [30]-]32] were able to
show that changes in velocity distribution, space po-
tential, and electron concentration occurred in distinct
narrow regions a few tenths of a millimeter thick. These
were studied in greater detail by Merrill and Webb [33]
using a probe movable with considerable precision.
Further work by Emeleus and his co-workers [34]-[42]
has shown that the first of these scattering regions lies
to the cathode side of, or in, region 111.

Region I11: This is a bright meniscus-shaped region
of the same diameter as the primary beam and with its
convex side towards the cathode. It may be bounded
on its anode side by a dark layer. Increasing pressure
or current moves the meniscus toward the cathode.
Continued increase into current saturation may produce
a second meniscus near the anode [42].

Region I'V: This is a region in which there is con-
siderable “turbulence” [43], [44]. The primary clec-
trons are deviated laterally into approximately conical
converging and diverging beams. The converging beams
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do not appear to cross over, but there may be a bright
spot at the focus. The diverging “wings” may have
semi-vertical angles up to 30° or more. No definite
explanation has yet been given for them. Sturrock [45]-
[48] has suggested that they are the result of a wave-
damping mechanism, while Emeleus has proposed a
wave-diffraction explanation [37].

If anode-cathode spacing is reduced [36], [37], the
wings bow in and attach themselves to the anode.
IFurther decrease in spacing causes the wings to dis-
appear and the meniscus to lose definition. Photo-
graphs showing these phenomena clearly are given in
[35] and [41].

Region V: Further out in the discharge, only ultimate
electrons can be detected. Their temperature depends
on the factors mdicated in Table [ and also on the
operating point on the current/voltage characteristic:
for example, there is a sharp drop in temperature at the
point of cathode current saturation [49].

In this region, known as the positive column of the
discharge, the theoretical treatment of Tonks and
Langmuir [50] assumes that the electrons have a
Maxwellian distribution of velocities and that there are
radial variations of electron charge density and po-
tential over the cross section of the discharge column.
The ions are assumed to move radially outward from
their point of generation towards the wall, with a veloc-
ity corresponding to free motion over the potential drop
through which they fall. The theoretical treatment,
which has been confirmed by probe measurements [21],
[50], [51], predicts that the density near the wall may
be as much as 50 per cent below its value at the center
of the column.

Region VI: At the anode of the discharge there is a
sheath, the polarity of which is dependent on anode
size and current [50]. Most commonly, the anode will
be negative with respect to the potential of the positive
column (the space potential) by a few volts.

Region 1'11: At the nonconducting walls of the tube,
a thin dark sheath forms. Both the thickness of this
sheath and the potential drop across it are dependent
on the electron temperature in the positive column.
Criteria for the formation of this sheath have been
given by Bohm [52] and by Tonks and Langmuir [28],
[50]).

B. Scattering Effects

1t is interesting to observe the effect of crossing two
beams of primary electrons. This was explored by
Langmuir [6] using identical probe-cathode assemblies
mounted at right angles, and by Garscadden and
Emeleus [41] using a movable low-voltage electron gun
emitting a beam which passed across the main dis-
charge column. Both sets of experiments indicated that
the second beam became scattered only if it passed
through a volume of plasma in which the primary beam
was being, or had been, scattered. In the moving-gun ex-
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periment the degree of energy spread of the secondary
beam was found to be quite substantial: A 40-v sec-
ondary beam traversing a region containing a 22-v pri-
mary beam from the cathode obtained an energy
spread along its direction of motion corresponding to an
excess energy of approximately 8 v, while the cathode
beam incurred a spread of 14 v. This implies that there
are strong transverse fields, an observation supported by
some experiments of Allen, Bailey, and Emeleus [35]
in which the cathode beam was split into a number of
flat strips by a grid close to the cathode. At the usual
position of a meniscus, parallel flow was observed to
break down. The beams spread and merged into each
other.

The early experiments on scattering failed to explain
several features, e.g., the variation of distance to the
scattering region with beam voltage and current, and
the problem of why only the primary clectrons were
scattered in a region containing many times more
ultimate electrons. The ultimate and secondary elec-
trons could be explained as resulting from elastic and
inclastic collisions with neutrals, but the mechanism of
the scattering process proved elusive. Both Langmuir
and Dittmer realized that high-frequency oscillations
in the plasma could produce the efiect, but neither suc-
ceeded immediately in observing their presence. The
issue was, however, reopened by Penning [53], [54],
whose experiments verified that such oscillations did
exist. The nature of these oscillations, and the experi-
mental data on them, will be taken up again in Sec-
tion 111.

1. HIGH-FREQUENCY OSCILLATIONS
L. Waves in a Uniform Plasma
1) Zero Temperature Theory

In order to understand what types of oscillations
may occur in a plasma, it is necessary to consider the
waves which can propagate through such a medium.
When only the high-frequency oscillations are con-
sidered, it is usual to adopt a model in which the plasma
is regarded as a neutral medium in which the relatively
heavy positive ions do not move in response to the RF
ticlds. The first derivation of this type was published as
long ago as 1906 by Lord Ravleigh, who found an ex-
pression for the natural oscillation frequency of elec-
trons embedded in positive charge [33]. Similar results
were obtained by Mott-Smith and by Tonks, their
work being quoted by Langmuir [8] in 1928 in a paper
which apparently introduced the term “plasma” for the
first time. Further extensions of the same principles
were given by Thompson [56] and discussed fully in the
classic paper by Tonks and Langmuir in 1929 [57] ,[58].

It is instructive to present here some of these early
results, using the [Sulerian derivation which i1s now
common, and to consider some of the later implications
of this work. We consider a zero-temperature plasma in
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which the ions are regarded as stationary. All ac quan-
tities will be denoted by the subscript 1. The motion of
the electrons within the plasma is given by the Eulerian
equation of motion,

6V| (4

— + (vi:V)vi = — — E,, (1)
ol m,

where —e¢ is the electron charge, m, is the electron mass,
vy i1s the velocity, and E; is the electric field strength.
For small perturbations we may neglect the second term
in this equation and assume that all quantities vary as
exp (jat). Eq. (1) then takes the form

For small perturbations, the current density Jy is
Ji=

it follows that the current density is related to the field
by

— eNevy, (3)

en,
]l =" E,. (+4)
Jom.
We may now find the ac charge density pi(= —eng) by
using the equation of continuity:

The divergence equation for the electric field is

(41
v El — ——9 (())
€y
where ¢ is the permittivity of free space. In order to
satisfy (4)—-(6) simultaneously, we find that

wpez
1 - )V-E| =0, (7)
w'.
where
L e
Wpet = . (8)
€om .,

fpe( =wpe/2m) is usually called the electron plasma fre-
quency. It follows from (7) that either V. E; =0, and
there is no ac space charge within the volume of the
plasma, or w =w,.. Let us consider the first alternative:
it will be seen from (4) that Maxwell's equations imply
that

V x H1 = jwf()El + Jl = jwéo(] - O)p,-z/wg)El, (())

where Hj is the magnetic field intensity. We can regard
the plasma as behaving like a medium with diclectric
constant e=¢y(1 —wp.?/w?). This dielectric constant is
negative below the plasma frequency, but positive and
smaller in magnitude than the diclectric constant of
free space at frequencies above the plasma frequency.
When wsw,, there is no space charge within the volume
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of the plasma. Consequently, in an infinite plasma,
plane electromagnetic waves can propagate at fre-
quencies above the cutoff at the plasma frequency. In a
plasma bounded by metal conductors, waves somewhat
similar to the usual waveguide modes can propagate
above the plasma frequency. With insulating bound-
aries, it has been shown by Gould and Trivelpiece
[59], [60], Smullin and Chorney [61], Fainberg and
Gorbatenko [62], and Schumann [63], [64] that waves
with a phase velocity slower than the velocity of light
in free space can propagate along the plasma column
at frequencies below the plasma frequency. These
waves have fields which have a maximum amplitude at
the plasma surface. The addition of magnetic fields
changes this picture radically, as it causes the plasma
to hehave like a medium with a tensor dielectric con-
stant. Of particular importance is the possibility of a
slow backward wave propagating at frequencies above
the plasma frequency. This behavior has been demon-
strated theoretically and experimentally by Gould and
Trivelpiece [59], [60], and discussed theoretically by
the authors already mentioned [61], [62], [64].

The alternative solution of (7), w=w,., implies that
there is a possibility of natural oscillations at the plasma
frequency. These oscillations, by virtue of (9), have no
ac magnetic fields associated with them, and hence are
usually referred to as electrostatic oscillations. Because
their frequency does not depend on the spatial varia-
tion of the fields, they have zero greup velocity and are
entirely local in character. The behavior is such that
the electrons, when disturbed, oscillate about their
equilibrium position at the plasma frequency.

2) Finite Temperature Theory

In practice, the nonpropagating disturbance at the
plasma frequency is not localized because the electrons
are not at zero temperature. The Thomsons [65]~[67]
took account of the electron temperature and derived a
dispersion relation for one-dimensional waves of the
form

vkT.

me

w? = wpez +

8 (10)

where &k is Boltzmann’s constant and 8 is the propaga-
tion constant of the wave. This dispersion relation was
based incorrectly on isothermal expansion of the plasma
medium, with the result that the constant ¥ was found
to be unity. Subsequent treatments of the type given
by Spitzer [68] indicated different values of v lying be-
tween 1 and 3.

Thermal velocities of the electrons in a plasma may
also be taken into account by making the alternative
assumption of no collisions and working directly with
Boltzmann's equation, or by regarding the plasma as a
number of electron streams of number density #, with
individual dc velocity v,, as was done by Pierce and
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Morrison [69] and Walker [70]. Then for a one-dimen-
sional system, assuming a wave with field components
that vary as exp [j(wt—g8z)], it follows from (1) that
the ac velocity of the rth electron stream is

N el',‘l
1|lr =

- (11)

Jmew — Br,)

By using the familiar relations between current and
charge, and the equation of continuity, it is found that
the ac charge density associated with this stream is

jeinpl,
P1r = — — N
me(w — Bu,)?
Finally by using the divergence equation for the field,
(6), and summing up the total contribution to the
charge of all the individual electron streams, we find
that

(12)

= e*n Bl
BE, = - — 13
l ; Moen(w — Br,)? )
or
reg 02"’
1= =5 (14

rm1 M ea(w — Br,)?

This is the dispersion relation for a system of s streams
of electrons.

If we now regard a plasma as consisting of an infinity
of electron streams, so that the number density of elec-
trons contained within the velocity range v—(v+dv) is
n.f(v)dv, where

=
ne = 2 n,
re=1

and f(¥) is the velocity distribution, we have in the
limit

n,
— — f(v)dv, (13)
ne
and (14) takes the form
> f(v)dr
1=w,,,2f Lo (16)
-0 (w - /37')-

An often-quoted form of (16) may
partial integration:

be deduced by

1= —

Wpet [ Ndv
_f (8f/dr)dx (17)

8 J (-8

The integral relation of (17) was first deduced by
Vlasov [71], [72] by using Boltzmann's equation,
Vlasov integrated this expression by expressing the
denominator in terms of an expansion in powers of
Bv/w and retaining only terms up to second order in
Bv/w. He obtained the dispersion relation of (10) with
v=3. It was pointed out by Landau [73] that such a



1772

procedure is not valid because there is a pole in the
integrand at v=w/B, and Vlasov had only considered
the principal integral. Using a Laplace transform
method, Landau integrated (17), his integral being
taken to the right-hand side of the pole at v=w/B. The
contribution of the pole in the integrand then yielded
the modified dispersion relation

(0 50) - (5G] o
W = Wpe . jT B (av o .

For a Maxwellian distribution of electron velocities,

flx) = <27:Z;e>l/2 exp (—mv?/2kT.), (19)
we have
PV PE £
. 8 kT,

. 1///1; exp (—m,w‘z/Zﬂ'lkT,)il. (20)
The additional term in this dispersion relation implied
that any wave set up in the plasma would be damped,
the damping being most severe for a wave with a phase
velocity comparable to the mean velocity of the elec-
trons, a phenomenon now known as Landau damping.

Van Kampen [74], [75], Bohm and Gross [76]-[78],
and Berz [79] derived (17) directly from Boltzmann's
equation, carefully considering the region near v=w/f.
Berz showed that Landau damping becomes appreci-
able for wavelengths shorter than 20 Debye lengths.
Van Kampen, and Bohm and Gross found the follow-
ing form for the ac perturbation in charge density,
fi(v):

¥

Wpe

filv) = — + g1(0)8(w — Br), (21)

Blw — B)
where gi(v) is an arbitrary function of v, and d(w—P) is
Dirac's delta function. This result gives rise to an extra
term, gi(w’/B), on the right-hand side of (17) which rep-
resents a periodic motion transported by all electrons
at their own velocity. There is, therefore, no unique
dispersion relation between w and 8. This feature was
considered in great detail in a series of papers by Bohm
and Gross [76]-{78], who gave a physical meaning to
the damping in terms of trapped electrons. They dem-
onstrated theoretically that a wave of finite amplitude
propagating in a plasma medium would interact
strongly with electrons traveling at a velocity near to
its phase velocity. Electrons moving slightly slower
than the phase velocity of the wave would tend to be
accelerated and thus absorb energy from the wave; the
converse would be true for electrons traveling slightly
faster than the wave. For a velocity distribution func-

tion which decreases monotonically with velocity, there
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are more slow electrons than fast ones, so that there is a
damping of the wave.

It has been remarked by Allis [80] that in a steady
state, (8f/0v),-.;s=0, so that there is then no Landau
damping and Vlasov's dispersion equation is correct. A
class of solutions can be obtained for which (3f/0v)s—w/s
=0, representing undamped disturbances. These can
be of large amplitude. They have been examined in de-
tail by Bernstein, Greene, and Kruskal [81], but it is
difficult to see under what physical conditions they
could be set up. In practice, all waves are damped by
collisions which tend to re-Maxwellianize the trapped
electrons taking part in such a steady-state wave mo-
tion.

Further discussions of plasma wave solutions have
been given by Allis [80], Gross and his co-workers
[82]-[84], Berz [79], Bohm and Pines [85]~[87]1,
Twiss [88]-[90], Bailey [91}, and Piddington [92],
[93]. Clear summaries of the issues are given by Van
Kampen [74], [75] and Ecker [94]-[96]. The work has
been extended to take account of the effect of magnetic
field on the propagation of waves in a hot plasma by,
among others, Drummond [97], [98], Mower [99],
Gordeyev [100], and Bernstein [101]. An alternative
physical picture of Landau damping in terms of “phase
mixing” has been given by Case [102] and Van Kampen
[74], [75].

Recent reviews of the theory of plasma oscillations
have been made by Oster [103], Jackson [104], Bern-
stein and Trehan [105], and Drummond [106]. The
last two contain very comprehensive bibliographies.

Another type of damping due to nonlinear effects in
a plasma has been discussed by Dawson [107] and
Sturrock [45]-[48], who show that a single electro-
static wave may remain undamped. Sturrock shows
also that two electrostatic waves of frequencies w; and
ws, propagating at an angle to each other, can interact
to transfer energy into a plane electromagnetic wave
of frequency (w +w.). This model also yields a possible
mechanism to explain the strong radiation at 2w,. ob-
served from the sun.

3) Experimental Observations

From the foregoing discussion we might expect to
find that there would be oscillations occurring naturally
in the discharge near the plasma frequency. Such oscilla-
tions would have low group and phase velocities, and
would be difficult to detect from outside the chamber.
This last point follows from (7), where it may be seen
that for a zero temperature plasma the total current is
zero at the plasma frequency. When the temperature is
finite, the total current is extremely small as compared
with either the displacement or conduction current
within the plasma, so that the fields outside the plasma
due to this type of oscillation should be small.

The first observation of high-frequency oscillations
appears to have been made by Penning [53], [54] in
1926. Using a Lecher wire system connected to the elec-
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trodes, he observed oscillations around 500 Mc in both
argon and mercury under conditions when the scatter-
ing phenomenon described in Section Il was taking
place. Langmuir [8] and Tonks confirmed these obser-
vations measuring frequencies up to 1200 Mc in regions
of the plasma not traversed by the primary beam, and
an additional component of about 100 Mc in the beam
region, which appears to have been due to oscillations
of the beam alone. Later measurements [57] by these
workers showed the relation for the oscillation fre-
quency f«n''? to be true within the limits of experi-
mental error. Some additional frequencies observed
appear to be related to the effects of heater current and
its direction of flow. This effect has been examined in
more detail by Armstrong and Emeleus [108] using a
tungsten filament at the axis of a cylindrical anode in
mercury vapor, argon, and other gases. They discovered
that the oscillation intensity diminished considerably
during the off-periods when the filament current was
interrupted at 2 ke, and that such factors as length and
inclination of the filament were important. Further in-
fluences on the amplitude and frequency of oscillations
were exerted by the choice of operating point on the
V/I characteristics (filament current and pressure) of
the discharge. Increases in filament current and pres-
sure both caused increases in frequency. Oscillations
could be observed even in the Townsend discharge
region before a plasma was formed. No essential changes
in these results could be observed when the anode volt-
age was swept at 50 cps. The highest frequency ob-
served was 6 kMc¢, and up to 1 per cent conversion effi-
ciency could occasionally be obtained. Later experi-
ments by Emeleus and Bailey [109] were directed
towards increasing the plasma frequency by increasing
the pressure, and 10 kMc was achieved at 70 p, though
the power withdrawable was only 1 uw.

So far we have considered only experiments involv-
ing observation of oscillations near the plasma fre-
quency.  Early experiments involving simultaneous
measurements of electron density and plasma frequency
indicated agreement the theoretical value to
within 10 per cent [110]: that there were specific re-
gions of generation, and that there were relations be-
tween frequency and tube geometry. These results are
discussed in the following Subsections.

with

B. Beam-Plasma Interactions without Sheaths

1) Basic Mechanisms

The theories that we have discussed described propa-
gation through a plasma which was either at zero tem-
perature or in which the velocity distribution of the
clectrons was a monotonically decreasing function of
velocity. In the latter case, the waves were in some the-
ories undamped and in others damped. Bohm and Gross
[76])-]78] discussed the interpretation of the wave
solutions when the velocity distribution was not a
monotonic function of velocity and showed that under
certain conditions growing waves could exist. Physi-
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cally, the phenomenon is best understood by consider-
ing the interaction between two interpenetrating
charged beams of different velocity. This was first done
almost simultaneously by Haeff [111], [112], Nergaard
[113], Pierce [114], [115], and Hebenstreit [116].
They showed that when two beams of velocities v, and
v and plasma frequencies wy./27 and wy/27 interact,
the following dispersion equation, which may be de-
rived directly from (14), is valid:

2
Wph

+
(@ — Br)? (0 — Buy)?

2
Wpa

= 1. (22)

This dispersion equation predicts that when the two
beams travel in the same direction with approximately,
but not exactly, the same velocities, growing waves can
propagate along the system in the direction of motion
of the beams. These authors also demonstrated the
phenomenon experimentally, using two electron beams.

The same theory describes the interaction of an
electron beam with a stationary plasma through
which it passes, and was also used by Pierce [117] to
explain the ion oscillations which occur when an elec-
tron beam in a gassy system passes through the ion
cloud generated by its collisions with gas molecules.
The dispersion equation becomes

9

2 2
Wp Wpb

W' (0 — Bw)?

=1 (23)

where w, is the clectron plasma frequency of the plasma
through which the beam passes, or the ion plasma fre-
quency of the stationary ion cloud, and w, is the plasma
frequency of the electron beam. This equation may be
written in the form

w Wph
B=—t ——" . (24)
v (1l — wp? )2

It will be seen that the propagation constant for waves
traveling along the beam becomes complex for fre-
quencies below w, There will be the possibility of
strong amplification effects at frequencies in the
neighborhood of the plasma frequency, the gain becom-
ing infinite when w=w,. Physically, this effect takes
place because, below w,, the plasma behaves like a
medium of negative dielectric constant in which the
space-charge forces due to bunching of the electron
beam are reversed in sign from their values in free space.
These results and their interpretations have been dis-
cussed at length by Piddington [93], Twiss |1 18], Stur-
rock [119], [120], Buneman [121], and Drummond
[106]. These authors pointed out that knowing the dis-
persion relation of a system is not sufficient. For in-
stance, (23) yields complex B, i.e., a growing wave with
real w. But it also implies that with real 8, w can be
complex, t.e., the waves will grow in time. However,
because this latter instability is “convective,” as Stur-
rock describes it, such a result can only be obtained in
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an infinite system, or in one where there is feedback.

Physically, this is because the waves that are present
propagate and grow in the direction of motion of the
clectron beam. The solution with w complex, 1.e., oscilla-
tions, cannot apply unless energy can be returned from
the output end of the system to the input. This will
only occur if there is some additional feedback mech-
anism not included in the theory.

The results have been generalized by Budker {122],
Sturrock [123], Tchernov and his co-workers [124],
[125], Trivelpicce [126], Boyd, Field and Gould [2]-
[5], and Allen and Kino [127], [128], to take into ac-
count the effects of finite diameter of the beam, finite
diameter of the plasma, and the presence of a magnetic
field in the direction of motion of the beam. Fig. 2 indi-
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Fig. 2—Gain/frequency characteristics for beam-plasma
interactions in an infinite plasma.

~ates the basic conclusions reached by these authors,
i.e., that the gain does not become infinite, and that
there can be gain above the plasma frequency. In a
finite magnetic field, the gain reaches its maximum
above the plasma frequency and can remain finite up
to a frequency given by

w = (("pr2 + wcaz)”zv

(25)

where w..=(¢eB3/m.) is the cyclotron frequency of an
clectron in the magnetic feld B.

The original Bohm and Gross |76]-[78] treatment
took account of the thermal velocity distribution of the
plasma electrons by a simple extension of (23), and re-
sulted in the dispersion relation

2
Wpe

— — +
w? — 3(kT,/m,)B*

oA
(w — Brs)?
The regions of amplification given by this formula
have been studied by Akhiezer and Fainberg [129],
Feinstein and Sen [130], Twiss [118], [131 ], Lampert
[132], Sumi [133], [134], Boyd, Field and Gould
[3]-[5], Sturrock [119], Filiminov [135], Buneman
[136], and Tchernov and Bernashevski [125], who
considered the effects of thermal motions in both the
beam and the plasma, collisions of electrons with
neutrals and ions, and in the case of Sumi, the effect of
an electron beam density comparable to that of the

(20)
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plasma. As might be expected, both collisions and finite
temperature reduce the gain to a finite value. However,
these effects on the gain are not likely to be as great as
that of finite beam diameter. In addition, the gain is
found to reach its maximum above the plasma fre-
quency, when the electron temperature of the plasma
is finite, although it decreases to zero rapidly with
further increase in frequency.

2) Experimental Verifications

Before considering whether beam-plasma  interac-
tions might occur naturally in plasmas, we shall dis-
cuss the experimental verification of the contentions
made above concerning amplification. The tfirst pub-
lished confirmation of the effect was presented by
Boyd, Field, and Gould [2]-]5] in 1958, and extended
subsequently by Tchernov and his co-workers [124],
[125], Demirkhanov, Gevorkov and Popov [137], and
by Allen and Kino [127], [128].

The type of experimental tube used by Boyvd, Field,
and Gould [2]-[5] is shown schematically in Fig. 3.

GUN BEAM COLLECTOR
/ ) /
/ . ‘., .
j _____ {:—': _____ 4o - :|
L]
INPUT OUTPUT
R.F. COUPLER PLASMA R.F COUPLER

Fig. 3—"Typical apparatus for beam-plasma interaction experiments
of the type performed by Boyd, Field, and Gould.

Using helices coupled to external waveguides to modu-
late and demodulate the electron beam, gain was ob-
served over the frequency range 500-4000 Ne. Gain
of a few db/cm was observed reaching a maximum
al the plasma frequency, as calculated from additional
measurements. Allen and Kino [127], [128], using
helix coupling to a beam traversing a magnetically-con-
fined synthetic cesium plasma, obtained good agree-
ment with their theoretical analysis of the gain param-
cter, taking magnetic field and the finite dimensions of
the plasma and the beam into account. Typical gain
figures were approximately 5-10 db/cm at 1 kMce and
approximately 10-15 db/cm at 3 kMec. Tchernov, ef al.
[124], [125], used an experimental arrangement sim-
ilar 10 that of Boyd, but with the plasma density in-
creased by immersing the tube in an axial magnetic
field. They were able to obtain amplification between
20 and 40 db over the range of plasma frequencies 1-10
kMec. It also appeared that the gain parameter reached
a saturation value with increasing current. A possible
explanation for this phenomenon, due to the finite di-
ameter of the beam, has been given by Sturrock [123].
‘The influence of increasing the mercury vapor pressure
was studied and it was shown that a smaller discharge
current is required 1o obtain maximum gain with in-
creasing pressure. [t is worth noting that, with a Philips-
type (P1G) discharge, sufficiently high plasma densities
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were obtained for amplification of 8-mm waves with a
gain of 10 db/cm [125].

Some attempts were made by Tchernov and Ber-
naskevski [125] to determine the noise levels in opera-
tion. It was found that noise figures as low as 40 db
were obtained at pressures of a few microns. However,
it appears that in the noise measurements no account
was taken of any narrow-band low-frequency modula-
tion present on the output signal, such as might be
caused by low-frequency plasma oscillations. They also
tested between 2 and 28 kMc a similarity law showing
that the gain was fixed, at 10 db/cm in their case, if the
bean diameter, measured in wavelengths of the slow
wave propagating along it, was kept constant.

Although these experiments showed gain on a modu-
lated beam, we would expect that noise modulation on
an otherwise unmodulated beam could also Lrow, per-
haps even to the extent of ultimately breaking up the
beam itself. An explanation along these lines was pro-
posed by Haeff [138] for the generation mechanism of
solar radio noise, and showed good agreement with ob-
served noise spectra. After unsuccessful attempts by
Looney and Brown [139], Kojima, et al. [140], and
Gordon [141], the first successful laboratory experi-
ments of this nature were performed by Demirkhanov,
Gevorkov, and Popov [137], and Kharchenko, et al.
[142 ] Demirkhanov, et al., used an unmodulated beam
passing along the axis of a discharge tube. With one
tube, oscillations were picked up on a probe within the
discharge; with another, on a probe outside. The ampli-
tude of the oscillations was always strongest in the
beam region. A cavity perturbation technique  was
used to measure the electron density in the discharge,
and the comparison of the frequency of the highest out-
put amplitude and calculated plasma frequency was
always very close. Moving the probe along the direction
of motion of the beam electrons showed increasing sig-
nal amplitude at first, then a slow decrease. This was
probably a result of slowing and scattering of the beam
by collisions or by the RF signal itself. Similar results
were obtained over a pressure range 1-10 M in argon,
nitrogen, and hydrogen.

Kharchenko and his co-workers [142] investigated
this phenomenon at higher pressures (30-100 w) with an
80-kv clectron beam. They observed strong high-
frequency signals with a maximum amplitude at the
plasma frequency, provided a long enough interaction
distance was allowed (10-20 cm),

3) Natural Oscillations

We may now speculate as to whether interaction of
the type established above can occur naturally in a dis-
charge. The necessary ingredients are there since we
have a homogencous stream of primaries leaving the
cathode sheath and entering the plasma. It is, there-
fore, worth examining some of the experiments in
which high-frequency oscillations were investigated
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spatially in the plasma. The first of these was the scat-
tering experiment of Merrill and Webb [33] mentioned
in Section 1. They found a remarkable correlation be-
tween the scattering regions and the points of maximum
oscillation amplitude. There was in each case an equal
number of these (usually 2 or 3) with the high-fre-
quency amplitude reaching its maximum approxi-
mately midway between the scattering regions (see
Iig. 4). The oscillation frequency was close to the
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Fig. 4—Typical results of scattering experiments of the type per-

formed by Merrill and Webb., (a) Regions of scattering and posi-

tions of RF maxima. (h) Velocity distributions at points 1-§
in (a). (¢) The frequency-pulling effect of a probe.

plasma frequency as calculated from probe measure-
ments. Increases in pressure or current moved the
scattering regions towards the cathode. The authors
explained their results in terms of the phenomenon of
velocity modulation, a process novel then, but familiar
today in tubes such as the klystron. Assuming that
plasma oscillations occurred strongly in the scattering
regions, bunching of the primary beam would occur
somewhat further towards the anode, impressing an
RE current on the probe. Very little variation in maxi-
mum RE amplitude could be observed as the probe po-
tential was varied. Twiss [131] analyzed this experi-
ment in terms of growth of noise from the cathode
caused by tke interaction of primary electrons with
the plasma ultimate electrons. He showed that gains as
high as 170 db/cm could be expected at the plasma fre-
quency. This gain would vield perturbations in elec-
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tron velocity of sufficient amplitude to explain the re-
sults observed.

Neill and Emeleus [143], using a filamentary cathode,
observed a variation in oscillation amplitude increasing
slowly with distance from the cathode to a maximum,
then falling away, both increase and fall being compli-
cated by a number of minor peaks. This experiment
and that of Merrill and Webb were repeated and ex-
tended by Bailey and Emeleus [42], [144]. By ascer-
taining that similar results were obtained with a back-
bombarded flat tantalum cathode, they showed that the
more sudden build-up of oscillation amplitude in the
case of flat cathodes was associated with geometry
rather than cathode material. They also noted the pow-
erful disturbing influence of a probe, which could pro-
duce frequency pulling. This, they attributed to reflec-
tion of primaries providing a feedback action analogous
to that in a reflex klystron. Evidence for this was sup-
phed by the fact that the minor peaks corresponded to
the center frequencies of the modes (see Fig. 4). The ef-
fect was similar if the wire probe was replaced by a
quartz fiber of the same size and was most pronounced
when a small flat probe at right angles to the cathode
was used.

1t is clear that the results obtained for scattering and
oscillation amplitude profiles must be considered with
caution, particularly in view of the pronounced insta-
bility of the meniscus as it is approached by a probe.
Bailey and Emeleus [42] found that a magnetic field of
the order of 100 gauss exerted a stabilizing influence on
the discharge: it vielded purer RFE oscillations, and
tended to eliminate the pulling effect of the probe. At
the same time the magnetic field tended to eliminate the
Jlow-frequency oscillations present, a phenomenon dis-
cussed in Section V' below. We might associate this re-
sult with the elimination of the modulation of the HF
signals by LF oscillations. Mahaffey |37] continued the
and made
clectron
and frequency. A

work, using plane oxide-coated cathodes,
stmultancous measurements of charge density,
temperature, oscillation intensity,
strong tendency was found for oscillations to grow in
intensity in the direction of decreasing charge density,
and to die out when the beam moved up a density
gradient. This result is in agreement with the sugges-
tions of Allis [145], who pointed out that as the primary
bheam became lost by scattering, an oscillation at the
plasma frequency would be cut off as it traveled into a
region of higher plasma density, but would be enhanced
as it traveled into a region of lower plasma density. In
Mahaffey's work, close correlation between the fre-
quency of oscillation and the measured plasma fre-
quency was always observed.

As would be expected from the theoretical work of
Sturrock [119]-[120], and Bunemann [121] discussed
carlier, there is no clear experimental evidence that
natural oscillations can occur without some feedback
mechanism present. Either there seems to be growth
from noise, or in the experiments in which standing
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waves along a beam passing through a plasma have
been observed, feedback mechanisms have been present
which could cause the standing waves. IFor example, an
experiment by Kofoid [146], carried out in argon at
11-u pressure, involved identical oppositely-directed
beams entering through parallel plane electrodes held
at space potential. Strong standing waves ncar the
plasma frequency were indicated only when both beams
were present. If, however, the electrode potentials
were changed to provide sheaths, thereby introducing a
feedback mechanism, standing waves were observed
with a single beam. This type of oscillation is discussed
more Tully below.

C. Beam-Plasma Interactions Dependent on Sheaths

The deliberately excited oscillations discussed so far
could occur independently of the presence of sheaths.
In the case of spontancous oscillations, the cathode
sheath is necessary to form the beam of primaries, but
the growth mechanism is, of course, independent of the
origin of the beam. In a bounded plasma of dimensions
sufficiently small for a primary beam not to break up
completely in transit, it is possible that sheaths can pro-
vide a feedback mechanism analogous to that in a reflex
klystron, the plasma representing a drift space between
the sheaths, Standing waves can be set up with wave-
lengths dependent on factors such as beam velocity and
tube geometry.

An observation of standing waves was made by
Looney and Brown [139] in an unsuccessful experiment
to observe spatiallv-growing waves on a high-density
beam. The reason for their lack of success has been
dealt with by Sturrock [123], who develops the appro-
priate dispersion relation for a thin beam and shows
that the interaction distance was too small for a noise
signal to grow to a measurable amplitude, the maximum
gain being only about 20 (II) A schematic of their ex-
periment is shown in Fig. 5. By varving the potentials

CATHODE
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_<§) _-REFLECTOR
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PLASMA

Fig. 5—Experimental arrangement used by Looney and Brown.

of the gun and its anode relative to the plasma, ion
sheaths could be produced on these electrodes. A mov-
able probe coupled to a receiver could be moved axially
along the beam to measure oscillation intensity and fre-
quency. It was found by varying gun current and sheath
thickness that standing wave patterns were set up with
nodes at the two sheath edges. The number of loops ad-
justed itself to keep the frequency as close as possible to
the beam plasma frequency.

Although Looney and Brown showed that a transit
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time mechanism fitted their experimental results, a
clearer picture of the mechanism was offered by
Demirkhanov, Gevorkov, and Popov [137], who re-
peated the experiment and showed that the feedback
mechanism required to maintain the oscillations is pro-
vided by secondary electrons ejected from the anode
by the impinging beam. These are trapped in the inter-
electrode space, where they oscillate. Several frequen-
cies are possible, but we might expect the maximum
oscillation amplitude near the plasma [requency.

A similar explanation of these experiments has been
given in the unpublished work of Gordon [141]. Using
an improved version of the Looney-Brown experimental
tube, he was able to show that oscillations only occurred
when there was a returning beam of secondary elec-
tron. Gordon suggested a theory for the oscillation
modes based on a klystron-type mechanism in which
the primary beam took no part. It assumed that second-
aries were emitted from the reflector, traveled to the
gun end of the tube, and were reflected at the sheath
there. In his experiment, the oscillation frequency f
and transit time 7 of the secondaries were related to
within a few per cent by the usual expression for reflex
klystrons fr=n+%. Gordon also obtained oscillations
in another tube when the primary beam was itself re-
flected by the sheath at the reflector. However, these
oscillations were weak. Gordon added further evidence
of the disturbing influence of probes in experiments of
this nature. He found that the oscillations, and the
standing wave pattern associated with them, became
erratic when the probe was in the beam. They could be
detected from outside, though the field strength de-
creased rapidly with distance of the probe from the
beam edge. Detection became difficult more than a
centimeter from the beam.

An even clearer illustration of the klystron-type
mechanism had been given earlier by \Wehner [147],
[148], using a discharge tube of the type shown in Fig.
6 and described by Fetz [149], [150], Schumann [151],
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Fig. 6—The \Wehner oscillator.

and Wehner {152]. This material is reviewed by Gabor
[153]. The Wehner oscillator is worthy of interest as
one of the few practical devices to emerge as a result of
plasma rescarch. It is capable of producing several watts
of microwave power up to a few kNlc. The primary elec-
tron beam emerges from the low-temperature, non-
luminous plasma in the gridded cathode container and
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is reflected by the repeller electrode. Sheaths with po-
tentials up to 1 kv across them can easily be formed on
the grid and the repeller. Wehner detected oscillations
using a Lecher wire system connected between the re-
peller and the anode of the device. He was able to ob-
serve meniscus-shaped oscillation layers close to the
sheaths, and the existence of 5 separate modes over a
range of beam voltage and frequency. Good agreement
was obtained between these experimental results and a
theoretical analysis based on a klystron-type transit-
time mechanism.

Although we have shown that this type of oscillation
can be induced deliberately, there seem to be no defini-
tive experiments in which such oscillations have been
observed to occur naturally.

D. Beam-Surface Wave Interactions

The observation that propagation with phase veloc-
ity very much less than that of light occurs below the
plasma frequency in finite plasmas has been put on a
firm theoretical basis and checked experimentally by
Gould and Trivelpiece [59], [60], [126]. As already dis-
cussed, they have shown that two basic modes of prop-
agation can occur: surface waves involving only a per-
turbation of charge at the surface of the plasma, and
body waves involving charge density variation within
the plasma, which occur only in the presence of a mag-
netic field. The former effect is unrelated to sheaths
since it can occur in a zero temperature plasma which
has no sheath. In his experiments, Boyd [2] was able
to observe interaction of an electron beam with the sur-
face wave at Irequencies below the plasma frequency,
producing growth rates of about 1 db/cm. It is possible
that such an interaction may be observed with the
beam emerging from the cathode region of a discharge,
but so far there has been no definite experimental evi-
dence of this effect occurring.

E. Sheath Oscillations

From vacuum tube theory, we are familiar with the
concept of negative beam-loading due to the transit
time of electrons passing through a gap. [t was pointed
out by Emeleus [109], [143] that there is the possibility
that, if the sheath is regarded as a gap, nonreturning
beams traversing sheaths in plasma may maintain
oscillations in these regions through such a mechanism.

[t may be shown theoretically [t41] that the char-
acteristics of such oscillations are

M2 = a constant (27

and

AVUZ = 3 constant (28)

for temperature-limited and space-charge-limited emis-
sion conditions, respectively, where N is the free-space
wavelength, 17 is the cathode sheath voltage, and [ is
the saturated emission current. Gordon [141] suggests
that (27) is a direct result of the assumption that the
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width of the oscillating region is very small compared
with the mean free path for collisions. The presence of
such oscillations in evlindrical plasma diodes has been
observed by Armstrong and Emeleus [108], and Sluz-
kin and Mavdanov in the USSR, who are guoted by
Gordon as having obtained results in good agreement
with the theoretical relations given above.

Allis [145] has shown that, through the mechanism of
oscillations, a beam of electrons entering a plasma can
deliver energy to a region about ten times the cathode
sheath thickness, a result corroborated by the experi-
mental observations of Emeleus [154] and Merrill and
Webb |33]. It is possible that the oscillations observed
in the cathode sheath do not grow from noise alone, but
that nonuniformity, or transit time effects in the sheath,
may provide a direct feedback mechanism to produce
them.

It was pointed out by Langmuir that there is an ap-
parent contradiction associated with the Maxwellian
distribution of clectron velocities normally observed in
fow-pressure discharges at points far from the cathode.
High-velocity clectrons should escape through the
sheath to recombine with ions at the wall of the dis-
charge. As the electron mean free paths for collisions
are very large, there is no obvious de mechanism for
Maxwellianization, and there should be a lack of high-
velocity electrons near the sheath. Gabor [10] called
this phenomenon “Langmuir’s paradox.” It was sug-
gested by both Langmuir [8] and Gabor [10] that
strong collective oscillations must be taking place.
Gabor, Ash, and Dracott [13] pointed out in a later
paper that this type of collective interaction could occur
in the sheath, and proposed a mechanism analogous to
that of the reflex klystron in which clectrons entered
the sheath and returned to the plasma, the sheath be-
having as a klystron gap. In an elegant set of experi-
ments using a finely collimated high-energy low-current
clectron beam traveling parallel to a plane plasma-
sheath interface, they determined not only the de field
strength in the sheath, but also that of the superposed
ac field which was found to be present. Both fields were
found to have an approximately linear increase with
distance from the plasma. The frequency of the oscitla-
tions was about & of the plasma frequency.

It is interesting to note that a linear ficld distribution
is isochronous for incoming electrons, i.e., that the
transit time is independent of velocity, and that the
reciprocal ol the transit time for the field distribution,
determined experimentally, corresponded to about half
the frequency of the sheath oscillations. Physically this
means that, depending on its time of arrival, a slow
clectron may be able to reach the wall, while a fast one
arriving a half-cycle later will not. The authors put
this forward as a Maxwellianizing mechanism which
would offset the loss of high-velocity electrons to the
wall that would have to be assumed on a steady-state
theory.

Gordon [141] has shown, using an approximate the-
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ory, that the wall sheath can absorb energy from an al-
most Maxwellian distribution of electrons entering and
being reflected from it. He has also obtained reasonable
numerical agreement with the frequency of oscillations
observed in the sheath by Gabor, Ash, and Dracott [13].

The problem ol the Langmuir paradox and the oscilla-
tion mechanisms that have been demonstrated experi-
mentally lead to serious doubt as to whether a plasma
could exist in a low-pressure gas without the presence
of oscillations. Certainly it is difficult to understand
how a plasma would maintain its essential nature near
the wall of a discharge without oscillations, for these
high-velocity electrons provide the necessary ionizing
collisions. One alternative to the sheath oscillation
hypothesis has been advanced by Martin and Emeleus
[14], who suggested that high velocity electrons to
maintain the tail of the velocity distribution are also
generated in the scattering region near the cathode. It
is not certain, however, that this mechanism could sup-
ply sufficient high-velocity electrons in a long discharge
tube.

IV, Low-FRrREQUENCY OSCILLATIONS
A. Ton Waves

Studies of low-pressure discharges in the late 1920's
revealed not only the high-frequency oscillations dis-
cussed already, but also low-frequency fluctuations in a
frequency band from zero to a few megacycles per sec-
ond. Among the earliest papers dealing with this topic
were two contributions by Pardue and Webb published
in 1928 [155], [156]. Using a straight uniform tube
with an oxide-coated filament at one end and an anode
at the other, they explored a pressure range ol 15-90 u
in air. They Tound that the most prominent frequency
peaked at about 20 g, and that several frequencies re-
lated to this component were usually present. By anal-
ogy 1o the clectron plasma oscillations, they suggested
that these might be ion plasma oscillations. The prop-
erties of such oscillations were quoted by Langmuir in
1928 [8], and the derivations were published by Tonks
and Langmuir in 1929 [57], |58].

1) Theoretical 1 pprouches

Following Tonks and Langmuir, we assume that the
unperturbed ions are at rest, so that we can use (2) to
represent the ion motion and write for the one-dimen-
sional case

el

j"’vil = 7 — 9,
m;

(29)

where the subscript ¢ denotes ion parameters. All quan-

tities are taken to vary as exp j(wf —Bz), and the electric

field has been derived from a potential ¢ by writing
L= — Y¢ = jB¢. (30)

By using the relation between current density and
velocity, (3), and the equation of continuity, (5), it is
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found that the ac charge density of the ions, p,y(=eny),
is

(31)

Tonks and Langmuir assumed that the ton oscilla-
tions are so slow that the electrons remain in a Maxwell-
Boltzmann distribution. With this assumption, we can

write
e ) ]
Per = — pe| EXp| — —1]. (32)
‘ [ : (k'r,
If we assume that e¢p/27,<<1, it follows that
cp.@
ol = — — . 33)
Pel kT

Finally, the application of Poisson’s cquation yields the

relation
Bep,
+ — .
wm €

Assuming p.=p,, the phase velocity v, =w/8) of the
wave is given by
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where the ion plasma frequency f,{(=w,,/2r) is defined
by

k T, €

(34
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It follows from the dispersion relation of (35) that an
electrostatic wave can exist between zero frequency and
the ion plasma frequency. For wkw,,, v,—(k71,/m )"
The wave then has the characteristics of a sound wave
in which the atoms of the gas have the mass of the ions,
but the temperature of the electrons and the velocity is
independent of the density. Consequently, this type of
wave is called an “electrostatic sound wave” [57].

The Tonks and Langmuir theory assumes, essen-
tially, an isothermal expansion of the plasma. A better
description has been used by Spitzer [68], introducing a
pressure term into the equation of motion of the average
clectron, or ion. He assumed that the pressure p is a
scalar, defined in terms of the mean square velocity
fluctuation p=m(v—19)2. If the plasma expands adia-
batically, it may be assumed that pxnv. By using
these assumptions, the following dispersion equation
may be derived [157], [158]:

Wpo? wy®

1 - 92 9 + Rl '
w? — w2 W — fw,?

37

where we=(y.k1./m,)"* is the clectron acoustic velocity
and w, is defined similarly for the ions. When 7°,=0,
the expression reduces to that of (35), if it is assumed
that m;>>m,, and if T, in (35) is replaced by v.7...
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This theory may be easily generalized to take account
of the finite dimensions of a plasma and of collisions be-
tween electrons and neutrals, ions and neutrals, and
electrons and ions [157]~[160]. As for ordinary sound
waves, a low-frequency cutoff for the propagation is pre-
dicted, dependent on the dimensions of the plasma col-
umn. If it is assumed that the potential is zero at the
cdge of a uniform cyvlindrical column of radius a, the
low-frequency cutoff w. of a wave with components
that vary as exp j(wt —Bz) cos n8 will be determined by
the relation J,(wa/w,) =0, where J, is the nth-order
Bessel function of the first kind, 7;=0, and w LWy,
The collision frequency » between electrons and ions or
neutrals is taken into account by replacing the w? in the
denominator of the first term of (37) by w(w—j»). In
practice, such collisions exert a negligible cffect. For
instance, when 7°, =0 the damping term in the propaga-
tion constant is of the order — (jv/2w)(m. 'm,)B.

We might expect, then, to observe ion oscillations in
a plasma in the two frequency ranges corresponding to
cutoff of the ion modes: (1) at the ion plasma frequency,
the high-frequency cutoft, and (2) at the low-frequency
resonances of a finite plasma.

The type of theory described so far postulates a high
clectron-clectron collision frequency and zero tempera-
ture for the ions. The properties of ion waves have been
attacked using the collision-free Boltzmann equation
by Newcomb [161], Fried and Gould [157], [158], and
Bernstein, et al. [162], [163]. They showed that if the
ions were at zero temperature, waves very similar to
those obtained in the early theories were derived. How-
ever, if the ions have a finite temperature, there is
strong Landau damping, the damping being strongest
in the region 7,=T7',. This effect is explained physically
by Fried and Gould as being due to the majority of the
ions traveling at about the same phase velocity as the
wave. On the other hand, if there is a relative drift
velocity between the ions and electrons, the authors
cited above and Bunemann [136], [164], [165] all
show that a two-stream instability develops and the ion
waves become unstable: for 7,=0, only negligible
drift velocity is needed for instability. For 7. =77, the
minimum drift velocity for very long wavelength insta-
bilities is

mN\ 2] f2RT N2
m:().ozs[w( ) ]( ) |
m; m,

Fried and Gould [157] suggested that this type of insta-
biiity should take place in a mercury vapor discharge,
due to the relative longitudinal drift motion of ions and
electrons along the positive column. However, as the
radial motion of the ions and electrons, the ionizing
collisions, and the rate of collisions of ions with the wall
in such a discharge were not taken into account in their
theory, it is not clear whether the effects predicted
should occur in practice.

Bunemann [165], who had previously obtained some
of the same results as Fried and Gould, also carried out

(38)
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computations of the large amplitude oscillations. Oh the
basis of this work, he suggested that such collective in-
teractions could provide a rapid mechanism for restoring
grossly non-Maxwellian distributions to near Maxwel-
lian, and thus give rise to an extremely high effective
collision frequency between electrons and ions.

2) Oscillations tn Beams

‘T'he problem of ion oscillations was approached from
a different point of view by Pierce [166], who gave a
theoretical treatment of the oscillations which occur
when an electron beam passes through the ion cloud
formed by its collisions with gas molccules. This theory
predicted that wave amplification should occur at fre-
quencies below the ion plasma frequency, with maxi-
mum gain at the ion plasma frequency. It has been
proposed that the feedback mechanism necessary 1o
cause oscillations is supplied by slow secondaries mov-
ing in the backward direction. In this case the oscilla-
tions would be expected to occur near the ion plasma
frequency. Such oscillations were observed unequivo-
cally by Herngvist [167], [168].

Low-frequency oscillations of other kinds are also
observed in electron beams. Some of these oscillations
are due to low-velocity secondaries alone, but most are
due to ions. Herngvist [167], [168], Cutler [169],
Moreno [170], and Ettenberg and Targ [171] have
described these effects. Relaxation oscillations often
occur, usually of a modified sawtooth shape, and are
probably connected with the ionization and deionization
processes occurring in the beam. There is also a class
of oscillations connected with interaction of the elec-
tron beam with a backward wave propagating along the
ion cloud in the presence of a magnetic field. The theory
of this effect has been dealt with by Pierce [166] and by
Smullin and Chorney [61], [172]. Another class seems
{o occur in short beams where, as has been pointed out
by Jepsen [173], it is extremely unlikely that the beam
length is long enough to allow sufficient phase delay
around the oscillation loop to yield the two-stream
oscillations described by Pierce [166]. A theory of ion
oscillations in a gridded drift tube in which the clectric
field in the drift tube is postulated to undergo one or
more space reversals has been given by Jepsen [173],
and Smullin and Chorney [61], [172]. They show that
when 2 beam of fast clectrons traverses such a region,
the beam loading can be negative, and oscillations can
oceur.

3) Experimental Observations of lon Osctllations

Tonks and Langmuir [57] searched for evidence of
jonic oscillations in a gas discharge plasma with little
success, except for an isolated observation of a natu-
rally-occurring frequency component near to the pre-
dicted value of plasma frequency. Later, Revans [174],
Druyvesteyn and Warmoltz [30], Funk and Seeliger
[175], and others have reported naturally-occurring
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low-Irequency oscillations without establishing their
exact origin. Direct attempts to set them up and study
their characteristics failed for reasons described by
Armstrong, Emeleus, and Neill [159], whose experi-
ments involved pulsing between the anode and an elec-
trode immersed in a plasma, and observing the tran-
sient at other points along the tube. In view of the low
velocity of propagation of ion waves (~10° cm),
phase shift should have been casily measured. lustead,
an apparently instantaneous response was observed at
all observation points. This result has been confirmed
by Kino and Woods [176] using a wide variety of tech-
niques to attempt ion wave excitation.

The presence of a high level of low-lrequency noise
would mask low-level ion wave amplitudes, and it
should be remembered that the dispersion relation was
derived using a small-signal approximation. It is possi-
ble, of course, that the noise itself propagates as an
ion wave, and experiments have been carried out by
Thong Saw Pak [177], and Crawford and Lawson [178]
1o measure propagation velocities of noise in tubes. The
former concluded that propagation velocities must ex-
ceed 107 em and that the entire positive column was
fuctuating coherently. The latter used hot-cathode dis-
charge tubes of the type illustrated in Fig. 7, having a
positive column of smaller diameter than the cathode
region. By observing potential and number density
fluctuations along the tube, these workers were able to
show that the noise was generated close to the cathode
and that the propagation velocity was >10% cm over
most of the column. This high-velocity mode of propa-
gation can be regarded as a low-frequency version of
the surface wave propagation described by Gould and
Trivelpiece [59], [60], [126] or, at even lower frequen-
cies, as due to conduction along the column.

Crawford and Lawson also noted that in the first 20
em or so of the column, after the constriction, there was
a smearing of phase, and that the main component of
the noise appeared to have a phase velocity of the order
of 107 cm. The frequency spectrum of the noise,
which was typically as shown in Fig. 7, contained two or
three low-frequency peaks which varied little in fre-
quency or amplitude with current. This phenomenon
was suggestive of sound wave modes, and the experi-
ments were extended by Crawford [160], [179] using
different discharge tubes, with a wide range ol column
diameters, to see whether the frequency peaks were re-
lated to each other, and to the column diameter. It was
found that the frequency peaks fo, fi, and fx in any given
tube had approximately the same ratio to cach other as
the three lowest zeros of J,(x), i.e., the lowest two roots
of Jo(x) =0 and the first root of Ji(x) =0. The measured
frequency was also inversely proportional to the column
diameter of the tube involved. In accordance with the
theory for a finite column already described, there was
a strong suggestion of the presence of radial sound wave
modes, i.e., oscillations at the low-frequency cutoff for
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Fig. 7—Discharge tube used in the experiments of Crawford
and Lawson with typical low-frequency noise spectra.

sound wave modes. By carrying out temperature meas-
urements on two of the tubes, Crawford was able to
arrive at a value of v, of the order of 2. Thus the meas-
ured frequencies were also in the correct range for ion
sound wave modes. However, an objection to this hy-
pothesis is that one of the strongest modes observed
corresponds to an azimuthal variation of field. This
seems unlikely, since detection of such modes should be
difficult on a symmetrically-placed anode, or pickup
ring outside the tube.

Some observations of low-frequency resonances re-
ported by Gabovitch, et al. [180], who applied a low-
frequency signal to a probe whose dc potential was
varied, may also have been associated with ion wave
oscillations.

Careful examination of noise frequency spectra under
widely varying discharge conditions should give further
clues as to whether ion waves constitute the basic com-
ponents. The first comprehensive measurements of this
kind were made by Cobine and Gallagher [15] using
argon at pressures from 10 g to 2 mm Hg. Unfortunately,
commercial tubes with relatively complicated noise
spectra containing a number of peaks were employed.
One feature which emerged was that above a certain
critical frequency, varving inversely as the atomic
weight of the gas, there was a falling-off in high-
frequency noise. This effect does not seem to have been
observed in work at lower pressures. Cobine and
Gallagher also ascertained that fluctuations in light out-
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put corresponded in waveform to the voltage fluctua-
tions observed.

Results obtained by Martin and Woods [181] using a
tungsten filament and hemicylindrical anode showed
spectra containing many peaks whose frequency in-
creased with current, but which were difficult to analyze.
However, using tubes with simpler geometries, Craw-
ford [179], [182] has been able to show that frequency
components at both extremes of the ion wave spectrum
can exist. With uniform tubes having plane cathodes, a
high-frequency oscillation near the ion plasma fre-
quency, varying as the square root of the anode current,
is observed. Occasionally, fixed peaks suggestive of the
sound wave modes are also present in a broader spec-
trum of oscillations. Complicating the tube or electrode
geometry enhances the fixed-frequency effects, probably
by introducing more turbulent conditions in the dis-
charge.

Impedance measurements made by Crawford and
Lawson [178], [183] have been interpreted theoretically
to derive equivalent circuits for a plasma, the parame-
ters of which can be related to diffusion and collision
processes occurring in the positive column [183]. The
various time-constants and resonances seem to be as-
sociated closely with the frequencies at which strong
noise components were observed in their experiments.

4) Oscillations at the Cathode Sheath

It was pointed out by Cobine and Gallagher [15] that
a small movement of the ion sheath at the column side
of the double sheath in front of the cathode would be
sufficient to give rise to the oscillation potentials ob-
served. Such a movement could be excited by a two-
stream instability due to the primary electrons passing
through this sheath. Another possibility closely con-
nected to this one is negative loading of the primary
beam by the ion sheath, in the manner described for
electron beams by Jepsen [173] and Smullin and
Chorney [61], [172]. Neither type of theory has, how-
ever, been fully worked out for this case. We would ex-
pect, though, that there would be oscillations near the
ion plasma frequency of the plasma in front of the
cathode. The current-dependent oscillations measured
by Crawford, and described in the last paragraph, are
probably evidence of the existence of this effect. As con-
firmation, it is worth noting that the actual values of fre-
quency obtained from several tubes of different di-
ameters, containing various different cathodes, normal-
ized closely with respect to cathode current density in
the case of current-dependent frequency variation. This
implies that these oscillations were generated close to
the cathode. Using tubes with movable anodes, further
support has been added to this view by the fact that the
frequencies remain unchanged until the anode is brought
to a few millimeters from the cathode and begins to dis-
turb such fundamental features of the discharge as the
meniscus.
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B. Potential Minimum Oscillations

Under space-charge-limited emission conditions, there
will always be a retarding potential at the cathode in
cither a hard tube or a gas discharge tube. This results
in the formation of a potential minimum close to the
cathode. It was suggested as long ago as 1929 by
Kingdon [184] that positive ions could get trapped in
this minimum and oscillate there, and that this could
occur even at discharge currents in the Townsend region
preceding plasma formation. Such oscillations in the
pre-plasma state have been reported by Ballantine [185]
and others [15], [181], [186], [187].

A theory of potential minimum oscillations has been
given recently by Waymouth [188], who has derived a
modified form of the Tonks-Langmuir dispersion rela-
tion quoted in (35).

In the experiments of Crawford [179], [182] in which
an ion plasma frequency proportional to I,'? was ob-
served, there was in some tubes a second peak in the
spectrum at a frequency approximately 1/10 of this,
which moved with increasing anode current according
to a power law between § and 4. This has not been ex-
plained but may well be a potential minimum occillation.
Experiments with several tubes indicated that the fre-
quency depended on cathode current density rather
than on column current density, and was unaffected by
the movement of the anode, as in the case of the first
type of current-varying oscillation.

In experiments with uorescent tubes van Boort and
Klerk [189] and Waymouth [188] also observed oscil-
lations, which they postulated were potential minimum
oscillations. It may be seen from Waymouth's data that
the frequency of these oscillations was proportional to
1,13, These workers noted that the oscillations measured
at the anode of the discharge or on a probe disappeared
when the cathode was temperature-limited. Waymouth
suggested that this result was evidence that the oscil-
lations took place in the potential minimum and used
the vanishing point as a measure of the saturation cur-
rent of the cathode. However, Crawford and Lawson
[178] showed that, as the impedance of the discharge
becomes very large when it is temperature limited, any
oscillations generated internatly would not be observed
casily outside the discharge. In one experiment, using a
microwave resonant cavity perturbation technique,
they were able to show that there were still substan-
tially unchanged fluctuations of charge density in the
plasma column, even when the cathode was temperature
limited, and no oscillations could be measured on the
anode of the discharge.

C. Striations

It has been mentioned earlier that the study of oscil-
lations by use of probes within the discharge is com-
plicated by the disturbing effects of the probe itsclf,
particularly in the vicinity of sheaths. These matters and
the feasibility of using external probes are discussed by
Emeleus [190], [191], who points out that much valua-
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ble information can be obtained by observing the light
output from the discharge. The results of such studies
by Cobine and Gallagher [15] and Landecker and Rob-
inson [192] indicate close correlation between the fre-
quency spectra of anode voltage and light output
fluctuations.

A familiar feature of discharges at pressures of the
order of 1 mm is the presence of either fixed or moving
striations. Their mechanisms and theory are still not
fully understood, but it is indicated by Pupp [193] that
they are associated with potential fluctuations of several
volts and large changes in electron temperature and
concentration. The early experiments of Appleton and
West [194] suggest that the striations are accompanied
by a high level of low-frequency noise. Druyvesteyn and
Penning [29] summarized much of the ecarly work, but
did not indicate the existence of striations at pressures
below 100 p. Loeb [193] suggests they may exist down
to pressures of about 10 g, and that they are more likely
to occur in impure gases or gas mixtures. Much of the
more recent experimental work has been carried out by
Dieke and his co-workers [196], [197], and Pekarek
[198], [199], and a theoretical discussion has been given
by Robertson [200].

There seem to have been no published observations
of striations occurring in mercury vapor discharges at
a few microns until a paper by Foulds [201] in 1956. In
a cold cathode tube, using photocell techniques and
a rotating mirror camera, Foulds was able to observe
almost regular striations moving toward the cathode
and some evidence for irregular striations moving to-
ward the anode. Frequencies and velocities of the or-
der of 10 ke and 2.10% em were involved. This confliets
with some carlier results of McCurdy, et al. [202]-[204],
who found that pure mercury vapor gave no standing
striations. There could possibly have heen unobserved
moving striations in their experiments, however. The
present state of the theory does not allow us to predict
the occurrence and characteristics of striations, but the
velocities involved agree reasonably well with the re-
sults of an experiment of Armstrong, Emeleus, and
Neill [159], in which a region of heavy ionization was
forced to pulsate under the influence of abrupt changes
in electrode potentials.

D. .lnode Spots

Armstrong, Emeleus, and Neill [159] have pointed
out that instabilities can occur near to the anode of a
low-pressure discharge in certain regions of the volt-
age/current  characteristic. Small  spots may  form,
generating low-frequency oscillations which have con-
siderable energy associated with them [205]. The au-
thors describe experiments in which the tube became a
source of audible noise.

The exact mechanism of this anode glow instability
is still obscure, but it seems to be more pronounced when
the anode fall is positive than when it is negative. It is
further intensified when there is large curvature of the
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glow (for example, when the discharge anode is small or
when impurities are present). Pupp’s experiments sug-
gest a connection with the existence of striations [206].

Armstrong, et al. [159], suggest that pressure insta-
bilities may be responsible. Langmuir [207] showed as
long ago as 1923 that steady currents produce differ-
ences of gas pressure in a tube, but the subject of in-
stability under these conditions does not seem to have
received attention, It may have relevance to the pro-
duction mechanism of striations.

E. Miscellaneous

Several other mechanisms not included in the fore-
going sections have been suggested as being important
in noise generation [154]. The majority of these effects
are associated with the cathode. It is felt that, although
they might occur under special conditions, they are not
the major sources of noise in most tubes; neither are
they inherent in the maintaining mechanism of the dis-
charge. When the gross components described above
have been eliminated, these mechanisms may become
important.

Emeleus [154] has suggested that noise could be
caused by irregular movements of the boundary be-
tween parts of the cathode emitting space-charge-
limited and temperature-limited current. Clarke [208]
has advanced the hypothesis that a type of flicker effect
may occur, enhanced by the presence of positive ions
and possibly associated with mode-jumping of standing
space-charge waves in the gas very close to the cathode.

Many observations on noise frequency components
have shown the presence of harmonics [155], [182].
These might be generated from sinusoidal oscillations
by nonlinearities in the plasma or may be evidence of
the existence of relaxation oscillations with more com-
plicated waveforms. For example, the discharge might
have two stable modes and jump from one to the other
[57]. Few details of such mechanisms are available but
a possible means by which they might be excited is dis-
cussed in Section \.

Two further mechanisms, the levels of which are ex-
tremely low relative to the noise actually observed, are
shot and thermal effects analogous to the phenomena
observed in hard tubes.

V. INTERDEPENDENCE OF Low- axp HiGH-
FREQUENCY OSCILLATIONS

Since low- and high-frequency fluctuations have often
been observed in the same tubes, we may question
whether there is a causal relation between oscillations in
these two ranges. Mahaffey [37] has suggested, as a
result of experiments in which anode-cathode spacing
could be varied, that there may be an association be-
tween the occurrence of strong positive ion oscillations
and the appearance of a fully-formed meniscus. Allen,
Bailey, and Emeleus [35] have also found close associa-
tion of high- and low-frequency oscillations using a
modified form of beam discharge similar to that of

Crawford and Kino: Oscillations and Noise in Low-Pressure DC Discharges

1783

Looney and Brown [139], but relying on the cathode
for formation of the beam. A flat probe which was placed
perpendicular to the beam caused a diffuse glow to ap-
pear midway between probe and cathode. High- and
low-frequency oscillations were observed to occur to-
gether. The glow was unstable and disappeared to-
gether with the oscillations, when a fine wire probe was
used in an attempt to explore it. This last effect was
observed by Bailey and Emeleus [42] who also noted
that as current increased and the meniscus became
blurred, there was an increase in amplitude of the low-
frequency oscillations,

Asuggestion advanced by Allen, Bailey, and Emeleus
[35] is that the high-frequency interaction between the
beam and the plasma electrons builds up so rapidly near
the meniscus that the resulting violent disturbance of
the discharge might lead to low-frequency ionic or re-
laxation oscillations. It is further suggested by Emeleus
and Mahaffey [209] that transverse ion oscillations
might be responsible for the transverse scattering of the
cathodic beam described in Section 11.

VI RepreTioNn oF Norse 1N DISCHARGES

The feasibility of reducing noise depends on whether
or not the generation mechanism is an inherent process
in maintenance of the plasma. Those fluctuations that
are caused by the presence of the cathodic electron
beam might well be eliminated if the beam could be
spread or broken up without loss of energy, and it is
possible that if the charge concentration could be made
to increase from the cathode outwards, there would be
no forward propagation of disturbances. The low-
frequency noise involving cathode sheath oscillations
might be reduced if the potential of the column edge
were clamped firmly, while those disturbances which
are of geometrical origin (for example, the effects of a
constriction in the discharge) might be reduced by some
sort of focusing of the streams passing through.

Some experiments along these lines have already been
carried out. Cobine and his associates [15], [210], [211]
investigated the effects of a magnetic field transverse
to current flow on oscillations in discharges at pressures
around 100 g, and established that the low-frequency
effects observed at the anode were reduced when the
primaries were deflected to miss the anode. They also
discovered that as the magnetic field strength was in-
creased, the over-all noise passed through a minimum
and increased again. Similar effects to those in hot cath-
ode tubes were also observed by Ruthberg [212], using
cold cathodes. Cobine and Gallagher's results for a
transverse field were confirmed by Armstrong, Emeleus,
and Neill [159], while the case of an axial magnetic field
was examined by Bailey and Emeleus [42]. They found
that field strengths of the order of tens of gauss would
reduce the low-frequency noise and stabilize the menis-
cus. They made no comment about the effect of the
high-frequency noise component on the amplitude.

These results have been extended by Crawford [179],
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who has shown that axial magnetic fields less than 50
gauss can reduce the level of the relatively fixed fre-
quency noise components occurring in long discharge
tubes by as much as 20-30 db. Beyond the minimum the
noise increases again. This effect may be related to the
well-known anomalous diffusion mechanism [52], [213].
The strongly current-dependent mechanisms located in
or near the cathode sheath are not affected materially
by an axial magnetic field.

The use of an auxiliary electrode to reduce low-
frequency fluctuations was investigated by Thong Saw
Pak [214]. He desceribes a tube in which a wire filament
was placed at the focus of a parabolic wire gauze elec-
trode, the open side of which faced the anode. Noise
figures of the order of 30 db lower than those usually ob-
tained without such an electrode were observed for cur-
rents up to about 80 ma, when noise again appeared.
Even then, a positive bias on the auxiliary electrode
could reduce the noise somewhat.

Further experiments involving fine-mesh grids be-
tween cathode and anode of a plasma have confirmed
these results, and Johnson, Olmstead, and Webster
[215] have coined the apt (but etymologically question-
able!) term “Tacitron” for a low-noise device of this
tvpe operating in the anode glow mode, and have de-
scribed its characteristics.

Crawford [179] has carried out experiments with a
gridded tube in which the grid-cathode spacing was of
the order of a Debye length. The grid potential assumed
a value approximately equal to the ionization potential
of mercury (~10 volts) and variation of grid and anode
current divided the noise characteristics into two regions:
for I,/1,> K there was a very low noise level, and for
1,/1,<K the noise increased sharply. For the tube
tested A was approximately constant, and was about 3.

MR

Recent years have seen the growth of a complex struc-
ture of plasma theory on the foundations laid by Lang-
muir and his co-workers 30 vears ago. The study of wave
propagation at microwave frequencies has been carried
to a highly sophisticated level, though the models with
which this study have been conducted have not always
represented accurately the behavior of actual experi-
mental plasmas. Certain of the oscillations which occur
naturally in most dc discharges may provide a check on
the theories. If these oscillation mechanisms can be elu-

DISCUSSION

cidated and effectively suppressed, it should be possible
to carry out more detailed quantitative experiments to
check the theoretical studies of propagation. Such work
would be useful not only to the fusion field and to the
general study of instabilities, but should also suggest
new possibilities in the field of microwave generation
[216] and amplification: already, Wehner [147], [148]
has demonstrated that reflex klystron-type oscillations
involving sheaths can be utilized in wide-band elec-
tronically tunable oscillators of reasonable efficiency,
while clectron beam-plasma interactions offer the in-
triguing prospect of high-gain microwave amplification,
The permeable, structureless nature of this type of
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amplifier is an attractive possibility for millimeter wave
amplification. In addition, there may be entirely new
methods for coupling in and out of the system, based on
the unusual radial propagation effects in the presence
of a magnetic field, on the high rate of amplification, as
discussed by Feinstein {217], or on the nonlinear inter-
action with an electromagnetic wave of the type de-
scribed by Sturrock [45]-[48]. These coupling mecha-
nisms, which are not necessarily subject to the usual
limitations of slow-wave devices, have been discussed
by Kino [218]. A major drawback to such devices at
the present time is the presence of high- and low-
frequency oscillations in the discharge. Broad-banding
the device, for example, by using a nonuniform plasma
may help to discriminate against low-lrequency fluctua-
tions in charge density, but effort is required to reduce
spontaneous oscillations which may be generated in the
working range.

It s still not clear whether a plasma can exist without
self-generated oscillations, but it seems reasonable to
assume that all but those required for Maxwellianization
of the electron velocity distribution might be eliminated
if suthcient care were taken. The presence of the sheath
oscillations detected by Gabor, Ash, and Dracott [13]
would seem to be necessary for this process. However,
because they are at a relatively low frequency compared
to the plasma frequency and because their ficlds are
normal to the plasma edge, they may well have only
weak fields within the plasma itself. By deliberately in-
creasing the charge density in the direction of the
cathodic electron beam, we might cause the effect of the
RI oscillations generated in the vicinity of the meniscus
to be very weak in the amplifying region also.

Two alternatives would be: 1) to use other types of
discharges such as the highly jonized, synthetic cesium
plasmas based on the resonance ionization phenomenon
first investigated by Langmuir and Kingdon [219] and
studied in more detail recently by Allen and Kino [128],
D'Angelo and Rynn [220], and Knetehtli and Wada
[221], or 2) to use the negative-glow mode which occurs
at rather higher pressures and has electron temperatures
which can be only a few hundred degrees. These proper-
ties and possible applications have been described by
Anderson [222], (224] and Harris [223].

Although there is now fairly good qualitative under-
standing of the mechanisms giving rise to spontaneous
RF oscillations, considerably more work is required for
a detailed understanding of scattering and Maxwelliani-
zation through sheath oscillations. Although Landau
damping is now well established theoretically, there does
not appear to be any direct experimental confirmation
of the phenomenon available. It is understood, however,
that several projects are currently in progress to study
this effect in electron beams.

Although i wide variety of mechanisms has been sug-
gested for the generation of low-frequency oscillations
and noise, there are few convincing demonstrations of
the existence of such fundamental phenomena as ion
waves and potential minimum oscillations, On the other
hand, theoretical explanations of many effects that have
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observed (for example, striations) still have no
basis. lon wave phenomena deserve attention be-

cause of the part they may play in causing instability
and enhanced diffusion across magnetic fields, an effect
particularly important in work on thermonuclear fusion.

Long
field

itudinal 1on waves in the presence of a magnetic
have been reported by Alexeff and Neidigh [225],

[226]. There are also possible applications of such
longitudinal waves to generation and amplification in

the n

rillimeter range [227].

Work on the suppression ol low-frequency fluctua-
tions looks promising, and as there scems to be no
reason why their existence should be essential to main-
tenance of a steady-state discharge, it may well be pos-
sible to eliminate them by careful design of the ap-
paratus.

LisT oF SyMBOLS

B magnetic field strength

I electrice field strength

I magnetizing intensity

J current density
N neutral density

T temperature

a positive column radius
-¢ electronic charge
Jp»  plasma frequency

kb Boltzmann's constant
m  particle mass

n  number density

P pressure

{ time

v velocity

w acoustic velocity

B propagation constant
€ permittivity

0 azimuthal angle

N wavelength

v collision frequency

p charge density

T transit time

¢ potential

w radian frequency

Subscripts:

"‘2&.'\

quantity associated with clectrons
quantity associated with ions
quantity associated with neutrals
ac component
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Ionic and Plasma Propulsion for Space Vehicles*

G. R. BREWER T, M. R. CURRIET, $ENIOR MEMBER, IRE, AND
R. C. KNECHTLI{, MEMBER, IRE

Summary—The propulsion of future space vehicles by means of
electrical engines appears to be the most practical and effective
method for long interplanetary missions. The basic principles of the
major class of such electrical engines, viz., those utilizing ionic or
plasma acceleration, involve technologies familiar to and largely
stemming from the work of electronics engineers and plasma physi-
cists. This paper describes the various methods under investigation
today for the acceleration and neutralization of charged particles
for use in propulsion. The several topics discussed include the prob-
lem of beam neutralization, cesium ion engines, electron-bombard-
ment engines, and magnetic plasma acceleration.

INTRODUCTION

rMYHE SUBJECT of electrical propulsion represents

an exciting new area ol applied science and tech-

nology which is rapidly growing in interest and
importance and which has, literally, an unlimited future.
Electrically propelled spacecraft provide the only feasi-
ble means for exploring the further reaches of our solar
svstem, for economically transporting large manned ex-
peditions and heavy payloads to our neighboring planets
and for probing the solar system away from the ecliptic
plane.

It is inevitable that such vast new concepts as this
build on fundamental knowledge and experience in a
variety of fields and, in turn, provide strong motivation
for vigorous new work and progress in these areas. This
is certainly the case here. From an over-all viewpoint a
nuclear-clectric propulsion system consists of three
major components: a lightweight nuclear reactor, an
efficient method for converting thermal energy to elec-
trical energy, and the thrust unit itself. The first two of
these are giving strong impetus to fundamental and
applied work in the areas of new types of high-tempera-
ture reactors and methods of direct energy conversion
such as thermionic and MHD devices.

The third major component, the electrical thrust unit,
is the subject of this paper. As will be shown, it builds
directly on the broad field of electronics concerned with
plasma physics and devices, beam and particle dynam-
ics, electron optics and electron tube technology. The
purpose of this paper is to discuss electrical propulsion
devices {rom this point of view. Rather than present a
detailed picture of the increasing number of specific en-
gineering developments in this field, we intend that the
discussion shall relate the general directions of current
efforts to basic problems in plasma physics, ion beam
generation and control, and particle dynamics. We take
the point of view that the rapid development and future
success of electrical propulsion will depend upon con-

* Received by the IRE, October 3, 1961,
t Hughes Research Laboratories, Malibu, Calif.

tinued fundamental research in these areas and that,
conversely, progress in electrical propulsion will have a
significant impact on these basic arcas in terms of new
understandings and new tools for attacking problems of
fundamental importance. In short, electrical propulsion
is a held which is fertile for invention, research, innova-
tion, and cross-tertilization with other major arcas of
applied physics and electronics.

The concept of the ion rocket engine has existed for
many vears. In 1906 R. H. Goddard mentioned it in his
notebook [1], and in 1929 H. Oberth devoted a chapter
ol his book, Wege zur Raumschiffahrt (2], 1o the concept.
However. active research and development effort has
only taken place during the last few vears: some of the
earliest articles on electrical propulsion in the U. S, liter-
ature were written in 1954 by Dr. Ernst Stuhlinger,
now of NASA, who has continued to provide much of
the stimulus and leadership for this program. Although
a large and growing body of literature on the subject
exists, no attempt is made here to give a complete list
of references.

The importance of electrical propulsion can be scen
from the following basic relations. Thrust is equal to the
rate of change of momentum imparted by the exhaust
of a rocket engine. For simplicity, let it be assumed that
all particles in the exhaust have the same velocity o,,.
Then the thrust T is simply

T = ity 8))

where i, is the propellant mass flow rate. If this thrust
lasts for a time 7, the total impulse imparted to the
vehicle is equal to 77,
The specific impulse, defined as the impulse per unit
weight of propellant exhausted, is
Tr T
loyp=—=—" (2)
W, W,
where w,=mpg is the propellant weight exhausted in
time 7. This gives the specific impulse as thrust per unit
of propellant weight flow rate. Combining (1) and (2),
we obtain

vCZ

I.p = — seconds, (g = 9.8 m/second?) 3)
4
which identifies specific impulse as a measure of the ex-
haust velocity.
Consider, now, the equation of motion in free space
for a vehicle whese mass A/ and velocity » are functions
of time:

Mdv = — v.dM. 4



1790

For an initial mass M, starting from rest, (4) gives

v = [,gIn (%) (3

Thus, the effectiveness of mass expenditure to gain
velocity is a function of specific impulse, i.e., from a
mass point of view, a given velocity increment is
achieved more efficiently with a system having high
specific impulse.

With low specific impulse chemical rockets, the mass
loss is very high. These systems, of course, have high
thrust and are needed for overcoming gravitational
forces and injecting payloads into orbit. However, for
many projected space missions starting from an earth
orbit, the tremendous mass of a chemical or even
nuclear rocket, which is necessary to deliver a heavy
pavload, is completely unfeasible. The specific impulse
of a chemical rocket is limited to values below about 400
seconds; the primary limitation is imposed by the maxi-
mum reaction temperature and minimum molecular
weight of the fuel. By choosing hydrogen for the propel-
lant, the direct nuclear heat transfer rocket (e.g.,
Rover) is expected to increase the specific impulse to
800 and perhaps even 1000 seconds; here the tempera-
ture limitations of the material establish an upper limit.
Because of their high thrust, chemical and nuclear
rockets will be important for near-earth missions. How-
ever, many interplanctary and deep-space scientific mis-
sions requiring heavy payloads are impossible to accom-
plish with foreseeable chemical or nuclear vehicles. Low
thrust propulsion systems operating over long periods
of time and having very high specific impulse values are
mandatory in such cases.

It is clear that the acceleration of ions to any desired
velocity by electrostatic or electromagnetic fields is un-
related to thermal heating; i.e., in the former process,
the specific impulse can be adjusted to any desired
-alue. The power required to accelerate the particles is
proportional to the product of thrust and velocity. The
weight of the nuclear-electric power supply increases
roughly in proportion to power. Therefore, depending
upon the mission, there exists an optimum exhaust
velocity or specific impulse which results in minimum
over-all weight (i.e., compromise between power system
weight and propellant weight). This optimum specific
impulse is larger for longer missions and heavier pay-
loads but is invariably above several thousand seconds,
varving from roughly 5000 seconds for a 5000-pound
pavload in a Mars orbit using the Atlas-Centaur booster
and a 60-kw power supply, to more than 10,000 seconds
for a 15-ton terminal mass in a Jupiter orbit using
Saturn and a 1-Mw power supply. Thus, nuclear-
clectric propulsion systems constitute an ideal solution
for the types of missions discussed above.

Many detailed calculations have shown that for a
given over-all initial weight and, for example, for a
round-trip mission to and from a Mars parking orbit,
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payloads of up to four or more times those possible with
direct nuclear rockets or, conversely, much shorter mis-
sion durations with the same payload weight will result.
For more ambitious space experiments (e.g., to Jupiter)
the figures are even more impressive. Often a factor of
ten increase in payload or a considerable reduction in
initial vehicle weight can be attained. It should be noted
that these calculations include the nuclear-electric
power supply as part of the propulsion system. However
the use of the power supply for wideband data trans-
mission and for primary power for other purposes at the
destination makes the effective payload weight ratios
between clectric and nuclear systems even higher.

There are several varying approaches to the electrical
generation of thrust. These are usually classified as elec-
trothermal, electrostatic, and electromagnetic. All have
in common the requirements for very long life, high
power efhciency, and high propellant utilization ef-
ficiency.

Of the above types of electrical propulsion, this paper
will be concerned only with the latter two approaches.
The thermal are jet is not a true electric thrust unit in
the sense of overcoming material temperature limita-
tions and thus permitting very high specific impulse.
In it, a high-current arc is used to resistively heat a pro-
pellant gas (e.g., hvdrogen) to high temperatures. The
gas is then expanded through a nozzle where the thermal
energy is converted to directed kinetic energy. It is
limited to specific impulses in the neighborhood of 1000
seconds, the eficiency decreasing very rapidly beyond
that point.

The clectrostatic engine appears to offer the possibil-
ity of cfficjently achieving higher specific impulses than
the other types, i.e., in the range of several thousand
seconds and higher. lon propulsion is very simple in
concept since it involves the imparting of energy to ions
by electrostatic acceleration. To serve as a reference,
Fig. 1 shows specific impulse as a function of net ac-
celerating voltage for some of the common propellants.
However, in transforming this essentially simple idea to
practical fruition, there are a number of problems in-
volving fundamental considerations in plasma physics
and electronics. First, an efficient ion source is required.
A number of such sources are possible: contact ioniza-
tion, Penning discharges, magnetically stabilized arcs,
and various combinations of these. All are the subject
of intensive research efforts, the results of which will add
significantly to the technology of this and related fields
in physics and electronics. Second, sophisticated high-
perveance ion-optical acceleration and focusing systems
are mandatory with a perfection exceeding even that
required by clectron guns and beams for use in high-
power microwave tubes. Third, space-charge-ncutraliza-
tion mechanisms are required which introduce intriguing
new concepts such as synthetic nonthermal plasmas and
the basic questions relating to them.

T'he other major class of electrical propulsion engines
involves the direct acceleration of plasmas by magnetic



1961

100,000 TTTT]

50000

3
o
Q
=]

10,000

SPECIFIC IMPULSE Igp,SECONDS
»
o
[=3
[=]

\/2
= vy
15""4'7(A) -]

Az ATOMIC WT

:

| L0 el

1000 1]
05 1.0

! 100
NET ACCELERATING VOLTAGE, kv

Fig. 1—Curves showing specilic impulse as a function of net accel-
crating voltage for various propellant gases (singly ijonized) in
clectrostatic rocket engine.

ficlds. This class is usually limited to the range of specific
mmpulses between roughly 2000-5000 seconds. Iere the
problem of achieving space-charge neutrality is not
present. Again, a number of mechanisms for acceleration
are possible, including the use of de crossed eleetric and
magnetic fields (MHD types), traveling-wave systems,
andquasi-stationary RFsystems. Theseinvolve problems
which are fundamental to other fields (e.g., energy con-
version and high-temperature plasma generation and
containment) as well as to the attainment of high-
efficiency thrust devices.

In this review paper it is hoped that discussion of
some of the basic problems in achieving practical ¢'ec-
tric propulsion systems and of the broad current ap-
proaches to their solution will stimulate increased inter-
est and imaginative effort in this field on the part of in-
vestigators in applied physics and electronics, on whose
technology this new art is directly based.

I. Basic Prosrivs

In the process of developing electric propulsion sys-
tems, there are several technical objectives and prob-
lems which are common to the various types of systems
outlined above. Obviously, the primary objective in-
volves the devising of field configurations (electric
and/or magnetic) capable of accelerating charged par-
ticles in a controlled manner to the desired exhaust
velocity.

One of the primary considerations in the invention of
propulsion systems is efficiency —efficiency both in use of
the electrical power and of the propellant. In the ele-
mentary equations presented above, it was shown that
the performance of the space vehicle is critically de-
pendent on the weight of both the electric power gener-
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ating system and the propellant that must be carried.
It is therefore essential to devise propulsion systems
which will convert as much as possible ol the electrical
power available in the vehicle into useful thrust, and
power efficiencies farger than about 80 or 90 per cent are
desirable. Fortunately, work to date, which will be
reported in more detail below, indicates that such ef-
ficieney values are attainable. The propellant-utilization
efficiency should be high (greater than 90 per cent) for
the simple reason that we do not wish to carry excess
propellant which would decrease the performance of the
space craft. As we shall see later, in the electrostatic
rocket even higher ionization or propellant-utilization
efficiency is essential, in order to reduce the effects of
charge-exchange reactions.

The second serious consideration is neutralization of
the charges associated with the particles of the exhaust
beam. As mentioned carlier, the class of clectric engines
in which the acceleration of the charged particles results
from magnetic fields will presumably exhaust a neutral
beam, ‘e., the accelerated and exhausted medium will
be very close to a true plasma. In the case of electro-
static rockets, on the other hand, the acceeleration of the
charged particles is accomplished by means of electrie
fields: therefore only one species can be accelerated in a
given region. In this case, the charges must be separated.
In order to prevent buildup of space-charge forces at the
engine exhaust, the accelerated charges must be neu-
tralized by the injection of particles of the opposite
sign. (We do not mean that the positive and negative
particles must recombine, but merely that in any given
region of the exhaust beam, there must be an equal
number of positive and negative charges.)

Since the electrostatic rocket imparts acceleration to
the positive and negative charges separately, some
mechanism must be provided to ionize the neutral pro-
pellant particles. As we shall see, the jonization mecha-
nisms used in the engines 1o be considered are contact
ionization of cesium on tungsten and ionization by elec-
tron impact. This ionization must be accomplished with
the mimimum possible loss of energy, in order to main-
tain high over-all efficiency. Not only must the ioniza-
tion process he efficient in terms of the energy required
to create the jons, but the mechanism must be capable
of supplying a relatively high density of ion current to
the accelerator svstem. Typical ion current densities of
the two mechanisms mentioned above are 10 to 20
ma/cm?® These values are sufficiently high to allow the
development of electric engines suitable for space mis-
stons; however, higher-density sources are definitely
needed for future engines, and this consideration does
form a fundamental limitation on the performance of
clectric propulsion engines.

Another fundamental imitation is the erosion ol elec-
trodes involved in the acceleration of the charged par-
ticles due to impingement of the charged particles on
these electrodes. The electrie propulsion engines that we
are describing here will be used for space vehicles in in-
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terplanetary travel, and the mission times involved are
measured in vears. Therefore, a serious constraint on the
design of the engines is that the total erosion of the elec-
trodes must be small enough that it does not interfere
with engine operation over lifetimes of tens of thousands
of hours. This imposes, for example, the condition of
very careful control over the ion optical characteristics
of the accelerator structure so that the impingement of
the accelerated ions on any of the surrounding electrodes
may be avoided. In the electrostatic rocket, a maximum
of about one ion can be allowed to strike the accelerating
electrode for cach 100,000 ions emitted {rom the ionizer,
i.e., an interception ratio of about 107%.

In the rest of this paper, we shall discuss the several
types of electric propulsion engines from the point of
view of these basic objectives, and attempt to show how
these fundamental problems are being approached. In
other words, we shall try to understand the physics in-
volved rather than the details of the engineering of these
engines. The reader must bear in mind, however, that
there are many engineering and technological problems
which must be solved, and, in many cases, the develop-
ment of electric engines will depend as much on a solu-
tion of these engineering problems as on the invention
of solutions to the more fundamental ones.

Il. ELECTROSTATIC ACCELERATION

Electrostatic acceleration is characterized by the
separale acceleration by electrostatic fields of the posi-
tive and negative charges; i.e., ions are created by some
jonization process prior to acceleration. In the cesium-
type engine this ionization occurs at a hot tungsten sur-
face; in the Penning or Kaufman engine the ionization
mechanism is electron impact. This class of engines also
has the common requirement for neutralization of the
exhaust ion beam by the injection of charged particles
of the opposite polarity. We shall describe first this com-
mon problem of neutralization, followed by discussions
of several of the electrostatic engines being investigated
today.

A. Neutralization

As mentioned earlier, in the electrostatic rocket the
ionized propellant particles are accelerated separately
from the negative particles, after which electrons are in-
jected to necutralize the positively charged beam. The
successful neutralization of the space-charge fields of
this ejected ion beam is one of the most dithcult and con-
troversial problems in the ion engine today. Progress in
this technical area could spell the difference between suc-
cess and failure of an ion engine in producing useful
thrust in space (we can casily be misled by successtul
tests in a ground-based laboratory, where electrical con-
ditions can be quite different from those in space). The
real test of the requirement for and the effectiveness of
neutralization must await a space flight; in the mean-
time, some demonstrations of neutralization in practical
engines have been made in laboratory tests. We shall try
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to present here a brief but fairly complete picture of the
neutralization problem, indicating insofar as possible
all sides of this controversial subject; it will be clear,
however, that many important questions remain un-
answered. In addition to its obvious application to clec-
trical propulsion, a neutralized and directed beam of ions
represents a new and novel form of plasma with many
interesting properties and with potential uses so far al-
most completely unexplored.

There are two types of neutralization which must be
clearly differentiated:

1) Current Neutralization: A positive ion beam which
is ejected from an clectrically isolated space vehicle will
produce on this vehicle a net negative charge. This
charge will build up very quickly to such a magnitude
that all of the ions will be pulled back. It is necessary,
therefore, to eject an equal current of negative charges
along with the positive ions. This step is essential in
order to maintain the entire space vehicle electrically
neutral. In principle, we could accomplish this current
neutralization merely by ejecting negative particles
(e.g., electrons) from any part of the vehicle [see Fig.
2(a)], and they would ultimately be attracted toward
the cloud of positive ions [see Fig. 2(b)].
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Fig. 2—(a) Hlustration of current neutralization of a space vehicle by
ejection of equal numbers of clectrons and ions per second, but
from opposite ends of the vehicle. The charge inside a surface
surrounding the vehicle can be made cqual to zero. (b) The fields
of the charges ejected as shown in (a) will attract the more mo-
bile electrons toward the ions, leaving an uncompensated region
of positive charge near the vehicle.

2) Charge Neutralization: The question of the need
for detailed neutralization of the charge in the ejected
ion beam is currently the controversial aspect of this
problem. The following discussion will be limited to the
need for charge neutralization, since this is the aspect of
the neutralization problem requiring more discussion
and study at present; it is tacitly assumed here that the
requirement of current neutralization is met exactly.
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TABLE 1

Charge Neutrality

Purpose—To eliminate fields which
could reduce thrust

thrust o« Jy

[

thin beam: low fields due to low perveance, but
gives low thrust

can mix electrons far from vehicle

—
counter streaning
‘i'r = v

clectrons contained in plasma “bottle™
o=

e

neutral only on average

possible instabilities: electrons
may return or be scattered due
to fields in the non-neutral plasma

Since this neutralized jon beam can be thought of as pos-
sessing many of the properties of a very energetic non-
thermalized synthetic plasma, with interesting possible
applications other than propulsion, we shall treat this
subject in a fair amount of detail, and include some of
the experiments which have been performed. We can
perhaps see this problem in broad perspective by exam-
ining Table I, which will be referred to during the sub-
sequent discussion.

In order to obtain charge neutrality of the ion beam,
negative particles must be injected either into or close
to the ion beam. A heavy particle such as a negative ion
offers certain advantages as the neutralization particle;
however, the far more copious supply of electrons avail-
able makes the clectron the more attractive negative
particle to use for neutralization. Therefore, we shall
confine our discussion to the use of electrons as the
neutralizing particles.

The fundamental purpose of neutralizing an ion beam,
of course, is to eliminate, or to reduce to the point of in-
effectiveness, any electric fields in the vicinity of this
beam which can diminish the thrust obtainable from
the ion engine. Since the thrust is proportional to the
product of the beam current and the ejected velocity of
the propellant, any fields which act to reduce either the
beam current or the ejected velocity will adversely affect

e

—
\‘\ N
T
broad beam: high thrust, but also strong fields
due to greater charge density

must mix the electrons close to the engine or
get “turn around”

- TTTe— .
L=—-1, Ji= —Je
50 @ity = — g.f. pivi = — p i

charge neutralization requires either:

— ¢ = q;
or
== Pe = P
with
A
v =1,
=
S
R
single streaming
v =1
“cool” electrons
—
. \
result in truly neutral plasma

Prer = 0

if stable: satisfies all requirements

the thrust; mere transverse expansion of the beam after
leaving the engine will not produce such a counter
thrust.

At this point we can distinguish two broad classes of
ion beams, giving rise to different neutralization prob-
lems:

1) The Broad Beam: This class of beam corresponds
to an aspect ratio [3] considerably greater than unity;
i.e., the arca of the beam is considerably greater than the
square of the spacing between the jonizer and the ac-
celerating electrode. This beam in idealized form can be
thought of as originating in a large accelerator structure
with a grid over the accelerator electrode aperture. Be-
cause of the shape of this beam, the electric flux lines
will be predominantly axial, ie., from the positive
charges in the beam to negative charges on the outer
surface of the accelerator electrode [see Fig. 3(a) |. These
axial field lines will act to reduce the velocity of the
ejected particles and therefore to diminish the thrust
obtainable. In fact. ¢ the proper boundary conditions
are forced along the outer edge of the beam (to ensure
that all of the flux lines will be truly axial in direction),
theions will e stopped and will forn a “virtual cathode”
at a distance from the accelerator electrode equal to the
accelerator-ionizer spacing [4]. A close analogy can be
drawn between this “one-dimensional” flow of ions and
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(h)

Fig. 3—The effect of the shape factor of the ion beam on the axial
electric field, which, if unneutralized, will accelerate the electrons
axially. (a) Schematic configuration—broad beam. (b) Shape of
the flux lines in the case of a thin strip or pencil beam.

the flow of charged particles between planar grid sur-
faces, as treated by Fay, Samuel, and Shockley [5].

This “broad” type of ion beam obviously exhibits at-
tractive advantages, in that it provides relatively high
values of thrust density (thrust per unit of ion source
arca); however, if unneutralized, the strong axial fields
ran reduce the exhaust velocity of the propellant and/or,
in the extreme case, produce “turn around” [6] so that
particles are returned to the accelerator, thus reducing
the exhaust current.

2y The “Thin” Beam: A “thin” beam is one for which
the transverse dimension at a point near the engine is
small compared with the acceleration distance (i.e.,
R<«1). The electric flux lines associated with the charges
of this beam will be predominantly transverse to the
beam boundary [see Fig. 3(b) ] so that the space charge
will result in a transverse beam spread rather than in a
decrease in axial velocity of the particles, as in the
“broad” beam. A thin beam can travel long distances
from the engine unneutralized. This beam has the severe
disadvantage, however, of very low thrust density and
is therefore impractical for space propulsion.

3) The “Intermediate” Beam: From the above argu-
ments, it appears that practical ion engines will be de-
signed in an “intermediate” range (which turns out to
be an aspect ratio roughly equal to unity measured for
;ach individual beam) but in some type of cluster so
that the desired thrust density can be achieved. The
problem, then, is to design the individual beams to be-
have somewhat as a thin beam and arranged just close
enough together to give an efficient engine design with-
out danger of the system degenerating into a broad
beam with subsequent problems of “turn around” and
return current.

The broad or intermediate (R =1) types of beams, in
which neutralization appears to be a definite require-
ment, will be discussed below. But first let us try to pro-
vide a more quantitative justification for the need for
charge neutralization in an ejected ion beam by means
of the following examples:
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1) One serious consequence of the lack of neutrali-
zation will be the transverse spreading of the beam
due to space-charge forces. A typical cesium ion beam
of current density 10 ma/cm? at an exhaust potential
of 10 kv and an initial diameter of 9 cm will double
in diameter in a distance of less than 2 ¢m. This
spreading is so rapid as to invalidate the simple
beam-spread theory used, but the example does serve
to illustrate the seriousness of the spreading problem.
While such spreading may not reduce the engine
thrust, it must be considered in the engine design in
order to avoid any interception, etc.

2) If the same beam is considered as in one-
dimensional flow, with entirely axial electric fields, the
velocity of the ions will be reduced to zero due to the
space-charge fields, in a distance of only 0.7 cm! This
“turn around” will return particles to the engine and
will obviously reduce or even eliminate the thrust.

We shall assume now that neutralizing electrons are
injected either into or in close proximity to the ion beam.
The next question is: How intimately should the elec-
trons and ions be mixed? Since the currents in the elec-
tron and ion beams must be equal and opposite, we can
write

Ii=gqwi= —1.= — ¢,

where ¢ denotes the charge per unit length of electrons
or ions and v the velocity (# represents the average
velocity). If the electrons are mixed intimately so that
the current density j in the ion and electron beams is
equal, then

jl' = Pty = —jr = - Plﬁe

(p denotes the charge per unit volume).

We really do not know as yet whether the neutraliza-
tion must be effected on a microscopic scale, with equal
alues of ion and clectron charge per unit volume, or
merely equal charge per unit length. The choice will
depend on the seriousness of possible instabilities which
may be excited by less than perfect neutralization.

In any event, these equalities require in turn that the
ion velocity be equal to the electron velocity. The next
question to be resolved, then, is whether equality of
velocity must be true on an absolute basis, with essen-
tially all of the electrons moving with the velocity of,
and in the same direction as, the ions, or whether it is
sufficient to require that the average velocity of the elec-
trons be equal to, and in the direction of, the ion mo-
tion. The latter possibility would allow the existence of
double-streaming electrons, 1.c., electrons moving both
away from and toward the engine with a net average
drift velocity away from the engine. One can understand
how this situation might arise by thinking of the neu-
tralized ion beam as a “plasma bottle” [7] (see Fig. 4)
with the electrons moving around inside and being re-
flected at the edges and at the end by an electron sheath,
thus giving rise to both transverse and axial compounents
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END OF PLASMA COLUMN

TYPICAL ELECTRON TRAJECTORY

Fig. 4+—Schematic representation of the “plasma bottle” concept
of a neutralized ion beam. The plasma sheath at the end and
edges and the potential “hill” at the engine end will confine the
electrons to the interior of this “bottle.” These reflections can give
rise to a counter-streaming effect as shown. The potential in the
plasma column will be uniform at a value roughly £T./e above
the space potential.

of clectron velocity. If the electrons cannot be returned
from the end of the plasma column, i.e., if they are for-
ever lost from the system, then the neutralization re-
quirement means that the electron and ion velocities
must be equal on an instantaneous basis. For most rea-
sonable values of specific impulse, the ejection velocity
of the ions is considerably less than the mean thermal
velocity of the electrons emitted from the thermionic
emitter. Therefore, if the electron and ion velocities
must be equal on an instantaneous basis, some kind of
interaction mechanism must be used to reduce the
mean velocity of the electrons to that of the ions. The
term “mean velocity” denotes here the average over the
velocity distribution of the electrons, but the electrons
all have the same direction: away from the engine.

In the counter-streaming case, where the electrons
are contained within a plasma bottle, we see that there
are two possibilities. First, this mixture could result in a
truly neutral plasma with the net volume charge density
equal to zero throughout the volume of the bottle. This
condition gbviously satisfies all the requirements of
neutralization and, if stable, forms the most ideal situa-
tion. The second possibility is that the beam is neutral
on the average only, ie., there can be small volumes
throughout the bottle in which the net charge is not
zero, though by integrating over the entire bottle the
total net charge will be equal to zero. The local ficlds
resulting from the localized regions of nonzero charge
density can give rise to instabilities and may cause the
clectrons either to return to the engine or to scatter
transversely. In general, it is believed that this type of
plasma will probably be satisfactory if the instabilities
arc ol such a nature that they do not grow in amplitude
with either time or distance.

Let us discuss the plasma bottle concept in a little
more detail, with the object of showing that in this
model charge neutralization can occur in either a labora-
tory or a space situation and under conditions where the
injected axial electron velocity exceeds the ion velocity.
Consider that the ejected “plasma” consists of three
particle streams: 1) the outgoing ion stream of current
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density j;, velocity o, and an electron gas with a velocity
distribution which may be considered to be made up of
two counter-streaming components; 2) the outgoing
electron stream of current density j,’ and average stream
velocity o.”; and 3) a returning electron stream of cur-
rent density j,”” and average stream velocity v,”. The
outgoing electrons are reflected by the sheath at the
end of the plasma bottle (considered, for the moment,
to be of finite extent) so that the reflected electron
velocity is given (under the assumption of jon mass
much larger than electron mass) by

rc” = - ve, + 27):', (6)

which can be seen easily by transforming to a coordinate
system moving with the end of the plasma sheath, i.e.,
at velocity ;.

We have assumed that the total electron and ion
currents are equal. There is no loss of generality in as-
suming that the current densities are also equal; which
must certainly be true on the average over the beam
cross section. Then

Ji=pvi= ~ (G —j") = = (o2 — p'0”"). (7)

We can define an average electron velocity £, as

;! 20

Je — Je = jct = i;e(pe, + pc”)» (8)

where j., is the total net electron current density, which
has been assumed equal to the ion current density. By
combining (7) and (8), we find that
pil'y
’

pe + pc”
The condition for the ion beam to be charge neutralized
is that

(9)

(10)

i.e., that the net charge density be zero. Therefore,
under the neutralized condition we see from (7) and (10)
that

pi = p. + p.”’,

ﬁe =Ty

(11)

and this condition applies independent of the velocity of
the incident electrons, v.”. The importance of this conclu-
sion lies in the fact that in general the ion velocity is less
than the mean thermal velocity of emission of an clec-
tron from a hot cathode. Therefore, if the above con-
clusion were not valid, some mechanism for slowing
down the injected clectrons below their mean thermal
velocity would be required in order to ensure that v, =wv,,

In the above analysis it was not necessary to use (6);
therefore, the conclusion applies not only to the steady-
state space situation, where the end of the ion beam is
moving away from the engine, and to the transient
situation in a ground-based laboratory test during the
time of transit of the ions from engine to the beam
collector electrode, but also to the steady-state labora-
tory test, where the collector electrode is electrically



1796

“foating” in potential so that an electron reflecting
sheath exists at the collector surface. From (7), (10),
and (11), we can show by using (6) that p./=p.”, i.e.,
that the densities of incident and reflected streams are
equal in the space situation. In the laboratory float-
ing collector case, (6) becomes v/ = —wv,;, and p,/

=1p:(14v/v.), p" =3p.(1—vi/v.") [i.c., the densities
of incident and reflected electron streams are not equal ];
the reflected density is lower because electrons are col-
lected by the collector electrode.

As mentioned earlier, a second possible model of the
neutralized ion beam (in addition to the plasma bottle
with counter-streaming electrons discussed above) in-
volves the neutralization by equality of the ion velocity
and the average electron velocity with the electrons
moving randomly away from the engine. This condition
requires, however, that the electrons move very slowly.
(In fact, if the ions and electrons have the same average
directed velocity, this would correspond to the average
directed velocity of electrons emitted from a cathode at
a temperature of the order of 100°K, for a cesium ion
beam at 2500 volts.) Even in this case, however, proc-
esses like those described for the plasma bottle model
appear inescapable at the beam front and edges.

We shall now discuss briefly some of the experimental
techniques which have been used to inject electrons into
an ion beam and to measure the degree of neutrality of
that beam. Perhaps the most sophisticated system
which has been used involves the injection of electrons
from both sides of an ion beam into a region constituting
a potential trap for electrons [8]. This trap can be

reated by an arrangement of electrodes similar to that
shown in Fig. 7, which creates a potential distribution as
shown in Fig. 5. It is seen that this potential distribu-
tion represents the accelerator-decelerator mode of
operation, in which the neutralizing system is main-
tained at a potential higher than that of the accelerator
electrode to provide a potential “hill” that prevents
electron flow into the accelerator region. In addition,
the potentials on the several neutralizing clectrodes are
adjusted to provide a region free of axial fields, into
which the electrons are injected, followed by a small
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Fig. S—l’()tcntml distribution along the axis of a cesium ion engine
shown in Fig. 7; the neutralizing electrodes shown there produce
the potential trap for clectrons drawn here.
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potential “hill” that the electrons must pass over in
order to leave the trap. Electrons injected from each
side of this trap region execute both transverse and
longitudinal oscillatory motion and can interact with
the ions. The average residence time of the electrons in
the trap is quite long compared with any oscillation or
collision period, and there are several mechanisms which
could make the electrons random and mix them in-
timately with the ion beam. It is, however, rather un-
likely that this interaction could lead to a truncation
of the electron velocity distribution (so that it is not
Maxwellian), or to some other process which would al-
low the electrons to emerge from the trap with an av-
erage velocity equal to the ion velocity. At any rate, the
intimate mixing in the trap region results in a more
uniform distribution of electrons over the cross section
of the ion beam upon emergence from the engine and,
in particular, results in lower transverse oscillatory
energy. If this process takes place, the electrons will
not execute violent lateral excursions, but will pro-
gress in an orderly one-dimensional pattern along the
ion beam.

The effectiveness of the system shown in Figs. Sand 7
in neutralizing both solid cylindrical beams and large,
thin, hollow ion beams has been demonstrated by
measuring the transverse spread of the beam due to
space-charge forces [9]. \When electrons are injected
under the correct potential conditions, this transverse
spread can be made zero indicating essentially no space-
charge forces in the ion beam. Under these neutralized
conditions, it has also been found possible to isolate the
ion beam collector from the rest of the system elec-
trically, and still to maintain the neutralized state of
the beam (that is, to have the beam remain collapsed).

Somewhat simpler means of injecting clectrons into
an ion beam have also been used; ¢ wrapping an
electron-emitting filament around the outer edge of the
beam, or arranging such a filament through the center
of the beam. In these experiments the electron-emitting
cathode was located outside the engine, i.e., downstream
from the point of emergence of the beam from the engine.

In a very careful series of experiments, Scllen, et al.
[10], have applied pulse techniques to studies of the
neutralization problem for beams of high aspect ratio
(R=10 to 30). By means of the pulse method which
they use they have been able to study the behavior of
the ion beam in the transient state before and after
injection of neutralizing electrons from symmetrically
arranged impregnated cathodes close to the edge of the
ion beam. They found, for example, that with careful
adjustment of these ncutralizing emitters, in both po-
tential and position, it is possible to neutralize a broad
beam in such a way as to eliminate the turn-around
effect which occurs without the electron injection (i.e.,
without electron injection the space-charge forces cause
this broad beam to turn around and return to the engine
after moving only a short distance, while with neutral-
izing electrons the beam will move all the way to the
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collector). It is possible that these experiments also
involved the creation of a potential trap in the ion beam
by the potential and placement of the electron emitters.

In addition to the pulsed-beam neutralization ex-
periments described above, Eilenberg, et al. [11] have
measured the degree of neutralization of a hollow-ring
cesium ion beam by pulsing the beam and measuring the
current induced in a surrounding loop by the pulse of
charge passing through it. The oscilloscope traces in
Fig. 6 show these induced currents. This figure shows
the collector, grid, and loop (top to bottom) currents
for the unneutralized beam (i.e., without injection of
neutralizing electrons in the engine): it is seen that cur-
rent is induced in the loop as the pulse of charge ap-
proaches and departs from the loop. The grid and collec-
tor currents are very low in this unneutralized case be-
cause the space-charge spread of the beam between the
engine and collector is so large that only a small part of
the beam actually strikes the collector. When the beam
is neutralized by injection of electrons (in a trap system
of the type shown in IFig. 7) the loop current vanishes,
as shown in Iig. 6 (no net charge in the beam), but the
grid and collector exhibit displacement and conduction
currents, respectively, as expected. Quantitative anal-
vsis of these data reveal that the beam was at least 99
per cent neutralized (i.e., the imbalance in charge per
unit length was less than 1 per cent) in the neutralized
state. The beam could be altered from the neutralized
to the unneutralized state by slight adjustments of the
potential in the electron trap region.

These experiments certainly show that with proper
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Fig. 6—Schematic diagram of the pulsed beam experiment. The cur-
rents induced in the collector, grid, and ring electrode (top to
bottom) are reproduced from oscilloscope traces in the insets.
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injection of electrons in both a broad and an inter-
mediate beam, charge neutralization is obtainable in a
laboratory experiment. However, these experiments do
not yet allow us to distinguish between the counter-
stream and the single-stream models discussed above.

It is evident {romn the foregoing discussion that the
neutralized exhaust beam from an ion engine possesses
some of the characteristics of the usual plasma. The
greatest similarity results from the neutrality condition,
i.e., equal electron and ion densities. Also, the formation
of sheaths reflecting the clectrons at the edges of the
plasma bottle has an analogy in the ambipolar diffusion
of conventional plasmas. On the other hand, the ion
heam possesses directed motion ol high velocity (ion
velocities typically 7X10% cm/second); the ions will
have a longitudinal “temperature” corresponding to
that of the emitter (typically 1400°K) and a transverse
temperature several times this value (because of the
beam compression in the accelerator). Measurement of
the electron velocity distribution [12] has shown it to
be approximately Maxwellian with a temperature in
excess of 10,000°K, and electrons have been detected
moving in the “reverse” direction, i.e., [rom collector to
engine. Thus, the ion engine system has provided us
with a rather novel form of plasma, a highly energetic or
directed nonthermalized plasma, which should find ap-
plication in other areas of electronics and physics.

B. Cestum lon Engine

A simplified schematic diagram of a typical cesium
ion engine is shown in Fig. 7. At the left we see the pro-
pellant heating and storage syvstem, where cesium, the
propellant, is converted into a vapor and caused to flow
up to and through the ionizer. At the surface of the
ionizer, the cesium atoms are converted into cesium
ions. These positive ions are accelerated by means of an
clectric field in the accelerator region and then cjected
through the neutralizer region as shown. The space-
charge fields of the ejected ions must be neutralized:
otherwise these fields give rise to image charges on the
vehicle which retard the ions, thereby diminishing or
possibly eliminating completely the thrust of the en-
gine. In order to neutralize this ion beam space charge,
we must inject negative particles, e.g., electrons, into
the beam. A practical system for accomplishing this
clectron injection is also shown in Fig. 7. In this system,
clectrons are injected from a cathode surrounding the
ion beam and are mixed with the ions in the electron
trap created by the electrodes shown.

The electrode system marked “neutralizer region” in
IFig. 7 serves two functions: 1) The shapes and potential
differences of the electrodes have been designed so as to
achieve most efficiently the injection of electrons for
neutralization. 2) The electrodes are held at an average
potential well above the accelerator in order to decel-
erate the ion beam. Essentially all modern cesium ion
engines operate in this so-called accel-decel mode.
In this mode, the final exhaust of the propellant takes
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place at or near the potential V; corresponding to the
final or decelerator clectrode, but between this clec-
trode and the ionizer the accelerator electrode is ar-
ranged at potential V,. The fraction V,/V; is called the
accel-decel ratio; typical values are approximately 2 to
10. This system will produce a potential distribution
along the beam similar to that illustrated in Fig. 5.
The principal reason for operation in this mode is that
the potential hill between the decelerator and accelerator
electrodes prevents electrons in the ion beam from
being attracted into the accelerator region and thereby
bombarding the ionizer, which would result in subse-
quent power loss and possible overheating.

L.et us discuss now some of the considerations entering
into the design of the accelerator system of such a cesium
ton engine, starting from the basic requirement that the
engine produce a certain value of thrust with a specified
value of specific impulse. These two parameters, thrust
and specific impulse, are usually chosen as criteria in
speciflying the performance of the rocket, for the reason
that mission analyses show that the flight time for a
given mission is dependent almost entirely on the
thrust level, whereas the mass which can be carried,

e., the pavload, is dependent almost entirely on the
specific impulse. Let us accept thrust level and specific
impulse as the fundamental parameters and work out
the “paper” design of an accelerator system. The total
jon current I; needed to produce the desired thrust can
be expressed in terms of this thrust level and the specific
impulse value from (1) and (3), as follows:

Ity T e

Npe = —e =
m; [, mig

I;

~

1)}
32.8 X 1()4L
I (sec

amperes (for cesium), (12)

where s, represents the number of ions of mass m;

ejected per second.
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Fig. 7—Schematic diagram showing the various components of an
ion engine. The complex shape of the accelerator electrodes pro-
vides close control of the ion trajectories to avoid electrode im-
pingement and erosion. The electrode system in the neutralizer
region provides the potential distribution necessary to allow the
neutralizing electrons to enter the ion beam and to leave the en-
gine along with the ions.
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It is convenient to express the geometrical structure
of the accelerator of the engine in terms of a parameter
called the perveance, which is defined as the total ion
beam current divided by the three-halves power of the
accelerator voltage:

= 1/V."

The expressions for the perveance of structures possess-
ing planar, cylindrical, or spherical symmetry can be
asily derived from the corresponding Child-Langmuir
cquations [13] for space-charge-limited emission in
these geometrical forms. From these equations, the
emitter current density J; is given by

Js

It

4 '2e
*; én,‘/; V.3

M
2.335 X 1()—6/‘//_ Vﬂ:{/‘_’a‘

n,

(13)

where m;/m, represents the ratio of mass ol the appro-
priate ion to the clectron; for example, for cesium
m;/m,=1837 X 134=246,000. Thus, the current density
of cesium ions is about 500 times less (for a given ac-
celerator electrode potential V, and given geometrical
structure) than that for the electrons. 8 is a geometrical
factor and can be written.

1
6= —I: for planar structures, (14a)
d2
1 . .
6= for concentric cylinders, (14b)
rar 3
1 .
6 =~ for concentric spheres, (14¢)
drilal

where d is the distance between emitter and accelerating
electrode, r, and 7, are the radii (evlindrical) of the ac-
celerator electrode and emitter, respectively, and 7, is
the radius (measured from the center of curvature of
the sphere) of the emitter. @ and g are functions of the
radius ratio tabulated by Langmuir [14].

It is sometimes convenient to refer the ion perveance
P; to an equivalent clectron perveance .. This latter
value is obtained by multiplving the ion perveance by
the square root of the ratio of ion mass to electron mass,
as follows

= P; 1/ = 193P; (for cesium). (13)
m,
The cesium-type electrostatic ion engine is very similar
in concept and design to electron guns used in micro-
wave tubes, and the considerable body of knowledge
which has been accumulated in past vears on this sub-
ject can be applied directly to these engines. The perve-
ance parameter P is useful because it is a function of
only the geometrical configuration of the accelerator
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structure, fe., it is related to the total area divided by
some function of the distance from the accelerating
electrode to the emitter.

The total ionizer area needed to supply the beam
current 1, is then given [from (12)] by
l; T
— = 32.8 X 10 —— c¢m? (for cesium),

(10)
J, 1.7,

where J; represents the ionizer current density (in
amp/cm?®of ionizer) which is assumed in the design. The
final or decelerator potential 17, which will produce the
propellant exhaust velocity corresponding to the speci-
fied specific impulse, is

tome 1 m,

Vi=— — 1,2 = — — (I,g)?
! 2(’11 7 . £)

6.65 X 1075/ 2 volts. (17)

Let us discuss for a moment a simple planar engine
consisting ol the accelerator region only (no decelera-
tor). With the above equations we can show, perhaps a
little more clearly, the source of the thrust obtainable
from an clectrostatic propulsion engine. The thrust
obtainable from an ion engine per unit ol ionizer area
may be considered in terms of a unit called the specific
thrust 7%, From (1) and (12), tor this simple engine,

T mayd,  m, e
LTV R O
Sy €

(18)
ed; m,

The current density J, can be obtained from (13) and
(14a), from which (18) becomes

8 F\E
— €& ( > .
9 d

The electrie field at the anode of a space-charge-limited
planar diode can be shown to be £,=(4/3)(17,/d). Thus,
we can write (19) as

T, = (19)

T, = deuli. (20)

The reader will recognize that this equation repre-
sents the stress transmitted across a unit area of surface
at which the electrie field has the value /.. In this
simple idealized example, we are considering a plane-
parallel electrode system of unit area in which a space-
charge-limited current flows. This current tlows through
the anode plane, which is permeable to the charged
particles. The electrie field at this anode plane produces
a stress or foree which accelerates the particles outward
from the engine; this force (or thrust) may be thought
of as “pushing” the engine in the opposite direction to
the motion of the propellant particles. The purpose of
the neutralization system is to prevent the existence of
any longitudinal components of electric field outside the
engine, since these would act in the opposite direction,
pulling the tons back to the engine and so reducing the
thrust.
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In the design of an ion propulsion engine, we have
seen that analysis of the intended mission provides in-
formation on the desired values of specific impulse and
thrust. \We have seen also that these numbers are suf-
ficient to determine the total current, the mass tlow
rate, and the potential difference between the emitter
and the final or decelerator electrode, and therefore to
determine also the total power which must he used to
accelerate the ion beam. A knowledge of ionizer char-
acteristics allows us to choose an acceptable value of
emitter current density, from which the total emitter
area can be determined. There are several geometrical
forms in which the ionizer, and therefore the entire en-
gine, can be arranged to produce this required area:
1) a planar structure with grids across the accelerator
aperture, 2) an array of small solid-beam accelerators
with an open accelerator aperture (Fig. 8), 3) an ac-
celerator to produce a long narrow strip beam, and 4)
a structure producing a thin hollow-ring beam (Fig. 9).
The gridded design, form 1), is very susceptible to clec-
trode erosion, since in this design it is difficult 1o con-
trol the optical characteristics in such a way as to pre-
vent interception in the accelerating electrodes, which,
in addition, are relatively weak structurally. The lincar
strip svstem, form 2), is difhcult to maintain in accurate
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Fig. 8—Schematic drawing of a multiple-solid-beam ion engine
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Fig. 9—Ardst's cutaway sketch of a cylindrical hollow-ring ion
engine with neutralizer system similar to that shown in Fig. 7 and
with a laboratory-type axial feed system (Hughes Aircraft Com-
pany).
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alignment. Therefore, the hollow-ring system and the
multiplicity of solid-beams system, cach of which
possess certain advantages and disadvantages, are the
two in most common use today. The hollow-ring geome-
try is simply the strip beam bent around into a circle,
but this arrangement allows the electrode alignment to
be maintained accurately, and the beam can be
neutralized in detail by the electron injection and
trapping system shown in FFig. 9 (which is similar to that
in Fig. 7).

Let us now turn to two of the more detailed but im-
portant problem areas in the cesium ion engine: the
jonizer and the ion trajectory problem.

The process of converting the cesium atoms to ions is
one of the interesting physics problems associated with
the ion engine. For purposes of this discussion we can
show one practical way of accomplishing this ionization
process (see Fig. 10). The cesium atoms are fed from
behind a porous tungsten pellet; they migrate along the
walls of the very thin capillary tubes between the grains
of tungsten and emerge on the top surface, from which
they are emitted predominantly as ions. This process of
contact ionization of alkali metals on hot tungsten has
been studied in great detail by Taylor and Langmuir
[15]; the valence electrons of the low-ionization-po-
tential alkali metals remain with the higher-work-fune-
tion tungsten surface as the particle is evaporated from
this surface. Thus, the current-voltage characteristics
appear as in Fig. 11 [16], where they are scen to be
similar to the saturation characteristics of an electron
emitter. Below the level of maximum space-charge-
limited emission, the cesium supply is excessive and
many particles evaporate as neutrals: above this level
all of the ions which the surface is capable of supplyving
can be drawn off so that the neutral ¢fflux is low. lFor
proper control of the optical properties of the accelera-
tor, the source should be operated space-charge lim-
ited; thus the optimum point of operation is at the
“knee” of the curves in this figure.

Although cesium has many undesirable properties, it
is usually chosen as the propellant chiefly because it is
the most casily and effectively ionized on those atoms
with a mass that ensures an optimum specific impulse
or propellant velocity at reasonable values of voltage.
Other propellant materials are being investigated and
may eventually replace cesium, but cesium will be used
in almost all of the first-generation ion engines.

Another very serious problem in ion engines is the
crosion of the accelerating clectrode that can result
from bombardment by high-velocity  cesium  ions.
Sputtering studies have shown that as many as ten
atoms of the engine clectrodes can be eroded away by
the impact of one cesium ion. This electrode erosion may
ruin the operation of the engine over the long periods
(e.g., one year to Mars) for which an ion engine must be
operated. For satisfactory long-time operation, there-
fore, it appears that a maximum of about one ion can be
allowed to strike the accelerating electrode for cach
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100,000 ions which leave the ionizer. The ions which
do impinge on the electrodes can arise from any of sev-
eral defects and phenomena in the ion engine; the prin-
cipal cause is incorrect design of the ion-optical charac-
teristics of the accelerator structure. It is therefore ex-
tremely important to be able to control very accurately
the trajectories of the accelerated ions so that they Hlow
in a uniform and “laminar” manner through the ac-
celerator and necutralizer regions of the “gun.” This
process is somewhat analogous to the problem of de-
signing optical lenses that will produce images free of
aberrations. Such close control of the ion-optical design
of the accelerator structure makes use of techniques
which were found essential in the design of high-current-
density electron guns for beam-type microwave tubes.
Perhaps the most significant advance in the design of
electron guns, including the effects of space charge, was
CESIUM ATOMS
IONIZED BY CONTACT

WITH HOT TUNGSTEN
SURFACE :

. CESIUM
CESIUM - IONS
VAPOR =% e (93%)

POROUS TUNGSTEN
CESIUM IONIZER

Fig. 10—A simplilied diagram of a porous tungsten contact ionizer
for cesium. The cesium atoms dilfuse through the hot (1150°C)
tungsten and migrate onto the surface. Under proper conditions,
the evaporation from this surface consists predominantly of ions
with a few neutral cesium atoms.
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Fig. 11—DPorous-tungsten cesium ion emitter characteristics as a
function of accelerating voltage. The solid lines show the ion cur-
rent for several values of cesium flow rates (or cesium vapor pres-
sure), and the dashed lines show the evaporation rate of neutral
cestum particles. (Data courtesy of Dr. Otto Husmann.)
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made by Pierce [17]. Although the Pierce design tech-
nique has proved extremely useful and has formed the
basis for the design of many guns over the past ten
years or so, it suffers from a fundamental limitation
when applied to the design of those high-perveance guns
which do not have a grid across the accelerator electrode
aperture. That is, the ideal Pierce gun can be divided
into two regions: 1) the region of rectilinear clectron
flow, in which the potential is given by the Langmuir
relations for space-charge-limited tlow for the geometry
used, anda unipotentialelectrode is designed to effect the
proper electrical boundary conditions at the beam edge,
and 2) a thin electric aperture lens in the vicinity of the
anode. When this method ol analysis and design is used,
it is assumed that trajectories in the two regions can be
joined smoothly and that no appreciable distortion of
the ideally shaped electrie fields exists away from the
immediate vicinity of the anode aperture. Since higher
perveance guns do exhibit a considerable distortion of
clectric field due to the aperture in the accelerating
clectrode, this stimple design criterion must be modified
somewhat. Modified techniques of design of high per-
veance electron guns 18], including the use of an auto-
matic ion trajectory tracer with space-charge simula-
tion, have been found to be similarly successful in the
design of ion accelerators. For example, by the use of
these proven design techniques, ion guns have been
built which exhibit laminar beam flow and electrode
interception values of 1074107 or less of the emitted
current, values which are lower by orders of magnitude
than those observed in engines designed by less careful
techniques, and which are good enough now for a long
mission. These excellent optical characteristics must of
course be obtained with uniform emitter
current density.

A second cause of jon interception on the engine elec-
trodes can arise from ions which deviate from their
Laminar or design trajectories as a result of emission
from the ionizer with a transverse component of veloc-
ity. This transverse thermal spreading is a rapidly de-
creasing function of acclerator potential, and with cor-
rect design of the accelerator electrode aperture, it can

consistent

be made negligible at usual operating voltages.

A third cause of ion interception results from ions
created in the flow region of the accelerator and de-
celerator by charge-exchange reaction between the
cesium atoms in this region and the moving ions. Since
the accelerator structure is usually designed so as to
control the trajectories ol ions originating at the ionizer,
those charge-exchange 1ons created elsewhere in the
flow region can be accelerated so that they impinge on
the engine structure, thus producing erosion. There are
at least two wayvs of controlling this process: 1) re-
ducing the atom density in the flow region by decreas-
ing the neutral etux from the ionizer, and 2) per-
forming additional design studies (e.g., on a trajectory
tracer) on the engine so as to defiect the charge-exchange
ions from the electrodes.
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The process of cesium ionization by contact with
hot tungsten provides one of the principal advantages
of the cesium ion type of electrostatic propulsion en-
gine, in that the ionization is effected at a well-defined
and carcfully shaped equipotential surface. This emitter
surface can form the basis for accurate design of the
ion-optical characteristics of the accelerator in much the
same way as a space-charge-limited clectron cathode
forms the basis for design of Pierce-type electron guns.

The cesium ion engine is seen to be amenable to ac-
curate design, based on both analyvtical and carefully
controlled experimental techniques, which vields very
predicatable engine performance. These engines are
capable of supplying ion beams of attractive densities
(particle densities of the order of 10" jons/cm? and cur-
rent densities of 20 to 80 ma/cm? in the exhaust heam).
These ion beams have been successfully neutralized
(at least as far as laboratory tests can determine).

As shown in Fig. 12, the cesium ion engine can be
made to be quite etheient. The principal energy loss is in
the form of power required to heat the ionizer to the
necessary emitting temperature. Some additional power
is required to heat the neutralizer flament and the
cesium boiler, but, for reasons mentioned before, no
power dissipation due to current interception on the
electrodes is tolerable. Fig. 12 shows the efficiency
(power into the beam to produce thrust divided by the
total input power) as a function of specific impulse of
the exhaust beam. This curve is derived from calcula-
tions based on experimental data on operating engines
and other sources. It is seen that efficiency values in
excess of 80 per cent are possible for specific impulses of
interest for space missions.

Cesium ion engines of the tvpe shown in Figs. 8 and 9
have been built and are undergoing extensive labora-
tory development and evaluations [19], [20) Progress
in cesium ion engines has been very rapid in the past
vear: leasibility has been demonstrated, neutralization
has been successtully accomplished in a laboratory en-
vironment, erosion has been reduced to the point where
lifetime appears long cnough for space missions, etc.
The cesium 1on engine therefore appears to be an ef-
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Fig. 12— Power efficiency of a cesium ion engine vs specific impulse
for a value of ionizer current density equal to 20 ma/cm? These
data were calculated from measured data of current density vs
ionizer temperature and of ionizer heating power requirements.
The power input inclndes that required to heat the nentralizer
emitter,
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ficient, practical, and effective device for the propulsion
of space vehicles, an engine around which plans can now
be made for future space exploration. These engines
have been built so far to produce thrust levels of several
millipounds, but larger thrust unit engines appear
quite feasible, and such engines can be clustered for even
higher thrust levels, e.g., 1.5-pound thrust for a 300-kw
system or even 10-pound thrust for a 2-Mw system.
These engines can also be built efficiently at the micro-
pound thrust level for propulsion of lightweight scien-
tific packages out of the plane of the ecliptic. Engines
such as those shown in Figs. 9 and 14 are currently being
developed [21] for use in the first space test of an elec-
trical propulsion engine in late 1962.

C. Penning Discharge Ion Engines

A second important class of ion engines employs a
fundamentally different type of ion source in which the
propellant gas is ionized by clectron bombardment.
Since for any reasonable geometries and particle densi-
ties the mean free path for ionization (of the order of
meters) is much larger than the dimensions of the
ionization chamber, it is evident that the efficiency of
such a source depends upon increasing the mean life-
time of the primary electrons. Such an increase can be
accomplished by the use of Penning-type discharges in
which magnetic and electric fields are arranged so as to
trap the electrons and thus increase the ionization
probability. Such sources have been found to have good
power efficiency (in terms of energy expended per ion
produced) and relatively high propellant utilization
efficiency, together with the other obvious advantages of
mechanical simplicity and ability to use a number of
different types of propelant gases. The major problem
concerns the design of high-quality ion optical systems
for low electrode interception, and hence for long life.

The most advanced engine of this tvpe utilizes a con-
figuration proposed by Kaufman [22]; it is shown
schematically in Fig. 13. The ionization chamber is
composed of a cylinder with the neutral propellant gas
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Fig. 13—Schematic illustration of the type of Penning-discharge ion
engine proposed by Kaufman [22].
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introduced at one end and the ions extracted at the
other. The center portion of the cylinder (i.e., the anode
for the discharge) is maintained at a positive potential
with respect to the ends of the cylinder, thus providing
clectron trapping in the longitudinal direction. Electrons
are emitted from a filament located on the axis. The
longitudinal magnetic field prevents the electrons from
reaching the anode directly; in the crossed electric and
magnetic fields, they tend to spiral around the axis, thus
increasing their mean lifetime and the probability of
making an ionizing collision. A plasma is formed which
fills the discharge chamber out to the screen; ions are ex-
tracted from this plasma boundary by an array of ac-
celerating electrodes.

The energy range of interest for the primary electrons
is dependent upon the ionization potentials of the pro-
pellant gas. To date, only mercury vapor has been
utilized extensively in this tvpe of ion engine. The
jonization cross sections for single and double ioniza-
tion of mercury have broad maxima at roughly 50 and
100 volts, respectively. Consequently, the energy range
of interest for production of singly-charged ions is {rom
about 30 to 70 ev. It should be noted, however, that
the threshold potential for removal of a second electron
from a singly-ionized mercury atom is 29.4 volts [23].
Although no data seem to be available on the cross sec-
tion for this process, it might be expected that it would
have a maximum somewhat below 100 ev; therefore,
caution must, in general, be exercised in interpreting
performance data and in adjusting conditions so that
the ratio of doubly- to singly-charged ions is kept very
small.

The low-velocity electrons in the plasma have been
estimated [22] to have a temperature corresponding to
about 5 ev for the case of mercury with an axial plasma
resistivity of less than 0.01 ochm-cm.

Optimum magnetic field strength is dictated by a
compromise between ionization efficiency and plasma
resistivity in the radial direction. A strong magnetic
field is evidently necessary in order to obtain high ioni-
zation efficiency. On the other hand, if the magnetic
field is too high, the plasma resistivity in the radial
direction is increased, thus resulting in heating losses,
increased diffusion losses of low-velocity electrons, and
a radial inflow of ions. A radial inflow of ions leads to
nonuniform ion current density through the accelerator
system and results in deteriorated optics and increased
electrode erosion. Optimum magnetic fields of the order
of a few tens of gauss have been found in the experi-
mental engine configurations studied thus far.

When the electron mean free path 7 is much greater
than the cyclotron radius 7. the plasma resistivity in
the radial direction is increased by a factor proportional
to (I/r.)% From this, the functional dependence of the
radial potential difference can be simply calculated [22]
to be

JvTe

Al/l’ld ~ T_‘ ’
ch N_"0eif

(21)
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where L is the length of the ionization chamber, j is the
discharge current, 7', the effective electron temperature,
n_ the electron density and o.¢¢ the total effective colli-
sion cross section. This relationship has been used to
guide scaling studies on this type of source. However,
it is evident that much more work is required before
an adequate theoretical understanding of this type of
ion source is attained; this may constitute a fruitful field
for further research.

Fig. 14 pictures a typical engine configuration based
on these concepts. Such units have been investigated
and developed by the NASA Lewis Rescarch Center.
Typical performance of a 10-cm source operating at a
specific impulse of 5500 seconds with mercury as the
propellant has been given as follows [24]: An ion beam
of 130 ma was obtained with a magnetic field of the
order of 20 gauss; a discharge in the ionization chamber
of 1.7 amperes at 50 volts, and a net acceleration volt-
age of 3000 volts. This corresponds to an average
beam current density over the beam cross section of
about 1.6 ma/cm?, or of the order of several ma/cm? in
the screen apertures. Current densities in this range
appear to be typical for this type of source. The over-all
power efficiency under these conditions was about 70
per cent, including Alament power, magnet power, and
power lost due to electrode interception. A measure of
ionization efficiency is the cost in energy of producing
one i1on, which in this case was about 700 ev/ion. Pro-
pellant-utilization efficiency was about 80 per cent. The
thrust corresponding to these numbers would be of the
order of 3 millipounds.

Various studies of geometry and effects of magnetic
field have been made. For example, ionization efficiency
depends upon the manner in which the propellant gas
is introduced; best results have been obtained when
it is injected through the distributor on the axis where
the density of high-velocity ionizing electrons is highest.
It has been observed that grid erosion near the axis is
greater than that near the periphery indicating a similar
variation of ion beam current density due, at least in
part, to the radial potential difference previously dis-
cussed.

A scaling study was carried out [25] with beam
sources 5, 10, and 20 cm in diameter, designed for
constant current densities in the extracted beams and
otherwise identical in proportions. Some typical data
are indicated in Fig. 15, where energy per ion is plotted
as a function of magnetic field for the three sources.
Here the jon-chamber potential difference was 50 volts,
which was approximately optimum in the three cases;
the specific impulse was held constant at 7000 seconds
(4900 volts) as well as beam current density. It is scen
that roughly the same performance is achieved for the
larger sources. This similarity is more striking if plotted
as a function of the product of magnetic field and di-
ameter (e.g., curves reach a minimum at 16 and 32
gauss for the 20- and 10-cm sources, respectively). The
cfhciency of the smaller source was, however, quite poor.
Note from (21) that for a cyclotron radius proportional
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to diameter D (in this case at 64 gauss), with L~D, T,
and g.¢ constant, and j~5D?, where j, is the beam cur-
rent density and n_~j,, we find that
AV ra ~ (Djo)~". (22)
Thus, at small diameters, the radial potential difference
increases, reaching a point where much of the power
goes into heating of the plasma. It has also been verified
that with increased current density j, the ionization
efficiency goes up.
Fig. 16 shows a curve of expected power efhciency as
a function of specific impulse for this type of engine.
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Fig. H—Artist's cutaway drawing of the electron-bombardment en-
gine being investigated at the NASA Lewis Research Center.
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Some of these relatively high efficiencies have already
been obtained on experimental engines, indicating the
promise of this approach.

An area for intensive investigation in the develop-
ment of the Penning-discharge source for long life is
the ion optics system. In fact, it poses a challenging
problem: the study of the boundary condition for in-
jection of ion trajectories into the electrode system. It is
evident that the shape of the plasma boundary or sheath
can be varied over a wide range (indicated in Fig. 17)
by the potential and shape of the extraction electrode.
Thus, geometry and potential configuration must be ad-
justed to achieve high-perveance laminar optics and, at
the same time, to maintain optimum plasma boundary
shape. Interception on the acceleration electrode of the
engines discussed above has been of the order of 1 per
cent, which can no doubt be improved considerably by
svstematic study of this interesting optics problem.

No special neutralization mechanisms have been de-
veloped for the Penning engine. This opens, therefore,
an area for further study, as was carried out in the case
of the cesium engine. Neutralization has been accom-
plished in the laboratory testing of these engines simply
by electrons from a hot filament stretched across the
beam, as well as by trapping secondary electrons from
the electrodes and beam collector over the length of the
beam. Because of heavy sputtering, an array of fila-
ments stretched across the ion beam is not attractive for
practical space applications.

As previously mentioned, all the results to date have
been obtained with mercury as the propellant. The
study of other types of gases scems to offer possible
further gains in efficiency, current density, ete. We di-
rect particular attention to the use of cesium. Although
it is not generally true that higher ionization ethciencies
can be obtained for lower ionization potentials, data
[23] show that the ionization efficiency (in terms of jon
pairs per cm mm Hg at 1 mm Hg) is the same, within
a factor of two, as that for mercury, with the peak oc-
curring at less than 20 ev for primary clectrons as com-
pared with about 50 to 70 ev for mercury. In addition,
the ionization potential leading to doubly-ionized
cesium is 36.9 volts with a first ionization potential of
3.9 volts, compared with the respective figures of 29.4
volts and 10.4 volts for mercury [23]. Thus, it would
appear that there might be a much greater and more
favorable range of discharge voltage over which condi-
tions could be adjusted for higher efficiency without es-
tablishing production of doubly-ionized cesium. Besides
higher efficiency, we might hope that a denser, lower-
temperature plasma would result, thus leading to higher
jon current density and improved optics. Also, the
lower discharge voltage with cesium could reduce or
suppress the problem of sputtering of the hot electron-
emitting filament.

Another kind of ion source which utilizes a Penning-
or PIG-type discharge is the so-called grid-type ion
source used at the Oak Ridge National Laboratory in
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separating stable isotopes and in controlled fusion re-
search. This type of source is shown schematically in
Fig. 18. Here the ion beam is extracted normal to the
direction of the magnetic field which constricts the dis-
charge. Although high (~100 ma/cm?®) current densities
are obtained at typical acceleration potentials of the
order of 25 kv, this configuration has not been applied
to the range of parameters of interest for propulsion
purposes. Luce [26], however, has conducted some clec-
trode erosion studies using this source and has discussed
its application to ion engines.

D. The Duoplasmatron-Type Ton Engine

A third major class of sources which is being exten-
sively investigated and developed for the electrostatic
acceleration of dense ion beams is based on the so-called
Duoplasmatron concept of Von Ardenne [27]. As in
the Penning-type source, ionization is achieved by elec-
tron bombardment and the ion beam is extracted from
a plasma. Of all such bombardment sources, the Duo-
plasmatron is capable of producing the highest ion cur-
rent densities. Densities two or three orders of magni-
tude greater than those attained by mcans of contact
ionization 17.e., of the order of amperes or even tens of
amperes per cm?, are possible (although they have not
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yet been achieved in well-focused beams). This charac-
teristic, torether with an inherently high ionization ef-
ficiency and the prospects for eventually reaching high
power efficiencies, makes this class of sources of con-
siderable interest for development as part of an ion
thrust system for propulsion. Although major problems
exist in reducing clectrode erosion, increasing emission
area, and controlling and focusing the output beam, it
is believed that these may not constitute fundamental
limitations and that, with intensive and 1maginative
effort, the inherent promise of the Duoplasmatron-type
ion engine may eventually be rcalized. It should be
noted that such development may also have great im-
portance to other areas of plasma research and applica-
tion (e.g., injection sources for controlled fusion ex-
periments, or linear accelerators).

IFig. 19 illustrates the basic Duoplasmatron con-
figuration. A low-pressure arc is produced between a
filament (or thermionic cathode) and the anode, which
typically operates in a potential range from somewhat
above the ionization potential of the working gas to
about 100 volts. An “intermediate electrode,” conical
in shape and held either at an intermediate potential
or sometimes floating, serves to constrict the discharge
and increase the plasma density. This is the form orig-
inally suggested by Von Ardenne in 1946 for use as an
ion source for experiments in isotope separation. The
addition of a high (essentially axial) magnetic field be-
tween the tip of the baftle and the anode (Von Ardenne
[27]) acts to constrain the discharge further. These dual
constraints—mechanical and magnetic—produce a very
dense plasma in the extraction orifice. Since neutral
particles have to pass through this cloud of hot dense
plasma to escape from the source, the propellant-utiliza-
tion ethciency can be high. A very dense ion beam is ob-
tained from the plasma by means of large negative po-
tential (typically 10 to 60 kv) applied to the extractor
clectrode.

The complex geometry of the Duoplasmatron makes
exact analysis of its operation impossible. However, the
basic mechanisms which determine its characteristics
can be discussed qualitatively, and can serve as a guide
in its development. The arc inside the source has the
typical characteristics of a low-pressure discharge in
which the electron mean free path is of the same order as
the discharge length. A positive sheath close to the
cathode supports a potential difference approximately
equal to the ionization potential of the working gas.
Following this cathode drop there exists a region of
small potential gradient which contains an essentially
neutral plasma; here, ionization as well as randomizing
elastic collisions occur. The pressure in the arc region is
typically of the order of ten to several hundred microns.

In such a discharge per se the plasma density would
not normally be sufficiently great to permit extraction
of large ion currents. As mentioned previously, this is
accomplished through the use of magnetic and mechan-
ical constraints. The magnetic field has two functions:
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first, it gives rise to electron reflection (Penning-dis-
charge effect), and second, it exerts a magnetic confining
effect on the arc which serves to constrict it and to re-
duce radial diffusion losses. Both effects increase the
plasma density.

Fig. 20 indicates schematically a typical magnetic
field configuration in the neighborhood of the baftle
canal and the anode [28]. The magnetic field, usually
of the order of several kilogauss, is highly convergent
in this region. In fact, it can be regarded as a magnetic
mirror configuration [29] in which electrons entering
with an initial transverse velocity component can be re-
flected. It should be noted that because of the geometry
there must exist a region of crossed £ and B fields which
gives rise to transverse velocities and thus cycloidal
motions which emphasize this effect. Total reflection can
occur for a large part of the incident electron current.

The electrons that are trapped by the magnetic field
and reflected along their original path can be reflected
again by the original electric field existing in the arc
discharge, thus giving rise to electron trapping similar
to that present in the Penning discharge. Such trapping
may last until collisions or field inhomogenieties allow
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the electrons to reach the anode. The probability of
jonization by the primary eclectrons is increased by in-
creasing their effective lifetime, which, combined with a
decreased rate of radial electron diffusion, leads to
higher ionization density and power efficiency. High-
energy axial electrons which penetrate the mirror region
can be reflected back into the plasma by the negative
extractor potential.

It is evident that the magnetic field can also exert a
confining effect on the plasma which guides it through
the baffle and extraction orifice and reduces the effective
plasma boundary surface area and diffusion losses. The
current density in the baffle canal is greater than that on
either side of the baffle; most of the current passing
through the baffle consists of electrons. The potential
gradient which supports this current is sustained by a
positive space charge in the anode side of the canaland a
corresponding negative space charge on the cathode
side [30]. As the canal length is increased, the tendency
toward neutrality in this region becomes larger. Various
estimates place the electron temperature in the baffle
region of the order of 10°°K, with somewhat lower tem-
peratures (~10*°K) in the extraction region. The ion
temperature was estimated by Von Ardenne [27] at
several times 103°K.

The discussion thus far has considered the Duoplas-
matron only as a high-density ion source per se, with
the potential of high propellant utilization and power
efficiency. Its ultimate success as an ion engine con-
figuration will depend in large measure on the develop-
ment of high-quality ion optical systems which are com-
patible with practical ranges of specific impulse (5000 to
15,000 scconds) and with very low clectrode erosion
rates, which is also true of other types of sources. There
are, in addition, a number of practical engineering prob-
lems relating to cooling, efficient magnetic circuits, and
weight reduction. Most of the research effort to date
has been concerned with understanding the basic mech-
anisms in order to improve the efficiency of the
Duoplasmatron as an ion source. A great deal of addi-
tional effort must be directed toward solving these other
problems before its full potentiality as an ion engine
can be realized.

Although the ion-beam extraction process is space-
charge limited, measurements often show significant
deviations from a 3/2 power dependence of current on
extraction voltage. In addition to the possibility of
partial neutralization of the positive space charge by
trapped electrons in the extraction region, it is evident
that the shape of the plasma boundary from which posi-
tive ions are extracted is a sensitive function of the po-
tential distribution, geometry, and magnetic field
configuration in the region of the extraction orifice. In-
deed, the plasma meniscus can be given almost any de-
sired shape by appropriate adjustment of these condi-
tions [31]; it can be made cither convex or concave,
and can have widely differing surface areas.

A very interesting problem in the Duoplasmatron,
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as in the Penning-type engine, is that of suitably shap-
ing the plasma meniscus so that the plasma system can
be “matched” to an ion optical system. Not only does
the meniscus shape constitute the initial boundary con-
dition for the analytical design of optimum optics, but
also it influences the over-all operation in a more subtle
way. For example, the exact shape of the plasma bubble
which is formed at the extraction orifice by the com-
bination of electric and magnetic fields and geometry
has a pronounced effect on propellant efficiency. High
propellant efficiency is, of course, important in itself;
but it is also critical in reducing erosion. Neutrals which
leak out of the plasma complicate seriously the problem
of beam formation and electrode erosion because of
charge exchange with energetic ions.

In the specific impulse range of interest, the cross
section for charge exchange of the positive ion is at
least two orders of magnitude larger than that for other
reactions with neutrals present in the acceleration re-
gion. In the high-density beams produced by this type
of source, this constitutes a major prblem. Even with re-
fined optics, ions generated by charge exchange with the
neutral eflux will bombard the extractor electrodes and
release new neutrals due to sputtering. The resulting
erosion of material can be serious. More fundamental
data on sputtering as a function of electrode material,
ion energy, and atomic weight of the ions are required
in reaching practical solutions to the problem of long
engine life.

Only the axially symmetric pinhole-type source has
been considered here. It is evident that these ideas can
be extended to rectangular and annular slit configura-
tions so that total current can be increased, and several
laboratories are pursuing these approaches. Also, some
major modifications of Von Ardenne’s original work
hold considerable promise; these involve extending the
magnetic field into the cathode region itself and varying
the cathode, anode, and extraction orifice locations and
geometries.

In short, the promise of this general kind of source
for ion propulsion, as well as other applications, makes
it a fruitful area for research, invention, and develop-
ment. Energy expenditures as low as 450 ev/ion and
propellant efficiencies of the order of 90 per cent have
been demonstrated. Although the high-current-density
capabilities have not been realized simultaneously with
reasonably good optics, the practical current densities
achieved to date are still higher than those obtained
with other sources. It is expected that the space-charge-
neutralization techniques developed in connection with
the cesium ion engines may also be applied in this case.

E. Oscillating Electron Engines

1) Basic Principle: All the engines of the class which
we shall call “oscillating electron engines” have in com-
mon the presence of high-energy axially oscillating
electrons. A number of them have in common other fea-
tures which in many respects may be regarded as dual to
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those of the ion engines described above. It seems ap-
propriate to begin the discussion of this class of engine
with an idealized model, in order to emphasize their
common features. After analysis of this model, a de-
tailed description of actual engines from a more unified
view will be possible.

The principle of the oscillating electron engine in its
idealized form is shown in Fig. 21. Electrons emitted
from a cathode are accelerated electrostatically and
focused into a beam in region I. They are slightly de-
celerated in region 11, and are made to pass through
region Il in an axial stream. Ions which neutralize the
electron space charge are then injected into region 111.
The potential maximum to the left of region 111 pre-
vents the flow of ions from region 111 to the cathode. In
region I\" a potential gradient is caused in the plasma;
it reflects those clectrons which do not have a sufficient
energy to pass the potential barrier, and accelerates the
ions. Most of the reflected electrons will then be re-
flected again by the cathode and oscillate back and
forth between the cathode and region 1V until they are
ultimately collected in region Il or 111 by one of the
positive electrodes. The accelerated ions are ejected
axially to the right of region IV with an energy approxi-
mately corresponding to the potential difference be-
tween the cathode and region I11. Also, those electrons
which are energetic enough to pass the potential AV
will escape, together with the ions; in fact, the potential
AV must be adjusted to just such a value that the num-
ber of electrons escaping from region IV will be equal to
the number required for neutralization of the ejected
ion beam. From there on, the processes of neutraliza-
tion of the energetic plasma beam ejected from region
IV are the same as those described for the ion engine.

The possible existence of a potential gradient of finite
axial extent in a plasma beam was first pointed out by
Rose [32] and Saltz, et al. [33]. Qualitatively, if an
clectron-velocity distribution of finite width cxists, the
existence of a potential gradient in a neutral or near-
neutral plasma can be understood as follows: As the po-
tential decreases in axial direction, part of the electrons
are reflected; this diminishes the electron density. This
same potential decrease accelerates the jons, and hence
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the ion density decreases. By maintaining the proper
balance between the two mechanisms, it is possible to
keep electron and ion density equal or nearly equal; the
difference between both densities is then just sufficient
to make up the space-charge contribution to the gradi-
ent of electrostatic potential, when such a contribution
is required for a self-consistent solution of the equations
of motion of the particles and of Poisson’s equation.

It is important to observe that the potential gradient
in a region such as IV can exist in a plasma as a conse-
quence of two separate causes. In one case, the presence
of an electrode close to cathode potential around the
plasma beam in region IV and penetration of the vac-
uum field into the plasma are essential. Electrostatic
forces between this electrode and the ions cannot be
ignored; they directly cause the acceleration of the
ions. Momentum is imparted to the vehicle via this elec-
trode and via the electrostatic fields accelerating the
ions. In the other case, penetration of external electro-
static fields into the plasma is negligible; electrostatic
forces between plasma and electrodes in region IV are
insignificant, and most of the potential gradient in
region IV results from space-charge fields. Momentum
is then imparted to the ions in region IV through these
space-charge fields. In other words, it is transferred in
region I\" from the energetic electrons entering region 1V
to the accelerated ions leaving region 1V via the space-
charge field existing in region 1V. The momentum of the
high-energy clectrons entering region 1V from region
L1 has been imparted to them by electrostatic forces
in region I. The momentum imparted to the vehicle
therefore corresponds in this idealized case to the
vehicle’s reaction to these forces in region 1.

A quantitative analysis of the conditions for momen-
tum transfer by space-charge forces in region IV (mo-
mentum transfer from energetic electrons to the ions)
isgiven in the Appendix. This analysis is based upon the
observation that, in the absence of electrostatic forces
between plasma and electrodes in region I\, all the
momentum gained by the accelerated ions leaving re-
gion IV comes from the energetic electrons entering re-
gion IV from region I11. This leads, as shown in the Ap-
pendix, to the following interesting relation between
the density of oscillating electron current Jea' Howing
toward region IV (from the left) and the ion current
density j; accelerated through region IV:

oL me s W
Jal>—p/— g/ —.j,

23
2 me Wi (29)

where

m;={ion mass,
m,=electron mass,
Vi3 =average energy of ions entering region IV from
region 11,
Wi =average energy of ions ejected to the right after
acceleration through region 1V.
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Eq. (23) shows that the electron current density j.o,
most of which is reflected by the potential gradient in
region 1V, is much larger than the ion current density
accelerated through this region. This is in agreement
with what one intuitively expects when considering the
transfer of momentum between light clectrons and
heavy ions as described above. The net electron current
density emerging to the right of region 111, together
with the ion current density j;, is given by

il = {j'| = 1is"] =i (24)

This relation results from the condition that the total
current density j;,+j, emerging from the plasma acceler-
ator be zero, a condition enforced by the processes out-
lined in the carlier discussion of ion beam neutralization.
It may be ol some interest to observe that for desir-
able ion current densities j;, the electron current density
j.s’ becomes quite large; e.g., for ji=1 ampere/cm?,
Voi/m,. =500, and W, /Wi=104 j.'=~2500 amperes/
cm? This result, however, is of no particular concern,
as jes' consists of currents due to multiple reflections
between the cathode and region IV, The net current
density which must be emitted by the cathode in this
example equals only ,_],l = ,j,.'l - j,"! =j;=1 ampere/
em?, plus the contribution corresponding to the current
ultimately collected on the positive electrode.
Although some emphasis has been given above to the
direct transfer of momentum from electrons to ions in
region I\ by space-charge forees, it is not vet clear

which conditions prevail in actual oscillating electron
engines. It mayv be plausible, in fact, that part of the
momentum transfer to the ions occurs directly through
clectrostatic forces between electrodes and ions, another
part of the momentum being transferred from the en-
ergetic electrons through space-charge forces. In either
case, however, oscillating electrons exist in region 111
and are ultimatelv collected by a positive clectrode. Tt
is clear that this collected (or “intercepted”) electron
current must, in any event, be kept as small as possible
for reasons of efficiency: it represents a power loss
which is basically unnecessary. For this reason, good
focusing of the beam of oscillating electrons in regions
11 and 111 is essential. In the engines considered so far,
this is done by means of a de magnetic field, as in a
Penning discharge. 1f the cathode is itselfl immersed in
the focusing de magnetic field, it is of interest to ask
how the plasma beam can escape from the diverging
magnetic field at the end of the engine without being
itself caused to diverge intolerably. Although a theoreti-
cal answer to this question does not seem to exist yet,
Mevyerand’s experiments {33], [34] (described below)
on oscillating electron ion engines seem to indicate that,
in fact, such a plasma beam divergence can be avoided.

A further quantity to be evaluated is the plasma
density n,=n, required in region H1 for a given ion cur-
rent density j in the plasma beam escaping to the right
of region 1\ 11 the rate of ion generation in region 1V
can be neglected as compared with the rate of ion injec-
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tion or generation in region l11, it is seen that

Ji
Ny = ——

(25)

el
where 9;3 is the average axial velocity of ions leaving
region 111 toward region IV. For ji=1 ampere/cm?
(which is a respectable ion current density) and v
=2-10% cm/second (which corresponds to argon ions at
an energy of the order of 1 ev),

ne = n, = 310" particles/cm?.

Although this plasma density is relatively high, it
does not appear excessive for an intense hot-cathode
Penning-type discharge; this shows, therefore, the po-
tential capability of this type of engine for achieving
quite high thrust densities at a high specific impulse.

A few additional observations can be made about the
rate of ion generation in region IV, In the above calcula-
tions, this rate was assumed to be zero. In some engines
(e.g., Meverand's oscillating electron ion engine), how-
ever, this rate is finite. The consequences of having a
finite rather than vanishing rate of ion generation in
region I\ are:

1) Requirement for a lower plasina density in region
I than predicted by (25). This lowering of the
plasma density, however, will not be larger, typi-
cally, than one order of magnitude.

2) Introduction of an undesirable velocity spread for
the accelerated ions.

It is now possible 1o see the following striking analo-
gies between the oscillating clectron engines and ac-
celerated ion engines:

1) Electrostatic acceleration of electrons, which is
dual to electrostatic acceleration of ions.

2) Minimization of electron collection by the accel-
crating electrode through electron focusing (elec-
trostatic and magnetic); is dual to suppression of
ion interception by careful electrostatic ion focus-
ing in the ion engine (even though electron inter-
ception here is very much higher than ion inter-
ception in ion engines).

3) lon injection for space-charge
which is dual to electron injection in the ion

neutralization,

engine.

4) Prevention of ion flow to the cathode by an ion
deceleration  potential  maximum  (region 1),
which is dual to the prevention of electron flow
to the ion emitter by a potential minimum in the
ion engine.

The major basic difference between the oscillating
electron engine and the ion engine is possibly the process
of momentum transfer from electrons to ions, which
was discussed above.

The actual oscillating electron engines to which the
above considerations pertain differ from one another
primarily in their methods of jon generation or ion



1961

injection (in region 111 of Fig. 21). Three types of ion
source have been considered so far:

1) lon generation through the oscillating electrons
themselves (Penning discharge).

2) lon generation by an arc.

3) lon generation by contact ionization of cesium.

Type 1) was investigated by Meyerand, et al. [33],
[34] in the oscillating electron engine; type 2) was first
proposed and investigated by J. S. Luce [35]; type 3) is
being investigated by W. Eckhardt. This list, of course,
does not exhaust the types of ion source which can be
considered or which may be in a preliminary state of
investigation.

2) The Oscillating Electron Ion Engine: The oscillat-
ing electron ion engine as invented and investigated by
Meverand, et al., is sketched in principle in Fig. 22; a
typical axial potential distribution is also shown qualita-
tively in Fig. 22. It is seen that this potential distribu-
tion is closely similar to that in Fig. 21, with the differ-
ence that the well-defined potential maximum of region
[1in Fig. 21 does not exist; it is replaced by a moderate
potential gradient in region [11. The ions are generated
by collisions between the fast electrons and neutral gas
molecules or atoms admitted into region I11. This device
is therefore scen to be a modification of a hot-cathode
Penning discharge.
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Fig. 22—Oscillating electron ion engine (modified Penning discharge).

Typical performance obtained to date by an engine
of this type is, according to Meverand:

Specific impulse —up to 3000 seconds with argon.

Beam power efficiency—25 per cent.

[on current density in escaping plasma beam—of the
order of several amperes/cm?®.

'Sputtcring of the cathode (lanthanum hexaboride)
was visible after several hundred hours of operation,
but did not interfere with normal operation of the de-
vice. Appreciably less than S0 per cent of the total ion
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current went to the cathode. No data on fuel-utiliza-
tion efficiency seem available yet.

The most important result from Meyerand’s experi-
ments appears to be attaining ion current densities
above 1 ampere/cm? in the plasma beam, an achieve-
ment which appears rather outstanding at the present
state of the art.

3) The .lrc-Type Engine: In the arc-type engine, ions
are generated in what corresponds to region 111 of Fig.
21 by means of a high-intensity vacuum arc. The type
of arc developed by Luce [35] at Oak Ridge has been
proposed for this purpose. Because of the high ion
density (up to about 10" ions/cm?®) and the high degree
of ionization (resulting in good fuel utilization effi-
ciency), this type of arc has definite merits as an ion
source for an accelerated electron engine. The arc will be
established between a hollow cathode and a cylindrical
anode, the accelerated electron beam being injected
through the cathode hole. Two possible disadvantages
of this type of arc are the relatively fast rate of erosion
(sputtering) of the cathode of the arc, and the require-
ment for a relatively strong axial dc magnetic field in
the arc region. The latter, of course, is also a require-
ment for Meyerand's Penning-type oscillating-clectron
ion engine.

4) Accelerated-Electron Cestum [on Engine: It is con-
ceivable that the ions in region I of Fig. 21 could be
provided by means of a cylindrical cesium ion emitter,
producing ions by contact ionization. In principle, such
an ion emitter could be made by a method simifar to
that described for the cesium ion engine. Possible ad-
vantages of the accelerated-electron cesium ion engine
then appear to be: 1) the ability to draw the maximum
ion current density available from the ionizer, without
limitations imposed by the perveance of the accelerat-
ing ion gun electrodes, and 2) better thermal cfficiency,
because the thermally radiating area (approximately
equal to the area of the plasma beam cross section) can
be made much smaller than the ion emitting area. A re-
duction of one order of magnitude in radiative heat loss
does not scem impossible.

IF'urther apparent advantages ol the accelerated-elec-
tron cesium ion engine over other types of oscillating
electron engines are: 1) better fuel utilization cfficiency;
and 2) better control of the potentials in regions I and
Il to minimize the back-flow of ions onto the cathode,
minimize the power loss, and suppress the cathode
sputtering associated with this ion back-flow.

Questions still to be resolved about this type of en-
gine are the details of potential distribution in the vi-
cinity of the ion-injecting cylinder through which the
electron beam passes in region [11, the optimization of
the electron beam focusing in region 111 (it is possible
that an appreciable dc magnetic field may be required),
and a detailed understanding of the plasma potential
gradient needed in region I\'. No experiments have been
performed as yet on the accelerated-electron cesium ion
engine.
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111, MAGNETIC PLASMA ACCELERATION

The dual to clectrostatic acceleration of charged
particles is magnetic acceleration; Coulomb forces are
used in the former, Lorentz forces in the latter.

In magnetic plasma acceleration, the accelerating
force is given by F=¢v X B, where ¢ is the charge of the
accelerated particle, v its velocity, and B the magnetic
induction. Because the average value of F can be finite
even when both v and B are time varyving and quasi-
periodic, the possibility exists, in principle, of accelerat-
ing a plasma with either de or ac magnetic fields. Both
methods are being investigated and will be discussed
below.

A. DC Magnetic Plasma Acceleration

1Y Theory: A schematic of a de magnetic plasma
accelerator is shown in Fig. 23. An electron current [ is
emitted from a cathode, passed through the plasma
which is to be accelerated, and collected by an anode;
a de magnetic field perpendicular to both the direction
of plasma flow and of electron current flow is provided.
As a result, a volume force

f=j3XB

is exerted on the plasma by the flowing clectron current
and is available to accelerate the plasma.
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Fig. 23—Principle of de magnetic plasma aceeleration.

Both the current flow perpendicular to a de magnetic
field and the momentum transfer from the electron cur-
rent / to the ions and neutrals of the gas imply collision
processes. Because these collisions are necessary, it also
follows that a finite ohmic plasma resistivity p is un-
avoidable. Therefore, joule heating of the plasma must
necessarily accompany its acceleration by continuous
Lorentz forces. It is therefore of interest: 1) to evaluate
the importance of this joule heating, 2) to compare it
with the transfer of ordered kinetic energy by Lorentz
forces, and 3) to determine what basic limits are im-
posed on this type ol plasma accelerator as a conse-
quence of joule heating [36].

The kinetic power u, transferred to the plasma is
given by

e = T(vs — 1)) = ThB(ve — vy), (26)

where

T =total thrust,
22 =cexit gas velocity,

PROCEEDINGS OF TIHIE IRE

December

? =input gas velocity,

I'=total current flowing across magnetic field /1 be-
tween cathode and anode,

B =ue/1 =magnetic induction,

h=distance between cathode and anode.

The power lost by joule heating of the plasma is
given by

wj = R,I?, (27)

where R, is the total plasma resistance between the
cathode and anode.
From (26) and (27) the efhciency 7 of a de magnetic
plasma accelerator is seen to be
i 1

—_— = ——c 28
e + u; ] R, S

WB(rs — 1)

1%
|

IFrom (26) [ can be expressed as a function of the
thrust 77 substituting 7=1"/kB mto (28) vields

1

N = - - ]

1+ R

(29)

" W2 B2 (1, — 1))

These expressions are only rather crude approxima-
tions. End effects, Hall currents, boundary laver effects,
power to maintain the magnetic field are all neglected; a
constant channel cross section (which may not be opti-
mum) is assumed. Nevertheless, these expressions are
helpful in gaining an insight into the nature and im-
portance of the fundamental limitations of this accelera-
tion mechanism. To this end, it is useful to express the
total plasma resistance R, in terms of the plasma re-
sistivity pp, which is a more fundamental and more
readily evaluated quantity. Under the assumption of
constant plasma resistivity p, throughout the region of
current flow, this leads from (29) to

nz_‘___y__ — - (3())

1 + & S —
B U(va — 1)

where IV is the volume of interaction space. Eq. (30),
although approximate, is important because it shows
which parameters should be optimized. For a given mis-
sion, the total thrust 7" will be prescribed: the specific
impulse, and therefore the exhaust velocity vy, will also
be prescribed. For an effective plasma accelerator,
2>0; hence, v—v>~v,. The parameters remaining
available for optimization are, therefore:

1) The plasma resistivity p,,
2) The magnetic induction B,
3) The volume of the interaction space V.

According to (30), it is desirable: 1) to minimize p,, and
2) to maximize B2V,
In order to evaluate the plasma resistivity p, and de-
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termine how far it can be reduced, it is necessary to
consider how the plasma can be injected into a Lorentz
accelerator. In the devices considered and tested to
date [37], the plasma is generated by a plasma jet [38].
This implies gas temperatures of the order of 1 ev. At
such temperatures, a fractional ionization of the order
of a few per cent can be achieved by seeding the gas
with an alkali metal of low ionization potential (e.g.,
(s, Na, or K). This degree of ionization is high enough
to make electron-neutral collisions negligible as com-
pared with Coulomb (electron-ion) collisions. The re-
sistivity of such a plasma can therefore be made about
as low as that of a fully ionized gas of corresponding
temperature. The resistivity of a fully ionized plasma is
given by [39]
log A

g
— 6.53.10%
pp = 6.53:10 T

(31)

ohm cm,

where log .\ is a slowly varying function of density and
temperature whose value is between 6 and 9 in the
range of parameters of interest here and 7', (this should
not be confused with those equations where 7" is used
for thrust) is the electron temperature in °K. For a
temperature between 5000°K and 10,000°K, this
leads to a plasma resistivity of the order of p,~0.1
ohm-cm. To reduce p, below this value would require a
higher electron temperature. With a plasma jet, this is
not practical because of materials and life problems.
An alternative process providing additional heat to the
electrons is the joule heating itself, which results from
the current flow through the interaction space of the
plasma accelerator. An upper limit to the clectron tem-
perature, however, is probably set by the heat trans-
fer from the plasma to the electrodes with which it is in
contact,and by the subsequent electrode cooling and ero-
sion problem. The existence of sheaths at the electrodes
and of temperature gradients through the plasma cross
section makes difficult a more accurate evaluation of
the maximum tolerable electron temperature and of the
minimum corresponding plasma resistivity in the pres-
ent state of the art.

The maximum tolerable value of B21” in (30) is de-
termined by the following considerations:

1) Since engine weight tends to increase with volume,
it will usually be desirable to keep V reasonably small.
Hence, to maximize B2V, it is more desirable to make B
large than to make V large. (Note that B*1”is propor-
tional to the total stored magnetic energy W,.. Since the
solenoid power or the weight of permanent magnet
material needed for the required magnetic field is ap-
proximately proportional to IV, it does not matter,
from the standpoint of cost of the field, whether B2or I
is increased.)

2) The upper limit to B is determined by the condi-
tion that the required current flow in the direction of the
applied electric field and perpendicular to the magnetic
tield can take place and that the momentum transfer
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from the clectrons to the ions and neutrals be effeetive.
In order to determine this upper limit to B, it is neces-
sary to investigate in more detail the flow of electron
current perpendicular to a de magnetic field in an ion-
ized gas. To this end, it is convenient to proceed from
the following equation, which relates electron current
density J, clectric field E, and magnetic field B in a
partially tonized gas [40]:

1 1
'E—I:E+(VXB)—-—'jXB]

Py n.e

2 TR..‘R.
(32)

—i
——0 A5 B B‘
B? Am'xm ] |j X I x

wherc

R.=cyclotron radius of particle considered,
=charge of clectron (absolute value),
m =miss of particle considered,
A =mean free path,
e =electron,
i=ion,
index @ = neutral,
v =velocity of mass imotion of whole gas,
t/pp=n.er.,/m.=plasma conductivity with
1/7..=electron-ion collision frequency,
n.=electron density.

I2q. (32) was obtained using the following simplify-
ing assumptions, which are valid in the plasmas under
consideration:

1) gravity forces on the plasma are negligible,

2) N/ Neaimifm,,

3) A¢'o<xmv

4) n./n, <107,

5) the gradient of electron pressure is small com-
pared with other forces per unit volume.

Eq. (32) is needed to find the components of the cur-
rent density jand of the thrust density f=;7XB. The y
direction is chosen parallel to the applied de electric
field; the 3z direction is parallel to the applied dc mag-
netic field. A further simplifying assumption is made

as follows:
>\l'a A,,‘
2 < ) ( ) > 1.
Rci Rce

This inequality is satisfied for magnetic inductions
B>0.1 weber/m? at plasma densities #n;=n,<10'
cm~¥ and electron temperatures 7,21 ev. Eq. (32) then
yields

(33)

1
Jo ™ — — 7, 34
J aBJy (34)
1 0’
) — 35
Jy 1+ o*B® o ( )



v =1on-neutral collision frequency,
F/ =E,~©.B,

"l' . . . 3
;=————=plasma resistivity to ion flow.
2n %15,

From (34) and (35), the components of the thrust
density f=jX B (thrust per unit volume) are found to
be

io]lB
y O — (36)
1 4+ o?B2
~ ! 1] 37
fll=aB zy S
POy I (3%)
- T T V1 F B '
where
0 f”’
jo=—
pi

Because of the assumption of (33), the results of
(34) to (38) do not hold for aB—0 or aBK1, even
though they are still approximately valid when aB is
somewhat smaller than 1. They are, of course, quite
good approximations for aB > 1. Further, for reasons of
efficiency [see (30)], very small values of aB are of no
interest for the purpose of propulsion. Therefore, (34)-
(38) are valid within the range of values of magnetic
field of practical interest.

Considering at the same time the efficiency given by
(30) and the thrust density given by (38), it becomes
apparent that an approximate optimum value for the
magnetic field is given by the condition

a’B?>~ 1, (39)
which may be rewritten, by definition of a, as
Roi~ 2\ (40)

This result [41] shows for the optimum magnetic field a
value such that the ion cyclotron radius is about twice
the ion-neutral mean free path. This follows from the
predominant importance of the last term of (32), when
R.. <\... This result differs markedly from that which
would be obtained in a fully ionized gas, where the last
term of (32) would not exist; in that case the optimum
magnetic field would correspond to the condition
R..~\.; and would be much smaller.
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2) Experiments: Experimental results in apparent
agreement with the theory outlined above have been
obtained in a dc magnetic plasma accelerator by
Demetriades [42]. They are summarized below as an
indication of the present state of the art. A schematic
representation of the plasma accelerator is shown
in Fig. 24; a diagram of the complete experimental
apparatus is given in Fig. 25. Of most interest is a
series of measurements of thrust as a function of dc
magnetic field. These measurements, shown in Fig. 26,
provide an experimental verification of (38) and condi-
tion (40) for the optimum magnetic field. IFor the condi-
tions of the experiment shown in Fig. 26, B, can be
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Fig. 24—Schematic diagram of are jet plasma source
and de magnetie plasma accelerator.
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Fig. 25—Schematic diagram of experimental apparatus showing dc
magnetic plasma accelerator mounted on thrust stand within
vacuum tank. Arc jet is mounted in vacuum tank door.
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evaluated from the following values of the parameters
estimated by Demetriades for this experiment:

Ion-neutral mean free path—A;,,=1/n,0,
Neutral density—n, =10 atoms/cm?3,
Gas—argon,
lon-neutral collision cross
section [43]—6.,=4-10"1 cm=2,
Relative ion-neutral
velocity—v=2.3-10° VT
~1.85-10° ¢m/
second,
Electron density—n, =10 cm™3,
Electron temperature—7,2210,000°K,
lon temperature—7";=6400°K.

The theoretical magnetic field for maximum thrust in
the x direction, then, is given with R.; =2\, by
Vials

B,y = —— ~0.15 weber/m?.
e

The experimental value, according to Fig. 26, is B~0.3
to 0.4 weber/m? Considering the uncertainty in the
evaluation of o5, and »,,, agreement between theory and
experiment appears reasonably good. It is clear, in
particular, that the criterion R..~\.;, which would pre-
vail in a fully ionized plasma, does not apply to those
experiments. Indeed, the condition R..~\.; would lead
to an optimum magnetic induction of about 2.5-10-2
weber/m?, for the values of electron density (about 10%
cm™?) and electron temperature (about 10,000°K) esti-
mated for these experiments.

Further results of interest from the Demetriades ex-
periments are:

Maximum specific impulse achieved—2400 seconds,
Maximum acceleration efficiency—44 per cent.

While the above theoretical considerations and ex-
perimental results show that Lorentz force plasma ac-
celerators hold basically good promise for the achieve-
ment of high specific impulse with good efficiency and
high thrust density, a number of problems still remain
to be investigated. The limitations imposed by over-
heating of the electrodes by the hot plasma stream [45],
boundary layer effects, and end effects still remain to be
investigated in more detail, particularly at higher spe-
cific impulse. While, from the results obtained to date,
specific impulses up to about 5000 seconds with effi-
ciencies above 60 per cent can probably be expected, it
is not clear how much more will ultimately be achieved.

B. AC Magnetic Plasma Acceleration

In dc magnetic plasma acceleration, important limi-
tations seem to be imposed by the presence of electrodes
in direct contact with the hot plasma. A possibility of
avoiding these difficulties while still applying the con-
cept of magnetic plasma acceleration by jX B Lorentz
forces is to produce induced currents in the plasma by
time-varying (ac) fields, thus obviating in principle the
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need for physical contact between plasma and elec-
trodes. A further advantage of currents induced by ac
fields is the possibility of exerting accelerating forces on
the plasma without the need for any particle collisions.
For this reason, the use of plasmas with very low re-
sistivity is, in principle, possible. This contrasts with dc
magnetic plasma acceleration, where a finite plasma re-
sistivity has been shown to be basically unavoidable.
(Because, however, the effect of plasma resistivity in
the dc case was found in itself to be tolerable, the latter
advantage is probably of more academic than practical
significance.)

1) Traveling-Wave BMagnetic Plasma Acceleration:
One class of ac magnetic fields available for plasma
acceleration is traveling fields, or magnetic “traveling
waves”; the other, of course, is stationary fields.

Traveling-wave devices may be subdivided [46] for
convenience into the following categories: 1) magnetic
piston plasma accelerators, 2) traveling-wave plasma
bunch accelerators, and 3) traveling-wave plasma ring
accelerators.

a) Magnetic piston plasma accelerators: A schematic
illustration of a magnetic piston device is shown in Fig.
27. The pressure p exerted by the magnetic field on the
plasma, if the penetration of the magnetic field into the
plasma is limited to a surface region, is given by

#0112
2

(41)

A simple derivation of this relation will be given for
a one-dimensional case because it provides some insight
into the physical significance of (41). Consider a slab
of plasma as illustrated in Fig. 28. Let a field H be
established in the z direction at the left of the plaune x;.
As this field tends to penetrate into the plasma, it in-
duces a current density j,. Then, from Maxwell’s equa-

PLASMA SURFACE PUSHED BY
TRAVELING MAGNETIC FIELD H

H=MAGNETIC FIELD,
EXTERNALLY APPLIED
WITH FRONY TRAVELING
IN NEAR SYNCHRONISM
WITH PLASMA

Fig. 27—NM\lagnetic piston

PLASMA SLAB

Hz=H, Hz=Hp=0
- - » x
x2
wot?

- >
p=] j=Bdx=

— e e P <

Fig. 28—Nlagnetic pressure on plasma slab.
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tion VX H =], it follows that, for this one-dimensional
case,

J0H,
dx

(42)

jo= =
The force per unit volume exerted on the plasma in
the surface region is given by f=jXB:
fz = juB: = nojyH.. (43)
FFrom (42) and (43),
. o 9

. = woll. = — — — (I1.%.
/ - ax 2 dx )

Integrating f. between x=x; and x=x, to obtain the
force per unit area vields the pressure p exerted by the
magnetic field on the plasma:

Mo ‘2

[40(1112 - 1122) . [10[12

e
dx o 2 2

? .
if Hy=H and H.,=0.

This elementary derivation illustrates the fact that
the pressure exerted by a traveling magnetic field act-
ing as a piston on a plasma does result from the Lorentz
force jXB. A further consequence evident from this
derivation is that the full magnetic pressure is exerted
on the plasma only if the magnetic field is prevented
from penetrating through it (otherwise, the above deri-
vation leads to p=(uo/2)(H:*— H:*), with p=0 when
.= I"). This means that the diffusion of the magnetic
field into the plasma must be slow compared with the
time available for plasma acceleration. In order to de-
termine, in principle, the feasibility of magnetic piston
acceleration of a plasma, it is necessary to consider the
process of diffusion of a magnetic field into a plasma.
This process is expressed by the following diffusion equa-

tion [47]:

oH
— = D-vH,

(44)
at

where

D =p/us=diffusion coetficient of the magnetic (45)
ficld in a plasma of resistivity p,
po = permitivity of vacuum =47 X 1077 henry/m.

l.et 7 be the time available for acceleration of the
plasma, 7 the depth to which the magnetic held is al-
lowed to diffuse into the plasma during this time 7, and
vs the mean velocity of diffusion of the magnetic field
during this time 7. The condition determining the maxi-
mum tolerable rate of diffusion of the magnetic field into
the plasma is then

var < I,
FFurther, by definition of »; and D,

D

Vg — -
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Hence,

2
D<—-

T

(40)

The time 7 available for acceleration is related to the
available acceleration length L and to the final plasma
velocity v, by

2L

T=—)

Up

(47)

which is valid under the assumption that v,>>v, if
is the initial plasma velocity (before acceleration) and
if the accelerating force is constant during the time
interval 7. The following condition results from (45)-
(47), for the plasma resistivity p:
P Py,
PSS Mo
2L

For a representative numerical application, let

[ =103 m,
2L =0.5 meter,
v, =10° m/second,
o =4mw-1077 henry/m.

Then

p < 2.5-1075 ohm-meter
or

p < 2.5-102ohm-cm.

Assuming the degree of ionization of the plasma to be
high enough that Coulomb collisions will predominate
over clectron-neutral collisions leads, with (31), to the
following limit for the clectron temperature 7., of the
plasma:

T.> 6 ev (about 70,000°K).

This calculation is, of course, only approximate, and
it aims only at determining orders of magnitude. As
such, it shows that the requirement imposed on plasma
resistivity and temperature, while not trivial, is not un-
realistic. By proper preionization, or plasma injection,
such plasma temperatures should, in principle, be at-
tainable. For this reason also, plasma acceleration by a
traveling magnetic piston as illustrated in Fig. 27
appears, in principle, possible.

Two modifications [48] of the device in Fig. 27 are
shown in Figs. 29 and 30. In the device in Fig. 29 a
“hiasing” magnetic field is applied before the (traveling)
field of the magnetic piston is applied. The purpose of
this biasing field is to provide a magnetic insulation be-
tween the plasma and the walls. Special care has to be
taken to avoid excessive trapping of this field in the ac-
celerated plasma. In the device of Fig. 30 the traveling
magnetic field is made sinusoidal; plasma bunches can
be trapped every half wavelength in the vicinity of the
axis, in the region where the magnetic field is minimum,.
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Fig. 29—Magnetic piston with “biasing” magnetic field.
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Fig. 30—Sinusoidal magnetic traveling-wave plasma accelerator.

Plasma will tend to accumulate in the dotted regions,
and to be carried with the magnetic field. For a high
enough plasma conductivity (small rate of diffusion of
magnetic field into plasma), conditions similar to those
described above will prevail, with the advantage that
the shape of the lines of force of the magnetic field will
tend to reduce the plasma diffusion to the walls. In the
plane AA one has, with a circular cylindrical sym-
metry, a “cusped” field which, while it leads to a finite
rate of plasma leakage, keeps this leakage below that
which would exist in the absence of a magnetic field.

b) Traveling-wave plasma bunch accelerator: An alter-
native possibility exists for operating a device of the
type shown in Fig. 30: if the plasma conductivity does
not satisfy the condition of (33), the plasma will “leak”
through the saddle points of the magnetic field, from
one minimum to the preceding one, and so on. In this
process, however, as a consequence of the relative mo-
tion between plasma and magnetic field, transverse
azimuthal currents perpendicular to the magnetic field
are induced in the plasma, and the resulting j X B force
will still tend to accelerate the plasma, even though the
force is more evenly distributed throughout the plasma
volume than in the case of the magnetic piston. The
advantage of this mode of operation is that it con-
ceivably permits quasi-continuous operation, where the
plasma is fed continuously into one end of the device,
and is dragged and accelerated by the traveling mag-
netic field to the other end of the accelerator. One
penalty for this mode of operation, as compared with
the magnetic piston, is the requirement for a higher
ac magnetic field for a given average thrust density.

¢) Traveling-wave plasma ring accelerator: The prin-
ciple of a traveling-wave plasma ring accelerator is il-
lustrated in Fig. 31. It does not differ basically from
that of a magnetic piston device of the type in Fig. 30.
Although the concept of magnetic pressure p, =3uof?
could also be applied to the plasma ring device, it is

Brewer, et al.: Ionic and Plasma Propulsion for Space Vehicles

1815

PLASMA RING

TRAVELING MAGNETIC
FIELD

Fig. 31—Traveling-wave plasma ring accelerator.

preferable to consider directly the interaction between
the magnetic field and the azimuthal current induced in
the plasma ring by the change of magnetic flux enclosed
by the plasma ring as a consequence of slippage between
traveling magnetic field and plasma ring. For this proc-
ess of plasma acceleration to be effective, the total slip-
page has to be kept smaller than one-fourth the wave-
length of the traveling magnetic field. This condition is
equivalent to the condition of (46) derived for the mag-
netic piston devices and leads to similar requirements for
the plasma conductivity. More detailed calculations [49]
show that the jX B forces exerted on the plasma ring
not only accelerate the plasma axially, but also tend to
make the ring collapse radially inward. It appears
possible, however, to prevent the rate of inward radial
acceleration from being excessive in relation to the rate
of axial acceleration.

d) Limitations and experimental results: One impor-
tant feature of all traveling-wave devices is that the
energy stored in the accelerating magnetic field is at
least of the same order of magnitude as the kinetic
energy of the plasma being accelerated. Hence if the
traveling-wave circuit were simply terminated in a
matched load, this flux of magnetic energy would be
lost; because it is at least equal to the flux of kinetic
energy of the plasma, quite poor efficiencies would re-
sult. One way to avoid this waste is to recuperate the
magnetic energy at the output of the accelerating cir-
cuit by feeding it back through an appropriate feedback
circuit to the input of the accelerating circuit; the ac-
celerating circuit is then part of a race-track circuit.

\While loss of magnetic energy at the end of the
traveling-wave circuit could, in principle, be avoided,
ohmic losses in the conductors of the circuit causing the
magnetic field cannot be suppressed. Because of the rela-
tively low frequencies involved (typically of the order of
1 Mc or less), these losses can be kept relatively small,
at least in those cases (magnetic piston, plasma rings)
where the penetration of the magnetic field into the
plasma or the slippage are kept small. Indeed, in those
cases, the magnetic pressure on the plasma is of the
same order of magnitude as the magnetic pressure on
the conductor. If the magnetic field at the conductor
leads to a pressure p, it can be shown [50] that the
power dissipated per unit area of conductor is, for
copper at room temperature,

P = 415/ ste X par kw/cm?,
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where
Iae=frequency of ac field in Mc/sec,

Par=magnetic pressure in atmospheres.

The pressures involved in plasma acceleration being
substantially smaller than one atmosphere, one can ex-
pect

Py <1 kw/em®

In comparison to this, the kinetic power transferred per
unit area of accelerated plasma is

P = poo, = 107,00, kw/cm?,

where

p=magnetic pressure in Newton/m?,
Par = magnetic pressure in atmospheres,
7, = plasma velocity in m/second.

It is interesting to evaluate P/ Py from the above rela-
tions, assuming p to be about the same on plasma and
conductors

45V fare
M vIwe o

Up

P/ Pry >~ 1.

With v, =10* to 10° m/second, it is seen that the ohmic
circuit losses can be kept relatively unimportant, even if
the conductor surfaces would much exceed the surface
over which the magnetic pressure is exerted upon the
plasma.

An additional feature common to these traveling-
wave devices, where near synchronism is required be-
tween traveling magnetic ficld and plasma, is the neces-
sity of increasing progressively with distance the phase
velocity ol the accelerating magnetic field wave; i.e., a
“tapered” traveling-wave circuit is required. This ap-
plies to the magnetic piston devices; it also applies to
the traveling-wave plasma ring accelerator described
above.

A further requirement common to all traveling-wave
accelerators is low plasma resistivity. In all the above
cases, plasma resistivity has been shown to lead to un-
wanted effects (diffusion of the fAeld into the plasma,
slippage of plasma rings). In other words, clectron
collisions with ions or neutrals are to be minimized. It
could be asked at this point how momentum is trans-
ferred to the ions in the absence of electron-ion collisions.
In all traveling-wave devices, the current flow is indeed
carried by the electrons; the Lorentz force jXB acts,
therefore, on the celectrons, and the electrons alone will
first be accelerated. However, as the electrons are ac-
celerated and leave the ions behind, a charge separation
occurs and leads to a space-charge field; this space-
charge field then aceelerates the ions and decelerates
the electrons until they all have the same average
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velocity. This process is analogous to ambipolar diffu-
sion and is effective as long as the Debye length is small
compared with the dimensions of the plasma. One ex-
ception occurs when the electron current flow is closed
on itself, as in a plasma ring; in this case, an azimuthal
clectron current can flow without dragging ions with
itseli and without charge separation. This exception is
important because it makes the flow of a net electric
current transverse to the magnetic field possible. How-
ever, the axial motion of electrons, under the accelerat-
ing j X B force, does not lead to a closed path of electron
current. For this reason, momentum is transferred by
space-charge fields from electrons to ions in the axial
direction without need for collisions. Returning to the
requirement for minimizing clectron-ion and electron-
neutral collisions leads to the need for highly ionized
plasmas of relatively high temperature (typically above
SX 104K, as shown above). For this reason, it does not
scem practical to ionize the gas and accelerate it by
means of the same electromagnetic field. Separate ioni-
zation and injection scems necessary for traveling-wave
devices. (It is indicated below that similar require-
ments on low plasma resistivity and separate plasma
generation are also apparent in stationary ac field
plasma aceelerators.)

This list of requirements is rather severe; even so it is
not exhaustive. In experiments performed by Penfold
[51] the basic principle of this acceleration mechanism
has been demonstrated. Plasma rings with velocities of
about 1.2X107 em/second (7.,~10* secconds) have been
obtained; evidence has been found for plasma ring cur-
rents of at least several hundred amperes.

2) Stationary .1C Magnetic-Field Plasma Accelera-
tion: It is also conceivable that currents can be induced
into a plasma by means of a stationary ac magnetic
field and that accelerating forees can be obtained by the
interactions between these currents and the inducing
magnetic field. One model of a device based upon this
principle is shown in IFig. 32. The ac magnetic field is
produced by a single-turn coil which is made part of a
tank circuit by connection to an appropriate capacitor.
A plasma ring is produced by preionization of the gas
in the vicinity of the “exit” of the coil, as shown ideally
in Fig. 32. The ac magnetic field induces an azimuthal
current in the plasma ring: this results in a force jXB
as shown in Fig. 32, IFor optimum conditions the cur-
rent density j should be in phase with the ac magnetic
field H; hence, it should be in quadrature with the in-
duced electric field, except for the phase shift of the
electrons produced by the acceleration itself. This means
that the plasma ring should have only negligible ohmic
resistance; in this case, as well as in that of traveling-
wave acceleration, electron-ion and electron-neutral
collisions are, if anything, detrimental. In the extreme, if
the plasma ring were purely resistive (instead of in-
ductive) as a consequence of high ohmic resistivity, j
and B would be in quadrature and the average force
would be zero.
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Fig. 32—Stationary ac magnetic field plasma accelerator.

The requirement for minimizing collisions and plasma
resistivity appears to be in contradiction with the need
of collisions for ionizing the gas. For this reason, pre-
ionization of the gas or separate injection of the plasma
seems necessary. This can be done on a pulse basis
(where plasma rings are formed or injected periodically
while the accelerating ac field is off). This procedure
has been used by Miller [52] in the experiments in
which he provided a preionizing coil in the vicinity of
the region where the plasma ring was wanted. In
Mitler's experiment, the frequency (85.5 Ke/sec) and
strength (up to 1 weber/m?) of the ac magnetic field
were chosen of such magnitude that the plasma ring was
accelerated away from the coil within about } cycle.
Acceleration efficiencies of the order of 5 per cent have
been measured, with axial exit velocities up to 10°
m/second; energies up to 25 joules per pulse were trans-
ferred from the circuit to the axial motion of the gas.

An alternative mode of operation, still pulsed, would
consist in using higher ac frequencies and lower field
strengths, with the result that the plasma ring would
remain several ac periods in the ac field. Because little
analytical work and no experimental work scem to be
available on this mode of operation, a more extensive
treatment does not scem indicated at this time.

Finally, it is possible to consider cw operation. This
implies continuous gas feeding and ionization in the
accelerating region. Because of the apparent conflict
between ionization and acceleration pointed out earlier,
no satisfactory solution to the problem of CW station-
ary ac magnetic plasma acceleration has vet been re-
ported.

In conclusion, although the idea of plasma accelera-
tion by stationary ac magnetic fields seems interesting,
both the problems of proper plasma or gas injection and
the problem of optimization of the circuit gecometry for
optimum utilization of the ac magnetic field still remain
to be solved.

C. Pulsed Magnetic Plasma Acceleration

An example of a pulsed magnetic field plasma accel-
crator is shown in Fig. 33. This “hydromagnetic plasma
gun,” in the form invented by Marshall [53], consists
of two coaxial conductors with provision for pulsed ad-
mission of gas bursts through openings in the center
conductor. Shortly after a burst of gas is admitted be-
tween the two coaxial conductors, the power from a
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Fig. 33—Hydromagnetic plasma gun.

high-voltage capacitor bank is suddenly applied. The
gas is ionized, a large radial current flows through it,
and an azimuthal magnetic ficld is established by the
flow of the current through the central conductor. This
azimuthal magnetic field interacts with the radial
plasma current to produce axial 7 X B forces which re-
sult in a magnetic pressure of the order of woH?/2. In this
respect, this device is analogous to the magnetic piston
type of accelerators described above. The essential dif-
ferences are that, in the hydromagnetic plasma gun: 1)
current flow through the plasma results from direct
contact to the electrodes instead of being induced, and
2) the magnetic field is not supported by a slow-wave
circuit, but by a simple coaxial line.

Basic limitations to this type of plasma accelerator
may result from

1) Difficulty of efficient energy transfer from the
capacitor bank or pulsing circuit to the coaxial
line,

2) Loss of magnetic energy tending to escape or be
reflected from the end of the plasma gun,

3) Power loss due to physical contact between the
plasma and electrodes,

4) Disadvantage of requiring a pulsed power supply.

Typical characteristics quoted for the performance of
such a plasma accelerator are [53]:

Output gas (Hp) velocity—1.5X 10> m/second.

Total kinetic energy of gas, per pulse—1200 joules.

Total efficiency of energy transfer from capacitor
bank to directed kinetic energy—23.5 per cent.

No evidence of electrode erosion was observed under
proper timing of the electrical pulse with respect
to the gas burst.

These results so far appear encouraging. Because of
the limitations suggested above, much still remains to
be done before it will be possible to state how much
performance can be improved. FFurther investigations of
modifications of the Marshall gun [54] have led so far
to results very similar to those quoted above, the major
difference being that lower specific impulses (about
6000 seconds) have been obtained with heavier gases,
with about the same efficiency.
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IV. ELECTROMAGNETIC PLASMA ACCELERATION

In a nonuniform ac electromagnetic field, a charged
particle of charge e experiences an average force given
by [55]

0]

F = -wlE,

€ w*

(48)

Although it does not appear explicitly, the effect of
the ac magnetic ficld is also included in (48). ['l'hc
magnetic field has been eliminated by the use of Max-
well's equation VX /2= —uy(dH/!), to arrive at (48).]

In a plasma, the foree of (48) will be acting mainly on
the electrons and will produce a force £ per unit volume

given by
()< ()
— - v .
w 2

where w,=clectron plasma frequency. (Momentum
transfer from eclectrons to ions is caused by space-

f= (49)

charge forces in the same process as described above.)
In clectromagnetic plasma acceleration, forees of the
tvpe given by (49) are produced by nonuniform RE fields
and are being used to accelerate plasmas. It may be
observed that when the RE field penetration inside the
plasma is negligible (which it will tend to be at high
plasma densities), (49) can be integrated to lead to a
puressure p=e/<*/2 from the RF field on the plasma
surface. .\ more rigorous derivation wounld lead to

p = (1/)(fl* + «l?),

which may also be interpreted as radiation pressure,

A general feature of (48) and (49) is that they in-
dicate that the RF fields will tend to push the plasma
toward regions of minimum RI clectrie field. \WWhen the
RF electric field is parallel to the plasma surface, the
plasma can actually be pushed toward these regions
where the RF vacuum field would be minimum. When
the RFE electric field is parallel to the gradient ol the
plasma density, this conclusion is no longer always true:
it applies only when the frequency of the RE fields is
higher than the clectron plasma frequency. If the RF
frequency is lower, a “peeling” effect takes place at the
plasma surface and tends to draw the plasmas toward
the region of maximum RI¥ electric fields |50 |

The only attempt at electromagnetic plasma aceel-
eration reported to date is that of Swartz, ef al. |56].
In these experiments, helds substantially parallel to
the plasma density gradient were used, as shown in
IFig. 34. For this reason, plasma acceleration could only
he obtained for the relatively low plasma densities cor-
responding to a plasma frequency below that (140 Mc)
of the applied R¥ fields (nZ3 X 108 electrons/cm?). Under
these conditions, plasma acceleration up to velocities of
the order of 2.5X10*' m/second (specific impulse of
2500 seconds) has been observed. Because of the low
plasma density, however, resulting thrusts would be
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Fig. 34—FElectromagnetic plasma accelerator.

too low to be of practical interest, even if higher micro-
wave frequencies were used.

In conclusion, the basic principle of electromagnetic
plasma acceleration has been demonstrated. To make
it uselul for propulsion purposes, however, it will be
necessary  to devise means of applying the clectro-
magnetic REF fields perpendicular to the density gradient
of the plasma, avoiding RE electric fields normal to the
plasma surface and thus being able to operate with
relatively high plasma densities where the plasma fre-
quencey exceeds the frequency of the accelerating RY¥
fields.

V. SPACE SIMULATION

We shall discuss here fairly briefly some of the prob-
lems associated with the testing and evaluation of per-
formance of electrical propulsion engines. As we shall
see, the simulation of space environment for an elec-
trical propulsion engine is somewhat more complex than
the usual space-simulation problem: however, ade-
quate and detailed ground testing of these engines is an
essential step in their development. There are a number
of reasons for the importance of this ground testing, in-
cluding the relatively high cost of conducting space
tests, the much greater detail with which the physical
phenomena can be studied on the ground, the ease of
making changes and adjustments in the experiment,
ete. All point toward very comprehensive ground tests
prior to the real test in space.

Since electrical propulsion engines are to operate in
the excellent vacuum of space, it is obvious that they
must be tested under conditions where the background
gas pressure will not influence the operation. The toler-
able level of background pressure depends, of course, on
the mean free path of the ions in this residual gas but
will in general be of the order of 10-7 mm Hg. Addi-
tional features of the physical environment simulation
which may be desirable are: 1) cold surfaces to simulate
the regions of infinite space as far as radiation from the
engine is concerned, 2) artificial solar radiation to
simulate the power received from the sun, and 3)
possibly other types of radiation such as gamma rays,
cosmic ravs, etc. All these physical environment tactors
have been successfully simulated in various test cham-
bers. The most difficult aspects of space simulation, as
far as electrical engines arce concerned, are the elec-
trical conditions. It is apparent that the walls and col-



1961

lector of the test chamber must not act as sources of
electrons; i.e., suitable grids or other barriers must be
arranged so that the bombardment by ions or other
particles does not cause emission of electrons which can
get into the beam and influence its behavior. A second
and equally important aspect of the electrical simula-
tion problem arises because in the space environment
the ion beam is sent into essentially an infinite region
with no boundary condition beyond the edges of the
space vehicle. In the ground-based test chamber, walls
must be imposed around the engine and beam in order
to provide the vaccum and a collector must be provided
to collect the ion beam; both of these arrangements im-
pose artificial boundary conditions at the edges and the
end of the ion beam. Programs are under way to develop
improved techniques of simulating clectrically the con-
ditions of space in a finite-size ground-based chamber;
we hope that by the time of the first electrical engine
flight test we shall have improved facilities for more re-
liable testing of these engines on the ground.

CONCLUSIONS

This paper has dealt with some of the fundamental
concepts and problems which lie at the heart of a
rapidly growing scientific and engineering effort in the
field of clectrical propulsion. No attempt has been made
to include complete references to the many important
contributions to this field, nor to some of the interesting
approaches based on modification of the basic types of
ion sources and acceleration mechanisms presented
here. It is hoped, however, that the discussion has
served to emphasize both the strong dependence of
progress in this field on broad areas of plasma physics
and electronic technology, and the fact that it remains
a fertile field for basic investigation and invention.

Electrostatic engines have received more attention to
date than those based on direct acceleration of plasmas
and are consequently somewhat nearer the stage of
practical usefulness. Of these, the cesium ion engine is
the most refined in terms of progress toward meeting all
of the difacult requirements of practical thrust units,
i.e., high efficiency, excellent optics (low electrode ero-
sion for long life), and techniques for controlled necu-
tralization of the exhaust beam. This may be because
the cesium ion engine is amenable to analytical treat-
ment and is better understood than plasma devices. At
any rate, this tvpe of engine may well provide the ulti-
mate optimum answer for systems requiring a specific
impulse of 8000 seconds and higher. Although the
thrust density is low, units of 20- to 30-millipound
thrust can be clustered to provide total thrusts of the
order of pounds for megawatt-level svstems. However,
each of the basic types of engines discussed here has its
particular attractive features (e.g., high thrust density
in the case of the Duoplasmatron and oscillating-elec-
tron engines) and will, no doubt, find its own area of
application.

The fact that the electrical propulsion concept is fast
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becoming an engineering reality is borne out by the
plans of NASA to begin the Hight testing of small proto-
type ion engines (at the several-millipound-thrust level)
in late 1962. These tests will be carried out on ballistic
trajectoriesusing the Scout launch vehicle as the booster.
The principal purpose of these tests will be to demon-
strate thrust, with the additional objectives of studying
the neutralization problem in an actual space environ-
ment and correlating the performance in detail with
data obtained under laboratory conditions. Orbital
testing of electrical propulsion system is projected at a
future date.

It is evident that progress in electrical propulsion will
be very closely related to the development of lightweight
nuclear-electric power systems, and an intensive effort
is required in this direction. The performance of an
electrically propelled  vehicle depends strongly on
achieving high power levels at low weight-to-power
ratios (in most mission analyses a ratio of around 10
pounds/kw is assumed). The SNAP-8 program, which
is sponsored jointly by the NASN and AEC, isaimed at
developing 30 kw at a weight-to-power ratio of around
50 pounds/kw. This power system (or a 60-kw version)
will probably be used in the first orbital testing of
electrical thrust units. Detailed design studies (e.g.,
SPUR) indicate the feasibility of using high-tempera-
ture operation to attain thrust levels from 300 kw to
the megawatt level at thrust-to-weight ratios of 8 to
10 pounds/kw. It is probable that, by using direct con-
version concepts currently under study, ratios as low
as 3 pounds/kw may be achieved early in the next dec-
ade, 1.e., by the time ionic and plasma propulsion comes
into large-scale use for the exploration of the solar svs-
tem.

APPENDIX

MOMENTUM TRANSFER BETWEEN ELECTRONS AND [ONS
IN ACCELERATED ELECTRON ENGINES

This calculation is intended to determine the rate
of momentum transfer from energetic clectrons to ions
in a region in which a plasma potential gradient exists
in the absence of clectrostatic forces between plasma
and electrodes. Such a region would be the equivalent of
region I\ of Fig. 21 and will be referred to simply as
region IV, 1t should, however, be observed that, in the
absence of electrode fields, it does not appear possible
in a one-dimensional situation to maintain such a re-
gion at a fixed region in space; it appears that it should
move in space (e.g., at the beam front) with the mean
velocity of the accelerated ions [57]. Assuming now
that the axial electrostatic forces between plasma and
electrodes in region IV are negligible, the flux of
momentum flowing into the plasma from the left of
region IV must be equal to the flow of momentum
carried by the plasma out to the right of region IV:

d“in d“oul

dt dt

: (50)
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where
dui, ) . .
; = flux of momentum into region 1V (from left),
dl
dioue _ flux of momentum out of region IV (with plasma

4t beam toright).

Assuming most clectrons to be reflected in region 1V
and assuming the ion energy in region 111 to be much

smaller than the clectron energy leads to the following

expression, for the flow of momentum du;,/dt into re-
gion 1V:
l]Ili.. - _
= N,aM, V.32, (531)
di
where

nez=electron density in region HI,

m, =mass of the electron,

v.3=axial electron velocity in region HI,

7.2 = mean square axial electron veloeity in region 1.

(Note that because of the assumption of near total re-
flection, (n.3/2) clectrons’cm® will have a velocity di-
rected toward region T and experience a change of
momentum equal to 2m,e,; upon reflection; also, the
velocity distribution of electrons Howing in +x and
—x direction will be nearly identical.)

Assuming, at the exit of region I\, the clectron energy
to be much smaller than the energy of the accelerated
ions leads, for the flux of momentum leav ng region

IV, to

llll-oul

52
dl (52)

= MN;3M;Viglis,

where

nig=ion density in region I11,

m;=10n Mass,

v;3=axial velocity of ions flowing toward region 1V,
v,y = axial velocity of ions leaving region 1V.

Eqs. (51) and (52) express that the momentum flux
into region I\ is essentially carried by the electrons,
while the momentum Hux out of region IV is essen-
tially carried by the accelerated ions [in effect, the
latter assumption means that (m,+m)vu~m,v.].

Using (50)-(52), it is possible to relate the oscillating
clectron current density in region 111 to the ion current
density emerging in the plasma beam to the right of
region IV, To this effect, the following quantities are
defined:

jed' =density of electron current flowing in +x direc-
tion (away from cathode) in region 111
jes” =density of electron current flowing in —x direc-
tion in region 111.
dea=jes’ Hie’ = ied’| = jes
ji=density of ion current flowing in +x direction
(no ions reflected toward —x direction exist with
the potential distribution shown in Fig. 21).

r/l
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Using (50)-(52) the following relation

tween j.3' and j;:
Jed 1 /mi Vﬁ‘4
Ji 2 1 . Dis

with the simplifying assumptions, in (52) and (51), that
VigWia==0i3-iq, and 0,5?/0,3=0,s.
Under these conditions,

i'ﬂ '17-‘3 E \/”':mn/”/iin,

where W, is the average energy of ions leaving region
IV (to the right) and W, is the average energy of ions
in region 111 (at the entrance to region V). Hence,

o [ 1/"11 /‘/” nnn]
Jes
., Wi
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