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The past few years have seen considerable progress on a numher of
new techniques involving or related to enerqy storage and conversion
eqg explosive flux compression, cryogenics, radiating plasmas, etc.
Furthermore, new approaches to older techniques have brought forth new
designs aimed at new applications and higher power levels eq rotating
machines, line type modulators, etc.

This effort was aimed specifically at accomplishing a comprehensive
technoloqy assessment of high power nulse generation. Various techniques
are discussed in such terms as state-of-the-art, inherent limitations,
future nrospects, etc. It is hoped that the information provided will be
of use both to the engineer involved in a single particular apnlication
and to the managing scientist concerned with long range planning in the
pulsed enerqy field.

This effort is part of RADC Technology Plan TPOS.

MILLIAM C. 011NN

Froj Enar/0CTP

11




A T e A wAY TN AT TwTeCT A e T YT g 4y TR WOR YT T A

Fm‘ = U~ AT TS T YT S SRR TR a1

i
£
] L
* ¢
Generaticn of Ultra-ilizh Power Elecirical Pulses
Page
I. Introduction z
II. Overview: An Assessment of Ways of Generating High -Power 3
and High-Energy Elactric Pulses
iII. Video Pulse Generation Methods
A. Rotating machinery 10
B. Magnetic flux compression {explosive rechniques:’ 17
E <. olectroric modulators 246
§ D. 2a2lativistic heams 27
IV. RF Pulse Generation: high-puwer bursts of microwave radiation
A. Microwave pulse generation uning relativiztic electron 31
Learnsg
B. Radiating plasrnas )
C. Rarid relrvase of stered microwave energy 43
i V. Parametric Studies of Pulse Generatior 48
VI. Related Topics
] A. Svitching: metallization and non-ideal plasmas F2
B. Comments on superconducivity 69
i VII. An Acknowledgiment 82
3 Svppiementary Peport:
"Plasma Instabilit‘es as a Scurce of RF Power?® - Separately
C. ¥. Carnivaie oound

Wk g an e M ner

s —————




At ™ Al

Y FNN T

fhia de ik ot ind i)

Al o o

PRI LT A W

o ey

PR TR

I, Inmtroduction

At present, theve i+ a ureat need for generators of huge electric pulses
to implement current and proposed fusion experiments; to power increasingly
energetic laser devices; for stationary as well as airborns radar systems;
for militarv applications.

Recert advances have occurred in the laser 2nd plasma fields. Break-
throughs have been achieved in the s-ience of materials., Extensive studies
are t<ing carried aut in the U. 8. 8. R. of non-ideal plasina states and of the
metalirzation phenomenon. These developments make it advantageous to stop
and consider the present technical status of pulse generation, and to inquire:
Which would be the most profitable dircctions to pursue to advance the art?

This reprrt assesres the state of the art of generating high-powe.r, high-
energy electric pulses. To sccomplish this goal, it was r:cessary to give
thought te many besic vuestions, such as:

(2} rotating ma-hines: What are the present upper limits for pilse
amplitude and the correspouding pulse durations?

(b) magznetic Hiux compressior: What techniques hzve been used;
how large are the penerated pu.ses; what are their durations?

¢j electronizc modulator technology: What is the limit of the capa-
bility for pulse genaration in this area?

vl reiativizidc elscivon beames: What techniques exist for conrrol-
ling the hi¢h-voitage discharges crewni:nz these bteams? What power levels
have 50 far been attainzd?  How nave they been uced for generating micro-
wave puises’

{el plasma instabilitie Whaioh plasma processer have prospects

258
ot ufilization for RF pulse goreraticn® What has been achies 24 so fas?

2

hesr guestiuns are addressed in the Ovevview (Sec. 1) and in the technical
£

ectionz foliuwing it I1I-Vie,

»

Pulse zeneration involves a number of closely related aveas to whirh
congiderable atrention .s paid in the report. Some are:

ta) utilization: pf non-ideal plasmaul metallization

fe) whether and row advances ia supercondactor technology can be
appiied to pulse productiag,

Date for the assessment were ootaired in several ways:

{a; By selected reading of current technical literatura. Particular
fieids were chosen o be surveyed: those thax we jutgzd to be niost relevant
to .arge pulse generation. The inform: nion su obtained was condensed into a
series of 10 self-contained pavers {Seo. III-VII. each of which presents ~on-
ceptval background ir its fieid, togetihicr with a descripticn of state-cf~-the-art
developments.

{t} By visits to many important sites, as opportiunity allowed, both




immediately prior to and during the contract period (examples: Los Alamos;
Livermore; Princeton; Max-Planck Institutc; Kurtachov Institute; Nagoya
Plasma Physics Institute.) By attendance at technical conferences (examples:
electronic modulators, NYC 9/73; fusion, Philadelphia APS 11/73). By con-
versations in depth with people expert in various fields.(See Sec. VII.) The
perspectives and insights gained in this way served as background for the
technical papers, and were incorporated into the Overview.

II. Overview: An Assessment of Ways of Generating High-Power and High-
Energy Electric Fulses

Electric pulses with energies approaching the gigajoule range and pow-
ers on the order of tens of terawatts are increasingly finding use in weapons
systems, research, and industry. Among the various important applications
are plasma and laser technologies, oil prospecting, geological and oceano-
graphic surveying, and metal cutting and welding.

A. Recent Advances in Materials

The development of new devices usually involves two major aspects:
(1) materials, and (2) design. Since technical and economic considzrations
impose limits on the dimensions of the pulse generator, high energy and pow-
er outputs imply high energy and power densities, and hence, high mechanical,
electromagnetic, and thermal stresses in the materials employed. Fortu-
nately, recent advances in the science of materials, at extremes of both low
temperature and high pressure, hold promise for attaining the required per-
formance parameters.

In our earlier studies of electromechanical pulsers [1-4], it was sug-

gested to "freeze" the impressed magnetic field in a superconductirg shield,

in order to reduce the rise time of the pulse and enhance the uverall efficiency.
This, however, could only be done if superconductors were produced intwisted
multistrand filament form, so as to reduce the ac losses associated with the
currenti pulse. Such an ideal shield can now be realized, since niobium car-
bonitride has successfully been converted into intrinsically stable supercon-
ducting flexible fibers with a critical temperature in excess of 189K [51,

Moreover, the new fibers will allow practical realization of a nove! type
of pulse generator. According to Thomassen [6],a system of three nested
spherical coils, made of superconducting material, can be used to transfer
150 MJ of energy to an inductive load in a time of about 10 ms.c.

Great progress has also been made in understanding the behavior of
materials near critical temperatures and pressures, conditions which are
likely to prevail in electromechanical pulsers. Under the concommitant action
of strong electric fields and shock compression, insulating materiais, such as
the inert gases filling the generators, may acquire metallic conductivities [7)
This metallization phenomenon poses a double challenge to ihe designer of
electromechanical pulsers:

(1) How to avoid the creation of short-circuited paths, which may
shunt the load or change the impedance matching characteristics
of the connecting transmission lines.
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(2) How to utilize these metallization effects in a constructive way.

The combination of metailic-state conductivities with the low viscosity
and consequently, the high-operating velocities afforded by the gaseous state
is ideally suited for irnpulsive, magnetofluid dynamic generation schemes
[8,9]. The high conductivity and high flow-velocity can also be utilized for the
realization of high-power, fast-acting switching elements.

B, Video Pulse Generator Classes

Pulse generators fall into four major classes, vhich are distinguished
by their pulse duration, energy storage form, and design.

1. Electromechanical Pulsers with Kinetic Energy Storage

These pulsers cover the longest pulse range (down to tens of millisec-
onds), with efficiencies of better than 50 percent. Levi and Pande [ 1-4] have
studied both the homopolar and the heteropolar types. A recent realization of
the former type by Rioux [10] yields a 100 MJ output in several tenths of a
secoud. Pulses one order of magnitude shorter, with an output energy of
1% MJ, are obtained from the Rebut-Torossian generator [11]. This design
i1.akes use of a structure similar in function and concept to the shield of Levi
and Pande [12].

2. IZxplosive-Driven Pulse Generators

Thece cover the pulse range between a fraction of a millisecond ana a
few microseconds. The energy stored in chemical form is used directly to
propel the conductor sgainst the self-excited magnetic field [13-14], The
overall efficiency is on the order of a few percent, and the generator is de-
stroyed after a single shot. These generators, however. are relatively cheap
(lese than $500 per MJ cutput), and very compact (up to 130 MJ withia the di-
mensions of one cubic meter;. They have performed reliably in outer space
{ 15] and can penetrate the highest magnetic fields [16-17]), In 1966 Sakharov
{ 18} disclosed the attainment of 25 MG fields. Much higher fields have been
aitained more recently {i?}. It is interesling to note that the corcesponding
magnetic pressureg exceed 10® atm. A possible application of such genera-
tors, as suggested by Sukharov [18],is a betatrcn accelzrator capable of de-
iivering bursts of 1918 protens at 1000 GeV energy. He calculatee that the
experiment coild be repeated 50 to 100 times for the cost required o build a
permanent accelerator,

3. Fulse Sencrators with Intermediate Inductive Enecgy Storage

inductive energy storage has already been mentic el ‘n conneciion with
Thomassen's design {#£]. I is also used in cascaded explusive-driven genera-
tors {20! in ordsr to shorten the rise time of the pulse to the order of 1 usec.
A major drawback of interstage inductive storage is the necessity of using an
opening switch in o1 Jer to transfer the energy to the load. The trancfer ef-
ficiency is often much le rs than 50%. Presently used as switching elements
are explosive wires and feils. Faster rise times, but not higher efficiencies,
could be obtaired as meantioned befere, by utilizing the rapid changes in con-
ductivity which cccompan, thz transition irom metallization to the gaseous
state.




4. Pulse Modulators with Capacitive Energy Storage

Capacitor banks are tne only energy source capable of delivering sub-
microsecond pulses with efficiencies better than 80%. However, since the
density of stored 2nergy is three orders of magnitude less than in rotating
machines, and five orders of magnitude less than in chemical explosives, the
energy output is limited tc tens of MJ's. A promising development ir this
area is the use of water as a dielectric. Taking advantage of the high dielec-
tric constant (¢ = 8C) and high3dielectric strength (E max = 500 kv/cm), energy
densities approaching 1 MJ/m" could be attained, For pulsed output appiica-
tions, the high conductivity of water and consequent losses would not Ec o0~
jectionable,

C. RV Pulse Generation

The number of ways of generating high-power RF or microwave pulses
is far more limited than for video pulses.

1. Conventional means {Conventional means of generating high-
power microwave pulses utilize interaction of an electron beam (confined with-
in a vacuum envelope) with slcw-wave or 1esonant structures. In this class
rmiay be placed the magnetron; amplitron; klystron; backward wave oscillator;
travelling wave tube. Some general limitations on the powers available from
these conventional sources are [21,22]:

(a) Electrical breakdown at the window connecting the source
to the antenna system.

(b) Heat dissipation in the associated slow wave or resonant
structures.

(c) Admissible current density of the cathode. One technique
that sometimes serves to by-pass this limit-‘ion, especially at millimeter
wavelengths, is the use of an election focussing gun which multiplies the
cathode current density by a factor cf about 50.

{d) Admissible voltage. This limitation is particularly impor-
tant under the pulsed conditions o: interest in tais context. For vcitages in
excess of 40 kV the electron velocity approaches the speed of light and RF
voltages produce variation in mass, rather than the necessary velocity modu-
lation. However, the limiting voltage may w=ll be on the order of 150 kV if
it is desired to obtain bandwidth in excess of 36%, Bandwidth appears to be
limited by dispersion of the slow wave structures. When the phase velocity
approaches the speed of light, low dispersion and high counliag impedance
seem to be mncompatible.

(e) Coherence of oscillations. For a given besam current density,
the number of electrons decreases as the cube of the wave'l. ngts. . s the wave-
length decreases toward | mm, coherent osciliaiions bec e ucrsasingly
difficuit to achieve,

2. Non-conventional Means Recent investiga‘:uus isinfg, relativistic
pulsed beams of eiectrons have opened a new avenue to ti:e generation of high-
power RF pulses. High voitage - high curreat - 100 n sec discharges at the
terawatt level can now be generated and controlled |23], By placing suitabie
rigid periodic structures [24] in a position to counle tc the beam, cr by

-
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allowing the beam to interact with magnetic fields with fixed spatial period-
icity [25], pulses of narrow-band energy have been generated. The dominant
frequency is controiled by the spatial period. Power levels of 1| GW [ 26] have
been attained in the X-band microwave range for pulse durations somewhat
shorter than that of the viden pulse discharge.

Bursts of RF radiation with black-body spectral distribution wxere gen-
erated by Cowan and Freeman {27] using an arc discharge it a deuterum
plasma. Peak powers in the order of terawatts with energies in the order of
megajoules were obtained. Here, the energy conversion process from chem-
ical to electromagnetic form was a direct one,.

Each of these methods of PF pulse generation has a different vir‘tue:
one has 2 narrow spectral range but low power, where as the other has a
broad s;ectrum but enormous power. This comparison suggests that a.tempts
shoujd be made to char. .el the high powers inherent in plasmas into narrow
spectral ranges by proper y utilizing the plasma processes naturally giving
rise to monochroraati: radiation.

To surmimarize technical developments in the area of pul:e generatiln,
we offer Tablz I, optimistically titled, "The State of the Art at a Glance.”

In conclusion, high-energy. high-power pulse gencration is an active
field of endeavor in which deveilopment of both materials and design is keeping
pace with increasingly demanding requirements.




(Y21B08IY IRSIINUCWIIDY L, PI[OITUNTD = W L)

OpINGaAeM +

. N ]

"TUN e uopuaapf puve PRI o .um?v«.umvl

V Al Juewparz g aq sjusuugaadxe uo po + wesq
-8e¢] *‘1e "o uldjsjeuvan - pueqy 0! 18 U gy MYIHTATIRIOY
I AR N R T, T BT G O A S I 2 G ot e s L5 e g DA, LN P RN TR RS RNSAT I

IR INAS
aw ‘sqer] puows | isatpngs aRIRUIRTI(T
a1 - (] 1® 2OTA0D ,ed0any, 808 W a1 oz W v DIF U OO T~ wderoA ysyy
- - Vou, oursnd (sdd o7} T01e[(MPON
O ‘ninag Aq utysop pasodosd yosey'0D | MDY Y 0b 2081 g7 VGRS BEY (e |
X8y DAITLOE 0F {O11M B UMDY € aK] _ - QUL AT
. DIIIDD[OIP 4 DaIM TUIpPHIAXd 838N [N Tew Daf ¢ uots s a1dwon
! sowely FO1pNys oYy a8y xnig
O] 12 W3 LI[aY8-aYl-J30 , | vruse|q I« 2081 Q01 astsordxrg
8101vIouod 7 FET LY
Jewonn] 10j Aiddns se pasp pariuoIyouhs ~

Vv 111 |'sqep emsAyd ewserd uoodutrg| w10 M 761 ST 096 298 Auwpy

*$ (10D Huy
-1donpundgadns jedrsayds pojsaN

uasstuwioy ] Aq awayos pwsodag|! WLO MY ST fN 0651 dO8 10
surydew aejodowopexnonyy Aq
paudiso(g ‘uornidnajsuod yapun| WIOD MOS0 W 201 DOB Pt~ R
HeISH0I0 I -Ingay Aq duyyejoy
v Il poudtsa(] ‘uonidnIsuod Japun! WLOD MDD 6 1 [N 91 208 10 apiuig
MM.W.WU%.I SIUSWIIO D) il LA RSl osnd GOTIRLTG IPOIN
} au«Mm us - Sddy IomO g /Faouy 38 [0 g PO

asueIr) v 3T JIYy oY) JO 9jeig oyJ

uoljeIouadn) @8N

(RS Spr S




s ol A e

IR

1.

11.

12.

13,

14

REFERENCES

E. Levi, "Electromechanical Pulse Generators, " Proc. 6th Symp. on
Hydrocen Thyratrons and Modulators, Ft. Monmouth, N.J., 250-277
(1969).

H. Pande, " Linear Analysis of the Electromechanica’® Pulser.," Trans.
AIEE, Fartl, 309-315 (Jaly, 1961).

E. Levi, "Electromechanical Pulsers with Solid Conductors," Paper
No. CP64-108, presented at the IEEE Winter Power Meeting, New York,
N.Y. (February 2-7, 1964).

Ad. FPande., "Current Source Excitation Type Electrome-sianica: Pulser. *
IELE Trans. on Comnmunications Electronics, No. 74, 31.3-535
(September, 19€4).

Research and Development Mznagement Report, TA-AFML-1107-73-02
(August, 1972).

K.I. Thom2ssen, "Reversible Magneiic Energy Transfer and Storage
Systems," Los Alamos Scientific Lab., U. of California, Informal Re-
port LA-5087-M5 VC-20 {(November, 1972).

F.V. Grigorév, S. B. Kormer, O. L. Mikhailova, A.P. Tolokho and
V.D. Urlin, Zh. E.T.F. Pis. Red. 16, 286-290 {1972). {English
Translation in Sov. Phys. JETP Letters, 16, 201-204 (1972).

E. Levi and M. Sandler, "An Approach to Unsteady One-Dimensianal
Magneto-Gas Dynamic Problems, " Teplofizika Viscokikh Temperature,
&, No. 3, 351-358 (May-June, 1964). (English Translation in High
Temperature, 2, 318-327 [1964]).

E. Levi and M. Panzer, "Electromechanical Power Conversion,” {(New
York: McGraw-Hill, 196b,. [ Russian Translation "Mir" (Moscow,
1969). |

J. Chabrseau, "La Generatrice Impulsionelle Rioux de 100 Megajoules,”
in an undated issue of Techniques Cie Electro-Mechanique (pages 17-21.

J. Delassus, "Une Nouvelle Solution aux Problemes Impulsionelles; La
Pulsat~vice Rebut-Torossian," in an undated issue of Techniques Cie
Electro-Mechanigque (pages 12-17).

E. Levi and HE Pande, "Electromechanical Pulsers,” Tech. Documen-
tarv Report No. RADC-TDR-63-436 (April 1964). sps 601 714

J. W. Shearer, et al. " Explosive-Driven Magnetic Field Compression
Generators, " J, Appl. Phys., 39, No. 4, 2102-2116 (March, 1968).

J.C. Crawford and P.A. Damerow, "Explosively Driven High Energy
Generators," J. Appi. Phys., 39, Na 11, 5224-5231 (October, 1968;.

8




150

16.

17.

18.

19.

20.

21.

22.

23.

24.

26,

C.M. Fowler, D.B. Thomson, W.B, Garn and R.3, Caird, "M.-16
Summary Report. The Birdseed Program'' Los Alamos Scientific
1.ab, U. of California, Informal Report LA-Si41-MS {July 1970},

H. Knoepfel, "Pulszed High Magnetic Fields®™ {Amsterdam: North
Polland-# mnerican Elsevier, 1970).

C. M., Fowler, "Me,agauss Physics,” Science, 180, No. 4083, 261-
267 (1973).

A.D. Sakharov, Usp. Fiz. Nauk, 88, 725-734 (1966). [Fnglish Trans-
lation in Sov. Phys. Usp. 9. No. 2, 294-299 {1966). ]

Private communication.

D. B. Cummings, "Cascading Explosi-e Generators with Autotransfor-
mer Coupling.” 7. Appl. Phys., 40 No. 10 (September, 1969).

O. Doehler, *Traveling Wave Tubes,” Proc. of the Symposium ou.
Electronic Waveguides. Microwave Research Institute Symposium
Series, Vol. VI, Folytechnic Press, Brooklyn, N.Y. pages 1-19,
(1958},

A.F. Harvey, "Microwave Engineering,” Academic Press, {1963).

D. L. Morrow, et al, "Concentration and Guidance of Intense Relativistic
Electronr Beams,” Appl. Phys. Lett. 13, No. 10, 441-443, (15 Now 197)).
J.A. Marion, "On the Coupling of an High-Current Relativistic Electron
Beam to a Slow Wave Structure.” Appa. Phys. Lett. 17, No. 11, 491-
494, (1 Dec. 1970).

M. Friedman and M. Herndon, "Emission of Coherent Microwave
Radiation from a Relativistic Electron Beam Propagating in a Spatially
Modvlated Field," Phys. Rev. Leti.. 29, No. 1, 55-58, i3 July 1972).

V. L. Granatstein, et al, "Gigawatt Micrcwave Emission from a dighly
Relativis:ic Intense Electron Bea:n,® Buil. Amer. Phys. Soc., 18,
No. 10, 1354-1355, 1Gct. 19733,

M. Cowan and J. R. Freeman, * Explosively Driven Deuterium Arcs
as an Energy Source,” 4. Appl. Phys., 44, No. 4, 1595-1603, (Apri]
167 3y,




Ai‘
¥

»

5
&
£

7

III. Video Pulse Generation Metho's

A. Video Fulse Generation using Rotating Machinery

Some recent papers concerned with generation o4 pulse- by rotating
machine. y are reviewed. The goal is to present stats-of-the-trt achieve-
ments in high-energy pulse generation as viewed agai s{ 2 backgroand of what
may reasonably be expected in this area.

1. In order to analyze electromechanical pulsers from a gencral point
of view, Pande and Levi chcse as 2 model the following: a woving short-
circuited coil magnetically coupled to a stationary excired coil, with a cou-
piing coefficient that varied with the motion [1, 2, 3}. They found that the rise
time of the pulse, as determined by the leakage inductances, cculd be reduced
by orders of magnitude if appropriate shielding was ennloyed.

Fig. 1l is intended to illustrate the shielding riechanisir. A short-
circuited ccil {armature) is shown moving through a magnetic fizid creat:d by
a stationary field structure. (In an ordirary machine, one might expect ‘o
find the field structure on *he rotor.) The shield is shown as a thin cylinder
between the two.

Fig. 1 Dlustrating the mechanism of 2 shield

that reduces pulse rise time

Within the material of the shield, ideally a perfect inductor, the
electric field E has to be zero. This implies that 34/ 3t also has to be zero
within any closed loop inside the shield. Hence, the flux lines produced oy
the field structure are "frozen™ with the shield. In addition if the rotating
coil is taken to be an ideal conductor, then E is zero within the coii material
As a consequence, over the surface spanned by the rotating coil, 3/ a = 0.

10
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If the fluy initially interlinxed with the coil is zero, it must remain so. Hence
the currents induc=d in this rotating winding are a forced response to the mag-
netic fields created by the stationary structure., as seen by the rotating coil.
The induced currents have to be large enough to create a flux which will can-
cel that of the stationary field structure. The rise time of these current
pulses is limited by a) the degree to which the magnetic lines can be spatially
arranged to simulate a step function, b) the rotational velocity of the coil
(about 200m/s) and c) departures from the idealized mndel arising from less
than perfect coupling of the coils (leakage inductance). An anilysis of typical
situations suggests that puises ¢f one millisecond duration, of power level
100MW/(n sterd of armature coil materizlj is a good feasibility estimate for
this method of pulce generation [ 3],

2. . Delassus [ 4] has describea in detail a pulse generater designed
by Rebut and Torossian for application to controlled nuclear fusion plasma
studies. The field strunture is mounted on the rotor. Also fixed to the rotor,
and shielding it from the stationary armature su-rounding it, is a structura
similar in function and concept to the shield of Pande and Levi; in uappearance,
it resembles a2 squirrel-cage rotor of an nrdinary induction motor. The field
excitation is provided initially by a battery through slip rings (refer to Fig. 2
from Delassus) and then ty self-excitation (K, closes) through a.. auxiliary
stator winding and rectifier back to the rotor. The principal winding on the
stator is connected to the load circuit (X3 cleses) when the flux threading
through the winding reaches a maximun: (2s does also the associated energy
storage). Finally, the load circuit is isplated from the machine (K4 closes)
when the current pulse reaches its maximum. For this cleveriy-designed,
pulsed-mode model, test results were deemed excellent:

pulse energy - 500kJ r;(-zl.’ . 5—31

(peak) excitation curren RECTIRER V f l K4 tch
5400A

(Peezl;%(g.agnetic field - . .- - “L ﬁﬂﬁ

e S pee T i€ - BATTERY FOR L see Generctor } L ELECTROMAGNETIC

(specs for) drive motor - SLP RINGS
45kW, 1500RPM

ruggedness - excellent

Fig. 2 Diagram showing some aspects of the 500kJ
g 138 ng !
prototvpe of the Rebut-Torossian Pulse
Generator
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Extrapclation of this model to one 3U times more powerful leads to a puls=
power of 15MJ with a 0, 01 sec rise time. Four of these machines would more
than suffice, when operated in parallel, to supply all planned fusion plasma
experiments. One of these machines is being puilt in Milanu by Brown-Boveri
for use in the EURATCOM-CNEN Laboratory of Frascati for energizing their
Tokomak machire.

3. J. Chaboseau [5] describes the consiruction details of a 1(0MJ
puise generztor of the homopolar type, designed by Rioux, and also ntended
for controlled nuclear fusion studies. It is now teing built at the CEM Bowrget
plant. A 5MJ prototype has already been tested. The essential features of
the 100MJ machine are shown in the figures below, taken from Chaboseau's
paper:

5 =
/ G &

Excitation Seif - excitotion

Windings fieid windings

Fig. 3 Some Features of the Ricux Homopolar Pulse Generator {:130MJ)

3~

An auxiliary drive motor brings the rotor and fiywheel up to speed, and the
clutch is disengaged. The excitation windings A are energized. Then, the
mercury contacts C;, C, are closed. This initiates a buildup of current in
the load coil B, as a result of auto-excitation <f the field windings S;. S, in
series with B, Pulse decay cccurs as the machine is slowed by very strong
electro-magnetic vraking forces. As in the Rebut-Torossian machine. 2all
the energy is inuially in kinetic form, here stored in ‘he flywheel. Technical
problems associated with its reaiization are indeed formidable and are de-
scribed in the paper. Pulse duration is sev=aral tenthe of a second.

4. Thomassen [6] proposes an extremely interesting design. alsoc for
CTR plasma studies, intended to transfer energies of 150 MJ to an inductive

12
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load in a time of about . 01 second. The basic idea i» now descriked, and
typical design figures are given: Three nested spherical coils mude of super-
conducting material are used, (see Fig. 4} with ¢’ 1 statioparv. vermirting
the creation of a 60kG field. Coils 2 and 3 rotate, but are fixed with respect
to each other with their magnetic axes 909 apart. Hence, no mutial coupling
between 2 an. 3 exists. If the system is excited iritiaily with cui: 3 axis
aligned with that of |, currents flow in coil 3 but .ot in ccil ¢ I the inney
coils 12, 3} are now rotated, energy is t.ansferved from 3 —<2and 2 —13
cyclically. Proper choice of parameters permits rotation without application
b of torque., So far, the arrangement is interesting bvt no’ useful for energy

3 transfer.

COE L o o

If coil 3 is not short-circuited, but instead is closed through an inter-
mediate transforrner for coupling to the ioad L, (see Fig. 4), a means is
available fcr energy transfer. Thomassen choses paramsters for a 140MJ
transfer to L based on the criteria: o rotat:onal to-que under steady ro-
tation; coil and transformer coupling coafficients a5 large as possible; maxi-
mum energy transfer (62%) to Ly Bmax = 60kG. He finds Ry = i. 37Tm, Rz =
1.17m, Ry =1 42m and specifies inductances and other parameters.

My
2% Ly AL

L
L27 NLir oy L3 Q "lL
~] Al X I b ™
) li, } iz Mipe

Lrs

FERED

Ly L Tronsformsr
3
R / Lood

R, 3 4

Ltre  Lrs
2
Basic ldea How to transfer energy to load L.,

Fig. 4+ Thomassen Pulse Generator

The problem with this system is the large e-.ergy regquirement in accel-
erating the system from resi, and then stopping t. The narrower the pulse
desired, the higher :s this energy requirement, of the order 35MJ for a . 01
second pulse.

13
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5. At the present tima, tie largest rotating machine pulse generavcr
in the U. 5. is lucated at the Princeton Plasma Physics Laboratory., It served
as the power suppiy for the stellarator machine, zand now pulses the Tokomak
machine to which the stellarator was converted. It consists of 1Z generaters,
each of which fcoupled tc its motor anéd flywheel) supplies 16 MW for 5 sec-
ords at 800 V. The total pulse power is 192 MW for £ seconds, wi.n a cor-
responding energy of 960 MJ.
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Symbols Used

current in coiis 1,2,3 (A)

time {s)
flux deceity

indvctance of coils 1,2,3 (Hj)

load inductance (Hj

inductance of transformer primary, secondary (H)
mutual inductance (d)

mutual indactance, primary., recondarv {(H)
resistance of coils 1,2,3 (Q)

flux (Wbh)
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1il. B. Videc Pulse Generation by Magnetic Flux Compresgsion

. Basic Idea

A simple mode! for an implosive pulse-generating device, helpful in
later discussion, is the following. A perfectiy-conducting, hollow cylinder of

length ¢ and inner diameter D, has within it a2 longitudinal uniforni magnetic
field B,,.

4 8y

{ ' 4
hollow metol tubs,
*T—— ) perfect conductes,
; '
. i
Before ' :
t
| implosion | g | |
' f
; !
H : Energy storage =
} i
; /'--‘“-\\: BZ Z
- g ] Vol x =2 = (.22 5o
NS vy Zuo“ 4 ) 2;&0

Implosion 2ccurs. The flux f B n dA = ¢ within the cylinder is con-

strained tc remain c-astant because electiric field E within the conducicr is

zero: é E. dt = - -?3-’- = 0 implies ¢ = constant. Energy multiplication in

2

this ideal case is then (ag) . The energy in excess of the original comes

from compression of the tube against the outward radial magnetic pressure

BZ

2u :

‘0
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With 21 ideal model in mind {infinite conductivity}, in circuit terms,
the initizl (c) and final (f) states of the system ave related thus:

4 - - T -
? —é»f- - 1 _LfIf

o oo
I L
.1 2 £ _ [*)
Wf =3 Lflf = Wo Io = WO —-——Lf

This model does aot include the manner in which energy is transfe. .ed
from the generator to 2 tcad. However, this coes emeige from the following
brief discussion of the struciural {eatures and performanc=: of practical de-

rices.

2. Practical Devices

a) The "b:ilows generator® of Xnoepfel et al [1] is shown in the
two figures reproduced from their paper. In Fig. 1. 2r initial magnetic field
B, (into the paper) is established by discharging a capacitor bank into the
generator through coaxiai cables. Detonation, initiated at the left, forces the
two conducting central plates (liners) tc close the loop (i. e., into the positions
shown by the dotted lines), trapping B, and then compressing it into the load
solenoid at the right. Fig. 2 shows a specific generator, device 121, which
uses 13 pounds of explosive to deliver 0.9 MJ into the single turn i2nH load
coil. After flux compre.sion starts, it takes about 100 :seconds to establish
a maximum B of U.7 MG and a maximum I of 12.5 MA., The initial currentl

18
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1 Fig. 1. Typical bellows generator

Fig. 2. Device type 121

F is about . 55 MA.

The conversion efficiency from chemical to magnetic energy
is equal to 3%.

b} Crawford and Demerow [ 2] describe a highly-developed realiza
tion of a helical-coil flux compression generator (model 129). Thetwo figures
taken from their paper show the coaxial ccnstruction snd suggest the physical
changes during tae explosion. A longitudinal magne“ic field Byir establ.shed

Fig. 4. Schematic drawiag of.
the basic design used in double-
ended helical generators. The

armature is shown as it initial-
ly strikes the crowbar switches
at eac. end of the generator,

Fig. 3. Cutaway view of the 129
explosive generator.
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inside the hollow cylindrical space between the alur.inum center conductor and
the helical copper outer conductor. This is done by discharging a capacitor
bank through the coil, creating a current which rises to about 0.1 MA. Then,
the 17 pounds of excinsive within the center conductor are detonated to trap
(the finctiun of the crowpar switches) and svbsequently compress the flux.

The dim=2nsions of the device and its performance intc a load induc-
tance of 70 nH are as follows: Rise time to peak of pulse 44 pseconds; i =
6. 6MA; W, = 1.5 MJ; By = 1 MG; conversion efficiency = 4%; outer dimen-
sions 9" Dfx 18" long. The current rise is nearly exponential with a time con-
stant of approximately 7 usec.

c) Shearer et al [ 3] describe design 10, of very similar construction,
supplying 10 MA to an 80 nH load (4 MJ at pulre peak). Risev time = 130 u
seconds; initial current about . 05 MA; time constant of the exponential cur:ent

rise = 10 usec. Outer dimensicns about 21" D x 30" long; s2 ne exvlcsive;
ceuter conductor of copper; outer conductor of 2luminum.

For the general class of explosive generators, Knoepfel et al [ 4] have
made a ccst estirnate of $200 per MJ per shot.

With switching techniques, using exploding wires or foils ard dielec-
tric breakdown switches, it is pcssibie to delay the delivery of energy to the
ioad until nearly the peak of the explosion has been reached. A 3 .second
rise time [2] has beeu reached in this way.

Insight into the performance limitations of these flux compression de-

vices can be obtained by introducing realistic modifications intn the basi~
picture.

3. Effects of Finite Conductivity

The simple flux compression picture that follows from the model pre-
sented earlier is changed in very important respects by the existence of finite
conductivity ¢. These are now discussed qualitatively.

In the idexl cac: (¢ = o) there are surface currents 8

flowing on the inner surface of the tube of value K= B

o
amperes/meter of length. There is 0 pene‘raticn into
the metal. In the practical case, these currents do
penetrate the conductor with characteristic skin depth
(for a planar model; of

(L

where 7 is the time constant describing the exponential rise of B during
the implosion. An order of magnitude for é is

20
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T = 10 usec
H°=4 x10-7 H/m =2 6= 0,4 mm
o = 4.8 x 1()7 mho/m (Cu)

High vaiues «f B produce large sheet currents that flow through the saricce
resistive layer, pr« lucing heat dissipation. In fact, for B = 0.8 MG, the
surface starts to melt, and for B = 1.5 MG, surface vaporization starts [°],

Penetration of surface currents into the metal impiies that the magnet-
ic flux also diffuses into the metal. Flux compression ratios are therefore
not as high as expected. This effect is enhanced during implosion by heating
of the metal, since the resulting decrease in conductivity gives a greater
penetration depth 6 -

Thes= consideration:s raise basic questions: [How does dif.usicn of
flux into the metai affe.t maximum attainable B? How does melting and
vaporization at the surface affect maximum attainable B? How does conductor
ve'ocity (0.1 - 1 em/sec [5]) compare with the rate of field diffuzion into the

tai? i reay Ri .
metai? At the pulse peak, the core pressures are v..y high (P‘mlobar

19. 3 B ). If vaporizztion of the copper or aluminum conductor sur-
Megagauss

face occurs. is it possible that the vapor undergoes non-metal to metal phase
transitions at the core, similar 1o those that tave been observed with mercury
[6] and cesium [7] vapors? (See also Sec. VI A.!} If so, this may affect energy
transfer 1o the load. Wher fields are very high, dc the hydro-dynamic insta-
bilitizs { 5] which may develop at the conducicr surraces influence the maxi-
mum attainabie energy?

These factors rhave be2n separately and extensively studied. However,
no definitive statement can be¢ made abnut the most effective means of by-pass-

ing the limitations imposed by each.

4. Pulses Presently Antainaule by Flux Compression

In conclusion, we wish to present device performarnce representing the
present state of the art.

Helical coil devices such as those of Shea:er et al [ 3] described ear-
lier may be expected to deliver, reliably, pulses in the 5 MJ range to a load
{« B0 nH) in a single stage with a rise time exceeding 100 micror~-unds. In
general, with such helical devices, current amplifications of 200 are easily
attained with accompanying energy amplificaticn of 70 (Shearer et al. design
{10]). Inductance is relatively large, allowing one to work into a variety of
loads. For comparison, bellows devices [4] have representative current
amplifications of 40 with accompanying energy multiplication of 24. Inductance
is relativelv small, so that loads are limited to small inductances or single-
turn solenoids.

With some sacrifice in energy. switching may be utilized with coaxial
devices *o reduce the risz time seen by the load to Jusec [2.4]
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As an aside, the mitial "seeda™ ields or currents can be established
using energy stored in capacitor banks, with an energy transfer eificiency of
the order of 70%. The subsequent transfer of chemically-stored energy intc
electrical form via explocive flux compression is achieved [4] with efficiency
of the order of 10%.

Special ccaxial configurations have beep utilized at Livermore [ 3,5]
*o creat: (in 2 stages) a tcroidal magnetiz fie's with 30 MJ energy and 250 MA
at ,lse peak (L ~ ! nH load). Initial fields and currents were supplied by
helical - .1l generators,

Magnetic fields of 3. 3 MG have been obtained by Shearer et al {3] in
their coaxial generators; 5.1 MG by Garn et al [8] using a cylindrical gem-
pression system, and measured using Zeeman splitting of the N, 5893 A line;
5-6 MG by the Frascati group in 1967 [51; 14 MG, perhaps,in the Soviet hy-
d:-ogen metallization :xperiments [ ] involving pressures up to 8 megabars;
25 MG fields have been reached once or twice, it is reported by Sakharov
et al [10,il], The overall subject of megagauss fields has been reviewed by
Fowler [12]. It is probable that fields exceeding 25 MC have been achieved

by this time despite the enormous pressures {~ 25 M bar) that must be over-
come.
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SYMBOLS USED

Area (mz)

Flux density (Wb/mz)

Diameters (m)

Electric field intensity (V/m)

Subscript referring to final state of a system
Current (A)

Sheet surface current {(A/m)

Inductance (H)

Length dimension of cylinder (m)

Vector of unit length normal to a surface

Subscript refe rring to initial state of a system

Pressure

Time (s)

Energy (J)

Skin depth (m)

Flux (wb)

Conductivity (mho/m)

Permeability of vacuum (47 x 10‘7 H/m)

Time constant of exponential fold increasc (s)
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III. C. El:ctronic Modulators as High Power Video Pulse Sources

Duriag World War II, the need arose tc develop equipment to pulse
the magnetron microwave generators in military radars [1]. As a result,
techniques for designing these modulators are now well-understood and well-
developed.

In September 1973, the 11th modulator symposium [2] was held. Tech-
nical papers presented new designs, gave details of new devices, described
how recent technological advances could be incorporated into modulators, and
discussed new modulator applications.

One mray ask: how far does the state-of-the-art of modulator design
permit one to go in generating largze pulses? An exceptionally interesting
raper by D. L. Pruitt 3| of RCA addressed this question.

His first conclusion was that the most sensible choice was the line-
type modulator with hvdrogen thyratron <witching. In principle, a line-type
pulser consists of a high-voltage power ,upply in combination with a resonant
charging inductor; these serve to store :.ergy in a pulse-forming-network
(PFN). If designed properly, nearly twice the power supply voltage (V in
Fig. 1 below) appears across the capacitors of the PFN, Switch S is then
closed, causing a pulse of amplitede V and duration 24 L otctot to appear
across terminals a-b when the resistance r = Zo' Generally, the character-

istic impedance Zo = EI:—" cf the PFN is much smaller than the actual

load resistance R. For this reason, a pulse transformer is needed tv accom-
plish matching.

Charging inductor /\_/\_/A
e mneny \
[T AAAAA S + =
+ = 2V L L L

| High T

V | woitoge '
i ':399‘1 S/ :ER
At i

——J Pulse 9mmfm
Switch

A Basic Line-Type Modulator
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Switching is most cften done using hydrogen thyratrons, When S is
* in the open position, it must withstand twice the power supply voltage, and in
the closed ifired) position, 1t must pass very large currents. At present,
these tubes have maximum ratings up to 160kV (English Electric CX1193) and
1CkA peak (Tung-Sol CH1222).

L ai el

Using state-of-the-art cornponents, Pruitt proposed a desiyr for a
super-power modulator. The set of specifications listed below was shown to
te achievable, but at the price of using 60 KU-275 ITT thyratrons, and 12' x
20’ x 50' space “_ house all the equipment.

An Achie sable Super-Power Modulator Design [ 3]

Peak power 2.5GWwW Average power 10 MW
Pulse width 20usec Load voltage 200 kV (peak)
] Pulse rise time Susec 'max; Load currem 12,5 kA {peakj
Repetition rate 200 pps

Continuous duty

It is reasonable to accept this result as the limit of wnat 1s attainable
with present-day modulator technigues.
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Symbols Lsed

C capacitance (F)
L inductance ‘H)
r, R resistance ()
S switch

v voltage (V)

Z

o characteristic impedance ()
4
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III. D. Video Pulse Generation using Relativistic Flectron Beams

One way to make high power video pulses is by utilizirng very high volt-
ages tc create high current discharges, At the present time. such discharges
are of great interest because of their possible application ‘o controlled nuclear
fusion [ 1], and because they may be used to produce high-rower microwave
puises | 2, 3, 4, 5].

The achievement of temperatures and densities high enough for fusion
has for many years been approached through the avenue of magnetic confine-
ment of plasmas; more recently, via illumination of deuterium-tritium peliets
with intense laser beams; and most recently via pellet bombardment with very
high energy, oxtremely dense pulsed electron beams [ 6]. Generation of these
beams is the subject of thiz section of the report. For fv.ion purpcses, itis
of prime interest to obtain high power densities. An appreciation of the sider
of magnitude of the accompanying video pulse parameters may be gained from
Table I below, which lists some electron beam machineg. Availability of these
high voltage generating units may pe partly a result of military EM? simula-
tion studies [ 1,7].

Relativistic beams have also been used to produce 30 uanosecond -
10 MW bursts of microwave power in the range 7.8-9.7 GHz by coupling to
rigid slow wave structures [2]. More recently, microwave bursts have "een
obtained by coupling to rippled magnetic fielde [ 3, 4, 5], with X-band outg
pulses as high as 1 GW [ 5].

Megavolts for making pulses are obtaired from: a Van de Graaff gen-
erator; . Marx circuit; [ 8] a Blumlein line [ 8]. The Marx circuit (see Fig.
1) stores energy by first charging many capacitors in parallel; then, it switches
them to a series connection. The Blumlein line uses a transmission line to
double an available power supply voltage for a short pulse interval.

27




(1) utyqny .i £°> T 1*>] € > ussn ....
2" > | LE> A g~ 7~ DA ‘Tysem |1 dqquuen
(1) ubg g
£0° < v +08 G* gL* TTAN | 1 21qwes)
(1) utqne | 600 ° € 0¢ 0 * ] QI0ULIIAYT T
(01) HUIT | 600 ° S1°* 0¢ S0 * € [rUOBIRULFIU] -
(s1) ‘1w 19 ‘prog ) £ e £ 0l §2184AY ] - ©
(1} ubiqn 80 * 1 08 l i elpueg vaphyy
‘ 300 ° 90 * 001 s2* 52" witg
i) 1832 5RE0R 1 9000 ° 20° 0¢ L Z" eipueg | snasey
(1) upiqny { (100 ° L0° ot | §20° |e-s°'2 |[IWN ‘qurr suodeem Jv §2-Xd
(rn) 1 30 ‘moiow |-Zvoe 1" Dt juv0°  [s-§°¢ qeT 8309337
uoneipey Jurdog gL-Xd
“On
(1) ubiqny | g-g°2 02 szt L1 21 ‘sqec] puowseyqg Axiey viodny
— MUY
asanog jewaojul (PN)E (ML)d (998 UYL (VT * AWIA uoljedor] 22189
FoUIYOR N Weag uod3oa]q - * a1qd ||

F—‘WW?"‘ e

1T



W

$ MQ
TR ;
Marx circus \

R
Spur.. gops

Concove field
‘d“ sineson brush
Field emission

cathode

Heovy metal
supporting

T-D Torget * 7-D Targe

Fig. ! illustrating [ §}:
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b: Idea underlying current interest '..
high energy, tightly ccnfined pulsed
electron beam for CTR

a:tially, single point cathodes were employed tv create ~3 MV pulsed
discharges. Direct field emission gave currents of the order of 50 kA. Ob-
servations of the discharge current beam | 9, iU} indicated that the behavior
1n the post-ancde drift region was controlied by magnet:iz f{ielas generated bv
the current stream 1itself. In general, divergence of a fense electron beam
is to be expected. However, partial neutralization of the beam by positive
ions reduces the divergiag Coulemb fcrce sufficiently compared to the con-
verging magnetic force to permit the bearn to become self-pinching.

A large step forward in the generation, confinement and guidance of
nigh energy bearns was described by Morrow, et al, { 11] reporting the work
of a group under W. H. Bennett. The' found thiat 2 small-aiameter glass
rod could be vsed 1o guide the stream, and to serve as a cathcde. In addition,
the degree of current concentration was greater than had previcusly been
achieved, a result subsequently confirmed by Condit and Pellinen [ 12, 13].
Cruc:al experiments [ 11] are illustrated in the sketch below. From these
and additional experiments, it was concluded that the partially neutralized
electron beam (~0,2 MA) was pinched against the glass guide, and that the
tip of the glasy rcd was the effective cathode.

Whether there is an upper limit to the size of the total current pulse
is not clear from the work done so far. Of cuurse, an upper limit to the
total pulse erergy is set by the energy stored in the high voltage generating
unit,
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giass tubing l

(2)

(3)

Fig. 2 Three important experiments | 11} illustrating guidance of partially
neutralized electron beam discharge by glass rods. Faraday cup current
measuring assembly not shown.,  Approximate discharge conditions:

30 n sec, 3.5 MV, >,2 MA, 10-% Torr.
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IV, R.F Pulse Generation: Higllpower Bursts of Microwave Radiation

A, Microwave Pulse Generation using Relativistic Tlectron Beams

Recently, high power microwave pulses have been generated by con-
version of part of the energy in relativistic electron beams into microwaves.

a) At Cornell, Nation [ 1] used an annvlar electron beam to couple
to a slow wave atructure, 28 shown in Fig. 1. The beam and microwave
pulse characteristics are tabulated below:

Beam Pulse Microwave Pulse
Max. Voltage 500 kV Power 10 MW
Max,., Current 40 kA Duratioa 30 n sec.
Max. Power 2. Gw Frequency 7.8-9.7 GHz
Outer (iuner) beam radius 3.4(3.0) ¢m.
Duration 60 n sec.

Fig. 1. Slow-Wave Structure for Microwave Pulse Generation

The {requency depended upon the electron injection energy. Power was
greatest near electron cyclotron frequency. Pressure was approximately
2 x 10-% Torr. The longitudinal magnetic field B shown in Fig. | was

needed to hold the beam together, Conversion efficiency was about
(10 MW/2 GW) = , 05%.

33




PRI

ey

b) At NRL, Friedman and Herndon {2, 3] used a rippled magnetic
field with pressures near 0.5 x 10-% Torr (see Fig. 2; to induce a beam to
generate microwave pulses in circular waveguide. Most of the power was in
the X-band range 6. 5-12 GHz, although there was also harmonic generation
10 dB below this level. Wavelensth was x to the spatial period of B, Thev
used an annular electron beam with characteristics:

Voltage 700 kV
Current 16 kA
Power 1.3Gw
Beam Radius 1.7 em
Duration 50 n sec

»
MAGNETIC FIELD [yepERSIVE
FOILLESS DIODE LINE LINE

—atte- | D CM

T ALUMINUM RING
8IRON RING

| METER ———+{

Fig. 2. Rippled Magnetic Field Arrangement for Microwave
Pulse Generation

Manheimer and Ott | 4] discussed this method of pulge generation from a
theoretical point cf view.

c) Subaequently, these two groups collaborated, and reported [ 5] the
results of using a larger beam machine (3.3 MV, 80 kA) with the rippled mag-

netic field arrangement, They were able to cbtain output pulses in the X-band
as high as 1 GW,

34




2.

References

J.A. Nation '"On the coupling of an high-current relativistic eteztroa
beam to a slo-’ wave structure'’ Applied Physics Letters Vol 17
No. 11, Dec. I, 1970, pp. 491-494,

M. Friedman and M. Herndon '"Microwave emission produced by the
interactica of an intense relativistic :lectror beam with 2 spatially
modulated magnetic field" Physical Keview Letters Vol 28 No. 4,
Jan, 24, 1972, pp. 210-212,

M, Friedman and M. Herndon "Emission of coherent r1aicrowav., ra-
diation from a relativisti~ electron beam propagating in a spatially
modulated fieid" Phvsical Review Letters V~! 29 No, 1, July 3, 972,
pp. 55-58.

W.M. Manheimer and E, Ot ' Theory of micro'.ave generaticn by
an intense relativistic beam in a rippled magretic field" Naval Re-
search Laboratory N :11orandum Report 2588, May 1973,

V.L. Grana stein, M. Herndon, Y, Carmel and J. A, Nation "Giga-
watt micro vave emission {from a highly relativistic intense electrcn
beam' Bulletin of the American Physical Society Series 1I Vol 18
No. 10, Oct. 1973, pp. 1354-1355.




o

e

IV. B. Radiating Plasmas

1. Introduction

Considerable progress has recently been made in obtaining high power
bursts of electromagnetic radiation from piasmas, Cowan and Freeman [ 1],
used as a radiation source an arc in » deuterium plasma, They were .ble by
this means to achieve a black body radiation spectrum with peak powers in
the order of terawatts and energies in the order of megajoules. A great step
forward cculd be achieved if the high powers which plasmas are capabile of
producing could be channeled into the line spectra which rigid structures can
yield. With this thcught in mind, we consider here those processes in plasmas
which give rise to monochrcmatic radiation,

The radiation spectra emitted by plasmas at radio and microwave
frequencies can be grouped as follows:

a. Spectra that can be interpreted on the basis of the classical theory
of thermal radiation, The radiation originates from the motions of Maxwellian
electrons (bremsstrahlung, and cyclotron radiation). Its intensity cannot
exceed that of a black body with temperature equal to that of the free electrons.
This is the radiation obtained by Cowan and Freeman in their "flasi lemp, "

b. Noatkerrnal spectra aricing from the noncooperative motions of non-
Maxwellian electrons. Departures from the Maxwellian velocity distribution
stem from electrical currents, beam ini-.uon, or selective loss of particles
(loss conej.

c. Radiaticn originating from cooper:*ive mations of the free charges
induced by perturbaticn of the plasma (piasma modes). When driven from
non-Maxwellian electron distribution, such perturbations can reach high in-
tensity levels. This mechanism, which is of particular interest for the gen-
eration of high power bursts of radia%ion, is similar to that operative in micro-
wave tubes with the plasma replacing the slow wave structure,

Plasmas can devzlop a great variety of unstable modes., High gains
have been observed in longitudinal waves propagating along, or in the absence
of, a static maguetic field B_ [ 2]. Unfortunately twc reasons militate against
the practical utilization of these modes: (a) Onset of nonlinear effects with
consequent saturation of the wave at relatively low levels of intensity [ 3].

(b) Inesficient coupling of the longitudinal waves to radiating modes. Trans-

verse modes propagating in nenmagnetized plasmas are characterized by low
gains,

For these reasons, and because a magnetic field always exists in the
presence of the large currents required to generate large amounts of power,
the investigation was centered on transverse waves propagating in magneto
plasmas. Stix [ 3] has shown that in this case saturation occurs at much
higher intensities. Instabilities occur in the neighborhcod of the cyclotron
frequency fc .t Bo and its harmonics, Since io~ cyclotron radiation in
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the microwave range would require very high magnetic fields, only instabili-
ties invoiving electron motions were considered. The ions, ther, simply
serve to previde a neutralizing positive background.

2. Radiation in Rarnsauer gases

The Ramsauer effect provides 2 mechanism for the generation of non-
thermal spectra in the absence of collective phenomena (class 2), As was
repor.ed by Wachtel and Hirschfield [ 4] and by Terumichi et al. [ 5], the
negative absorption or amplification of a transverse wave at cyclotron ire-
quency by argon, krypton and xenon occurs in the range vhere the ~cllision
frequency increases rapidly with the electron energy. Tle electrons travel-
ing with velocity vy, Such that the resonant condition

w -k vy =0 Ye
is satisfied, interact strongly with the wave. The direction of the energy
transier depends on the phase with which they ''sense' the wave. Those elec-
trons which are accelerated are more likely to coliide and be thrown out of
phase than those which are decelerated and give energy to the wave. On the
average, then, the electrons causing wave growth are allowed to interact with
the wave for a longer period of time and their effect predominates, This
mechznism has also been studied by Tanaka and Mitani [ 6] and Field et al
[ 7]} it is not expect~d to lead to powerful radiation sources, because the
energy of the interacting eiectrons is relatively low (< 4 ev).

3. Anistropy Instabilities

According to Vedenov [ 8] a homogeneous plasma having a velocity
distribution which is arisotropic with respect to B will be unstable when

TL + “c (1-7Ta) 0.
Ty @ T
Sagdeev and Shafranov [ 9] showed that an electron plasma caa support only

the right circularly polarized wave (w >0} and hence be unstable only when
T < T, and

T!l

o <w <(1-1%
Ti

)o e

This instability has been observed :n experiments conducted by Gitomer and
Soket [ 10] and lkegami et al [ 11}, The latter obtained 10W at the fundamen-
tal frequency of 2.1 GHz and powers decreasing in the ratio of 10dB :in the
successive harmonics,

4, Syachrotron Radiation

The -ollision frequency between the electrons and ions decreases
rapidly .-“th increasing electron energy. When electrons are accelerated by
an electric ileld, a condition may be reached in which the dynamical tr.. tion
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.8 inadequate to balance the electric field and a group of electroas ''runs away"
and can easily acquire relat.vistic velocities. Since a relativistic electron
radiates most of its radiation in the a.rection of its motion, an observer will
detect a radiation spectrum consisting ¢f harmonica of the cyclotron radiation,

Instabilities leading to synchrotron radiation were predicted by
Zheleznyakov and Suvorov [ 12],and by Schneider, and observed by Bott | 13]
and by Hirshfield and Wachtel [ 14]. The observed powers did not exceed 1 W.
Blanken and Kuckes [ 15] give a physical explanation for the instability they
had observed. They claim that the relativistic variatior. of the cyclotron
frequency with energy causes a coherent phase ordering of the electrons in
the field of the wave., Thir theory was further elaborated by Blanken, Stix,
and Kuckes [ 16] who cbse.-v:d saturation of the emission at 50 dB above
the synchrotron level (10-10G ev),

5 Cold beams parallel to Bo

The presence of a cold electron beam traveling parallel to B_can
cause a plasma instability which, according to Stix [ 3], occurs whe

vy =7 e ¢ . Two modes are possible depending on the signof vy, . In

Tk
both modes the fields rotate in the opposite sense of the electrons they are
interacting with and || <]k vy |.

There seems to be no experimental verification of this instability.

6. Diocotron Instability

An electron beam propagating perpendicular to creseed E and B fields
may excite a plasma instability similar to the mode which is operative in mag-
netrons. [ 17-19], Growth results from the fact that in a magnetic field the
acceleration is perpendicular to the direction of the electric field. The in-
stability has been observed in reflex discharges [ 20],

7. Parametric Interactions

Experiments aimed at achieving thermonuclear fusion temperatures,
by means of electron cyclotron resonance heating, have demonstrated the
existence of a variety of parametric interactions involving more than two
plasima modes. The possibility of micrcwave generation has been studied
by Stone, Serafim, and Levi [21]}.

The driving mechanism consists of either an ac electric field impressed
transversely to the applied magnetic field, or bunches of particles injected
with preferential phase. With wave propagating along B , six absolute insta-
bilities are found to result from the ccupling between two electronic plasma
modes, and three more result from the coupling between an electronic mode
and an icn cycictron branch. Since the growth rates are proportional to sﬁ_/c,
or {v/ c)z, these instabilities may yield large powers with relativistic beams.
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Under certain symmetry conditions the infinite cascade of coupled frequencies,
that usually occurs in parametric problems, is limited tv three, Such a
truncation of the cascade cannot be attained in tne case of waves propagating
across B [ 22].
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Symbols Usea

(static) maynetic flux density (Wb/m2 = T)
velocity of light in vacuum (2,998 x 108 m/s)
charge onan electron {1.602 x 10”19 C)
frequency of wave incident on glasma Hz)

electron cyclotron frequezcy (Hz)
wavenumber (27 /wavelengt: ) (m'l )
wavenumber parallel to B (m'})

mass of an electron (9.11 x 10731 kg)

an integer

T, : T, electron temperature parallel; perpendiculaz: to Bo (OK)

v, ; v, velncity parallel; perpendicular to Bo (m /s)

w 2nf; 2uf
c




Iv. C. Rapid Release of Stered Microwave Energy

We wish to consider the possibility of microwave pulse generation
by rapid energy release from a cavity, To gain insight into this question,
pulse generation by Q-switched lusers isfirst discussed.

At optical wavelengths, giant pulses of 5-50 n sec duraticn can be
generated by Q-switching [ 1]. In principle, this is accomplished in the
following way: An optical cavity containing a medium capable of lasing is
terminated with reflecting mirrors at the ends, The atoms are pumped into
their bigh energy state by scme means, but lasing action is suppressed by
deliberately interpesing a shutter between one of the mirrors and the cavity
proper, or by deliberately making the cavity loasy, After substantially com-
plete population inversion has been achieved, the loss mechanism is suddenly
removed, lasing aciion takes place, and the entire excited population sudden-
ly drops to its lower state. Fule< ene~gy is less than h v n, where n is the
number 2f excited atoms in the cavity., Rotating mirrors and bleachabie
dyes have been used to switch the cavity from the lossy to the lossless state.

The diagram below is intended to clarify the description. When the
population inversion is sufficiently great, the spuntaneous emission and the
stimulated emission become large enough to switch the dye from its absorbent
to its transparent state.

Sieochabls dye

e e Ty

Fig. 1. Principle of a Q-Switched Laser

We wish to center attention on this aspect of Q-switching: the stor-
age of energy within a cavity, followed by its sudden triggered release. Is
it possible to do something similar with microwaves?

Suppose = microwave cavity consisting of a length of waveguide short-
circuited at the ends is filled with eaergy. The diagram does not show the
primary energy source (a pulsed magnetron, perhaps) or the means by which
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this energy is coupled into the cavity. It is assumed that the energy content
(W, Joules) is limited by the maximum permissible electric field strength
"Emax’ V/m), We now wish to relate these two guactities,

‘For a plane wave in empty space, the iustantaneous local energy
densit is

u
6(t)=%e032+%u H J/m3. Since%——: ;—-‘-39—
5it=c EZ

In terms of the maximum value of the (sinusoidally varying) incident electric

field Einc’ the time average energy density is
1 2
61= 2% F inc.

Next, we assume reflections are created by a metallic plate normal to the

propagation direction. A standing wave exists, so that the electric field now

varies in ar.piitude from Oto 2 E. . When t.he energy density is now aver-
aged over distances that are mulhpfes of a wavelength, the time and space
averaged energy density for tctal reflection ° . double that for the incident
wave only; that is, the energy density is no

_ 2 3
bav = <o E inc J/m",

In terms of the maximum instantaneous electric field Emax =2E. ,
2

= 1 3
bav = 4‘oEma:v: J/m".

Next, we assume for simplicity that the same situation prevails
inside the microwave cavity, except for a lactor of 3 due to the transverse
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sinusoidal field variation. Hence we have

1,1 2 .
;w11 )
W s (3 % E max) x (Cavity Volume) Joules
For1 a numerical estimate, assume standard S-band (3 GHz) wave-
guide with 13" x 3" outer cross-sectional dimensions, .08C" wall thickness,
2 meter length, 300C kV/m breakdown - limited maximum electric field:

W = % (% x 8,85 10-12 F/m)x (3 x 106 V/rn)2 (2x.034x.068)= ,046J.

Pulse width T is nearly the time for the wave to travel 2 guide lengths to
achieve complete emptying of the cavity:

1,3351-:4’“ . = 13 n sec
3x10°m/s

2

Associated bandwidth is BW»;_— = GHz = 0,15 GHz,

2
13
Evidently, the cavity energy content i8 quite low. However, the
guide cross-section is pessimistically low. One may easily visualize a
length of waveguide with cross-sectional area 2 orders of magnitude greater.
This would yield a stored energy 1C0 times greater, and a peak power 100
times greater . 046 = 350 MW). Mode control measures would
(100 x 135 1079
Lave to be used, however. Also, increases in length by orders of magnitude
are easily achievable, but this simultaneously increases the pulse width by
the same factor without increasing the peak power.

The engineering realization of sach a device was considered by J. W.
E. Griemsmann | 2, 3], who made detailed calculations and offered sample
decigns., The microwave cavity, instead of being a linear one, was visual-
ized as a ring [ 4] structure fed by a directional coupler from an auxiliary
waveguide. After energy storage within the ring was complete, a controlled
microwave switch (see, for example, .efs. (5), (6) ) served to divert the
stored energy into an output waveguide, thus into a horn of rectangular aper-
ture, then into space. Since the basic limitation was the same as that dis-
cussed earlier (breakdown), "oversize'' or multi-mode rectangular wave-
guide with appropriate mcde control techniques was utilized.

In conclusion, the idea of rapid release of stored microwave energy
is interesting, but requires as a prime power source an auxiliary generator
of microwave power (magnetron, for example) for its implementation. In
addition, a considerable amount of engineering development would be re-
quired.
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Symbcls Used

velocity of light in vacuum (2,998 x 108 m/s)
instantaneous electric field strength (V/m)
maximum valuz of E in incident wave

value of E just causing breakdown

instantaneous local energy density (J/ms)

time average energy density (J/ma)

time and space averaged energy density (J/m3)
instantaneous magnetic field strength (A/m)
length (of a linear cavity) (m)

energy (content of a cavity) (J)

magnetic permeability of vacuum (4w x 107 H/m)
electric permittivity of vacuum (8.85 x 10712 F/m)

width of microwave pulse (s)
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. V. Parametric Studies of Pulse Generation

A. Introduction

All known types of electrical power converters can be successfully
eamployed for pulse generation. It is therefore interasting to determine which
type is best for a particular application. Rioux was able to characterize
power converters by a set of intelligeutly selected parameters, and used this
as the basis for formulating and investigating the problem. The following
discussion is based on his work | 1, 2].

We restrict ourselves to coaverters of the magnetic type in which
the conversion process can be associated with a force density (force per unii
volume).

el

U wH? (1)

where 2
J = electric current deansity (A/m”)

‘ f=IxB-

B = magnetic flux density (Wo/m?)
u = magnetic permeability (assumed isotropic) (H/m)
H = magaetic field intensity (A/m)
The total force F applied to a rigid body is obtained by perfcrming

an integration over the whole volume V. We consider here two structures in
relative motion, the field and the armature. For either structure,

E= [@xB-3(YwH)av (2)
v

For the purpose of classification of the various converter types,
it is desirable to introduce the Maxwell stress tensor and to convert this
volume integral into an integral over a suitabie surface S bounding V.

To this end we make use of Maxwell's equations ir the quasistatic
approximation

1

‘'xH=Jand V. B= 0, (3)
and of the vector i1dentity
VB.H=YuH.H = YU +uVH . H) "
s (VuH? +2,[Hx (YxH) + H. QH],

to obtain




T m Tepam Tmsen

LT e T

T T

F= [luH@M.n)-4% H n] ds (5)
8

where n = normal unit vecior,

To evaluate F, the total fcrce acting on the structure, the bounding
surface must be chosen outvide the magnetic material, so that 4 = by and
H=H.,
= ~=»

The fieid intensity H can be expressed in terms of the magnetic
field prevailing inside the magnetic material by imposing the condition of
continuity of the normal comporert of B and tangential cornponent of }i arross
the discontinuity., The results
H =H+ [ (-—lé
2,7 4

"o

"E)o EJ.:Z (6)

When the magnetic polarization vect~r M is introduced, the result may be
rewritten:

=H+M.nin (73

Finally substituting U for y and H for H, in Eq. (5) and making
use cf Eq. (7} we obtain:

F:fua[gt_l_-l.g_)-%Hzg_ﬁ-(M.g_g (M.n) nlds (8)

—— pE

On thie basis of this equation Rioux defines the following classes of
converters:

Class I: Air-cored machm,es in which M = o. The force is contributed by

the term H {H.n) - 3 HY n, i.e. results solely from the flow of currect
in the conductors.

Class 2: Clasgs:cal machines in which the conductors are embedded 1n slots
cut in the ferro-magnetic core, Jince most of the flux passes through
the teeth, B in the slots is small and so is the force acting on the con-
ductors. The force is predominantiy eac ted on the tooth sides, where
the conductor curreats produce a large component Huon.

it foilows that the dominant term is (M.n) H.

lass 3: variable reluctance machines in which the mequahty
Q—_i - H) . n ®H.n prevailed and the dominant term is: 3 (M.r.;” n.

B. Efficierncy Considerations

At large power levels one of the most important perfor aance param-
ete:s is the efficiency y, With the help of dimensional analysis cne can reach

»h
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the conclusion that with normal conductors the total joule lossea are minin:-
izcd when they are equally divided between the field and the armature. Sim-
ilarly in iron- cored machines the total volume is minimized where the iron,
through whicn the magnetic fluxes are channeled, and the conductors, through
which the electric curcents flow, are allocated equal volumes. In that case
the joule losses in the conductors predominate over the eddy and hysteresis
losses in the iron. With this {a mind the various machine classes compare
as follows:

Class l: air~cored machines. The density of power dissipated iu the con-
ductors is

1:)j =P JZ (2)
where P is the resistivity of the material. The density of power con-
verted is

PQ:JBV‘—'JL{OHV (10)
where v = relaiive velocity of armature conductor. The ratio{loss/power)
is then

P
- .. _ PJ
l-ﬂ—r—p—u'Hv (11)
c
Introducing the relation
J:ng":’H/L (12}

where L = character’'stic linear dimensions of field coils, we obtain:

p '
ref—r (13)
Ho 7 T m

where R__ = magnetic Reynnlds number is the r- *io of the ~onductor

velocity% the diffusion ve.ocity of the electromagnetic fie.d. R__is
an .ndex of the electric loading of the machine, i.e. its armature re-
action, since Rm = 1 when the active conductor is short-circuited,

We observe that the efficiency is independent ¢ f the power density
and increases with the velocity and size of the macl ine.

Class 2: Classical machines. Here the flux density is taken to be equal to

the saturation level Bs' The converted power density is

pC = v Bs J (14)
The loss/power ratio is p
i pJ P
l1-N=1r= L 22 =
P. st Pe ‘C‘sz v’ (15)
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and is a function of the power density, but is independent of the dimen-
sions.

Class 3: variable-reluctance machines., An example of such a machine is

the homopolar inductor converter where a simple field coil of linear di-
mension L excites a large number of pole pieces of linear dimension {.
In this case the converted power density can be rel:. ed to the time rate
of ckange of \he magnetic energy density w_ as
=4V, . Y (16)

dt !

Pe
wherew = HB =J Lo
m 5 B

so that

- L
pc—Jstg (17)

The loss/power ratio is then

FERT 72 (42 (18)

We observe that variable reluctance machines compare favorably with clas-

sical machines with regard to both power density and loss/power ratic. On

the other hand the frequency increases as L/j; therefore these machines are
best suited for high frequency, or low velccity applications,

Clasa 4: The clagsi®:~. tion »f converters in tevms of the Maxwell stress

tensor allows cn2 t) deduce the overall performance from local con-
diticns. Thervefore, it doces not apply tc mixed type machines, such as
the case of th2 homopolar and M H D converters, where the armature
conductors are not embedded in iron, but the field conductors are,
Moreover there exist machines in which the field excitation is produced
by permanent magnets or by superconducting magnets. In the latter two
cases the operating flux density is not determined by saturation effects,
but corresponds to the maximum energy product (B H) max, in the case
of permanent magnets, and to the critical value H , in the case of super-
conducting magrets, B is then much smaller than B_ in the former case,
and much larger than B_ in the latter. The loss/povg’er ratio ie obtained
by introducing into Eq. %15) the appropriate value of B,

Similarly, in the case of an iron-cored electromagnet the appropri-
ate B is

]
Br;\[uoHBs-'\]quLBs (19)

The converted power is then

’ ,3
pc=JBv= uoLBs JY v (20)
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and the loss/power ratio is

P 3;“opc

2 4
Ho BSZL v 21)

r=

We observe that r is both a function of P. and of the dimensions.

C. Technological Limitations

The maximum power density that can be attaired with electromecha-
nical power converters is determined by limitatiorns in the mechanical, mag-
netic, and thermal pro_erties of the materials.

The mechanical limitations manifest themselves ia three forms: (1)
centrigugal forces in rotating devices, (2) magnetic pressure, .nd (3) trans-
fer of mechanical power through the shaft. Assuming a mechanicaé stress
somewhat lower than half the tensile strength of steel, i.e. n = 18’ N/m
the maximum speed in rotating devices is v = 300 m/sec and the maxirmnum
flux density B = 40 T, This limiting value also corresponds to the maximum
critical field in superconductors. The construction of force free coils is not
practical in electromechanical power converters. However, the limitations
arising from magnetic pressure can be alleviated by increasing the surface
subjected to stress for a given volume. This is accomplished by the con-
struction of complex machianes, such as the imbricated disks realization of
the homopolar converter,

The magnetic saturation effects restrict the usc of iron cores to
B <2T,

With regard to the thermal limitations, we can express the maximum
heat that can be removed by the cooling fluid per unit volume as

q=c &AT v
L

£ (22)

where c = specific heat
AT s maximum allowable temperature rise
ve = fluid velocity
In steady state, the heat removed must balaace the losses, or

rp = ST v (23)

c L f

We now express Pe in terms of the limiting condition for mechanical
power transfer as

P.= v NV (24)
- L
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where v i8 a numerical factor which must be less than one when
mechanical power transfer can be achieved. We then have
chAT V¢ 1

v (— V515 =" (25}

We conclude that the losses can be removed only ify < vy
In general we have

c & Tx~1  for liquid cooling

n
M

l"_f_ £ 1 (with—2a1 in the usual machines)

v v

1 > 1 (with —i— X1 in low efficiency machines) (26)

r

We observe that heat removal becomes the limiting factor only in
low efficiency machines which must, then, be operated under pulsed con-
ditions. In all other cases vy, > 1, and hence mechanical transfer is the limit-
ing factor. This conclusion Bas been confirmed by others| 3].

D. Performance Diagrams

The performance : " the various types of converters is conveniently
compared in terms of two dimensionless parameters:

(1) 6 is the product of the loss/power ratio times the magnetic Reynolds
number, It is a measure of the ineificiency of the machine. For
the general case, in which the resistivity P_ of the armature con-
ductor differs from the resistivity Pf of the’field conductor, we have

uo v L
8=r (27)
a f
(2) v is the previously introduced ratio of the density of converted power

to the maximum power density allowed by the mechanical stress on
the materials. It is a measure of the mechanical utilization of the
materials, For the general case we have

v= ¢ Pa (28)
>IN,

In terms of the loss factor 8 the various machine classes compare
as foliows:

Class 1: 8 = 1
Class 2: 8 = u, B v
2

B
8
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Class 3: 6=“onv1.2

-(3)

B 2 L

8

6=ny for permanent magnet excitation
{3 H) max
Slass 4: 6 =ny , for superconducting magnet excitation
u H
o ¢

3
0 =’uo A for electromagnet excitation (29)
Z
B
8

These relations can be plotted diagrammatically on a logarithmic
scale, a8 shown in Fig, 1. The machines having the best performance appear
at the lower right-hand portinn of the diagram. For instance, the machine
M is superior to machine 'v,, because it has the same power and better
ef?iciency (6 < 8,) itis also superior to machine M., because it has the
same efficiency, but a higher output per unit volume. 2In contrast with the
machines of the classes 1, 2, and 4, which can be represented by single lines,
th/e machines of class 3 occupy a band, because of the variable par:meter
L/;.

The specific power of a converter can be increased by compensating
for the armature reaction and by avoiding iron saturation. As was mentioned
in 3ec. C, this can be accomplished by increasing the number of the vonstitu-
tive elements of the converter at the price of increasing its complexity, It
is, therefore, interesting to determine the limits for each cla2ss above for
which a complex construction ic indispensable,

According to Eq. (5), the total power crossing a surface S envelop-
ing the converter is:

ng[ug(ﬁ.g)-%}izg_}.zds (30)
s

The surface elements of interest are those for which v. n = 0, 80
that the total power becomes

P=B H, §v (31)
- n t

where Bu = normal component of flux density

Ht = tangential component of magnetic field intensity

Since B, H, and v are limited for each ciass, one can only attempt
to increase S. For a simple machine

5 < v2/3 (32)
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A machine will be defined as complex if

s > v2/3

(33)
The loss/power ratio relations for such complex machines have not
been derived here, but can be gleancd {from Fig., 1.

We assume that copper with a resistivity P = 2 x 10-8 2-m is used
for both armature and tield conductors. The diagram of Fig. 1 then reduces
to that shown in Fig. 2. The points of maximum attainable power for each
class «re indicated by the letter M.

We observe that, for all domains of utilization, there always exists
a machine of class 1, or of class 4 with superconducting magnets, or of class
3 whose perf>rmance is superior to that of a classical machine. Variable
reluctance machines zre particularly interesting for low power levels; the
air-cored machines are preferable for high powers, while the machines with
superconducting magnets occupy an intermediate position,

If one fixes r, aad v in addition to P, the non-dimensional param-
eters become

1
9=L~V‘/3
P 273
y~p L~ ~py-2/?
c 2
L
y > 3 g 2 QA
sothat V=6 and P = .8 (34}

Tie diagrams of Fig. 3 and 4 are drawn for v = 150 m/s and N =
98% and 90T -espectively, We observe that the machines with superconducting
magnets are always superior tc the classical machines, The air-cored ma-
caines beceme superior to the classical machines, when their power exceeds
1,000 M W for an efficiency of 98% and 10 M W for an efficiency of 90%,
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: Symbols Used
B magnetic flux density (Wb/m2 = Ti
Bn normal component of B
Bs saturation value of B

; c specific heat (J/kg, °K

% f force density (N/m 3)
F force (N
H magnetic field intensity (4A/m)
Ht tangential component of H
Ho value of H in the air
J current density {A/mz}
! length dimension of pole pieces (rr.)
L length characteristic of field coils {m)
M magnetic polarization vector (A/m)
n avector of unit length normal to a surface S

tensile strength "N/mz}
pj; P. power density (W/rr3) dissipated; converted
P power (W
r loss ratio (p}/pc> = 1.1
Rm magngtic Revnold's number: diffusicn velocity of EM field/conductor
velocity

S surface bounding a volume V
t time {seconds!
T temperature (°K -
vi vy velocity (m/s}; fluid velocity




a4

3

v volume {m )
w magnetic energy density (J/m3)
; 1 magneiic permeability (H/m)
ug magnetic permeability of vacuum (47 x 10" H/m)

Pa; Pf resigtivity {2 - m) of armature; field conductors

™ efficiency of power conversion P¢ pj
; Pc
1 > numerical factor, <1 for mechanical power transfer to be possible
" maximum saiue of  permutting removal of heat loss

8 loss factor (r Rm} measuring inefficiency of 2 machine

(21
(8¢
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VI,

Related Topics

Switching: Metallization and Non-ideal Plasmas

Introduction - Relevant to the production of high-energy pulses is an
uwiderstanding of how materials respond to exceptionally high pressures
and temperatures, Beyond crirical stresses, 1t 15 known that phase
transitions occur which drastically change their preperties, Insight into
such phase changes may help to overcome the limitations v present de-
vices, and to suggest new ones. For examole, controllable changes
from the dielectric to the metallic state, and the reverse could provide
the switching mechanisms in pulse geaerators where they play a crucial
role,

Pulsars Utilizing Switches - Irnplosive compression of magnetic fields is
one state-of-the-art technique used to generate megajoule pulses. Craw-
ford [ 1] et al describe one helical coil device (medel 129) that delivers
6.6 MA into a load inductance of 70 nHK {!.5 MJ) in 44 y sec 'routinely"
with the aid of 17 pounds of high explosive, Shearer [ 2] et al present
data for a similar helical coil (design 10) that reliably sends 10 MA
pulses into a load of 80 nH (4MJ). They feel that the performance limi-
tations may be associated with the effects of the dense hot gases at the
center of the implosion. Magnetic fields of 2 MG, reached during the
implosion, correspond to pressures of 160 k bar. Perhaps a knowledge
of the thermodynamic and electrical properties of gazes at these pres-
sures and higher may be helpful in designing higher-energy generators.
Crawford et al were able to achieve an order of magnitude reduction ia
the pulse rise t me. By use of an ingenious switching ¢+ ' -ique (a com-
bination of an e:tploding wire fuse and a dielectric breake . switch) they
reduced the rise time to 3  sec. Perhaps the phase changes mentioned
previcusly coulc be employed for switchiag in implosive generators of
this type not onl: for compression of the pulse rise time, but also as a
substitute for the mechanical crowbar switches used normally to trap the

imtial flux at the be_...:ing of the compression period.

Cascaded flux compression generators have been proposed by Cum-
mings | 3], and implementation made possibie by hiz description of an
autotransormer that may be used to couple between stages. Here, inter-
stage switching is an important ingredient. In this scheme, the same
upper limit to tne pulse energy may be set by material stresses associated
with megagauss magnetic fields.

As a last example of pulsers utilizing switches, the ballistic method
under investigzation by Waniek [ 4] et al extracts kinetic energy from a
projectile by forcing ic to do work against magnetic fields of cc.is. The
accumu.ated magnetic energy is continuously moved forward, from coil
stage to coil stage, :n anticipation of the arrival of the projectile. Rec-
tifiers in the individual coil circuits serve as switches to successively
permit the flux to build up, and then eatrap it, for subsequent transfer
into the stage ahead.
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Metallization of Hydrogen - Experiments performed in the USSR, recently

reported by Grigor'ev| 5] et al, describe the implosive compression of
hydrogen, Data cbtained for the density in the range 0. 4-8 M bar showed
an _brupt increase at 2.3 M bar from 1,98 to 1.3 g/cm”. This dis-
.ontinuity is consistent with a phase transition from the molecular gas-
eous state to a2 metallic state, predicted vy many on tueoretical grounds.
Supporting conductivity measurements were not made. Similar work is
being done in the U, S. at Livermore. There is a possibility thar metallic
hydrogen inay be metastable, with stored energy from 30-40 ti.nes that
of TNT. (In this connection, the .nlriguing suggestion has been made
that such a metastakle supercooled state of a dense plasma may occur
naturally at normal temperature in the form of a ball of lightning { 6].
Metastable states may also be present in the dense plasma bunches which
form on the open surface of cxplodiag substancas[ 7] ).

Phase Transitions in Metal Vapors - In above-critical ra.-cury vapor,

non~-metai-to-metal transitions have been obse-ved [ 8]. At 1550° C,
increases in pressure from 1.6 - 1.8 k bar are accompanied by density
in%reaaes from 2-6 g/cm” and conductivity increases by a factor of

10 In above-critical cesium vapor, non-metal-to-n:etal transitions
were also nbserved | 9 ] at pressures of the order of 100 bars.

Metallization and Non-Ideal Plasmas - When a gas consisting of atoms

above the critical temperature is gradually compressed, a state may be
reached 1n which the wave functions of the valence electrons of neighbor-
ing atoms coverlap each other. The valence electrons are then collecti-
vized (i.e., shared ic common) and the substance ceases to consist of
atcms only, but, instead, consists ¢ free electrons and ions, This is
the essence of the metallization phenomenon.

In ideal olasmas the tuarmal energy exceeds the §AF Y of Coulomb
intrraction with.in a Debye radius r,, = (¢ kT/2 el n ) 7€, This in-
equality is rever=2d in dense plasmas; “ence the parameter

I'e (e/4we r )/ (kT/e) serves as an index of nonideality. For experi-
.nental study of such dense plasmas, cesium vapor hzas been a preferred
choice because its high atomic veight enables it to be efficiently Leated
by shock waves, and because :t ;an he easily ionized due to its low ion-
ization potential. A high concer:-z2:1on of charged particles can, thus,

bc obtained at relatively low temperatures. In recent experiments, the
value of I' = 4 has been reached [ 15]. With such large departures from
ideality, theories based on the sta of an ideal plasina predict a loss

of thermiodynamic stability. It has been postulated that such a system
separates into two phases: a plasma vapor, and a quantized plasma
liquid with strong electrostatic interaction between charged particles.
The unusual character of the current drop and the anomalous behavior

of the resistance in experiments with exploding wires bas been associated
{ 11] with the effect of such a plasma-phase transformation, and with the
consequent formation of a rarefaction shock. It would be of interest if
this conjecture received further experimental confirmation.
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Anuther phenomenon which presents particular interest is an in-
stability which may affect shock fronts propagating in non-ideal plasmas.
Such instabilities, leading to what Fortov terms ''spontaneous sound
emission' may actually prevail in cesium shock tube experiments { 12],

Theoretical Aspects of Non-Ideal Plasmas - The state of the art with

regard to theory leaves much to be desired., From the microscopic point
of view a non-ideal (dense) plasma is regarded as a collection of electrons,
ions, and atoms interacting via Coulomb forces. In the high density re-
gime, guantum effects play an essential voie in determining the thermo-
dynamic prcperties and the stability of the system. Quantum theories

of dense pla imas have not yet been develope! to the point whe-_ 1t can
reliably be denided whether or not there is 2 separation into two phases.

The thermodynamic funcii : of the cesium plasma have been cal-
culated using various approxima s to consider the contribution of
bound states and the influence of Coulomb interactions [ 10]. These
theories are valid for I'much less than unity, although some are expectea
to extrapolate better into the strongly nonideal range than others. For
strongly nonideal plasmas the calculation r-ust be made with no separ-
ation of the particles into free and hound states [ 13]. Montecarlo tech-
niques were used to evaluate the configuration integrais. Since in a
strongly nonideal plasma it is impossibie to exclude the appearance of
phase transitions, Norman and Starostin { 13] used a method which pre-
vided for the pogsibility of studying them.

We have knowledge from unpublished experimental data [14] tha*
nene of the existin, theories gives an accurate account of the ~ffects of
nonidzality on the state of equilibrium and on the ionization baiance.

Experimental results [ 14] show that in the region which is ex-
perimentally accessible with cesium vapor, the degree of ionization
seems to vary very little with changes in the variables p,p, and T de-
spite the great changes that all theories would predict. This could be
accounted for by the fact that the effect of an increase in pressure through
an increase in the number of free charged particles (the correction in
the equation of ionization equilibrium) and the decrease in pressure
through the interaction of free particles (the correcticr in the equation
of state) almost completely compensate one another.

Another point of disagreement between theary and experiment’ 14}
involves the density beh.nd the incident -wave. Whereas at low pressures
that density coinzides with the predicted one, at higner pressures it de-
v ates and moves upwards from the isothermic curve by at ieast 30%
(with an experimental error ¢f + 10%). This seems to indicate a strong-
2r influence of nonideality upon the equation of ionizatisa eguilibrium
than upon the equation of state.
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Finally, with regard to the state behird the reflected shock, even
though the density agrees (within an experi-nental error of + 25%) wita
the calculations, [ 14] there are no clear rigns of the onset of a prase
transformation, even though the nonidealily parameter I'reaches a value
of at least 4, In all likelihood, the classical Debye theory predicts a
higher degree of interaction, than that whirh actually takes place.
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Symbols Used

Charge of an electron (1.692 x 10717 C)

Boltzmann constant (1. 381 x 10723 J/°K)
Number of electrons/meter3

pressur= (N/m29
Debye radius (m)

Temperature (°K)

-12 ~/m)

Dielectric constant of vacuum {8.55 x 1¢
3
Density (kg/m")

Index of non-ideality, Coulomb/thermal energy ratio.
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Vi. B. Comments on Superconductivity

1. Introduction

At the presgent time, interest in superconducting phenomena and their
technological applications is very high. Examples of design studies, ex-
perimental devices, experimental large machines and large magnets in-
volvieg superconducters are listed below to suggest the curreut degree of
activity in this area:

Large Scale Devices and Studies

a. Brookhaven National Laboratory design stucdy of the feasibility of un-
derground transmission of 3-phase 60-cycle power by a superconducting
cable system. [ 1]

b Construction at MIT of an experimental 2 MW 3-phase synchronous
generator using a superconducting field winding on the rotor. This ">llows
successful operation of an earlier 45 kW machine. [ 2]

C. Large magnets [ 3] - In operation at Argonnes National Laboratory
18 a 4,8 meter ID, 1.8 WB/m", 80 MJ magnet. Under coastruction for
the Batavia National Accelerator Laboratories are 4,26 meter 1D, 3 Wb/m
coils, Installed at CERN is a 4,6 meter ID, 3,5 Wb/m?2, 800 MJ magnet.

2

d. A 1-MW MHD generator is under development for the USAF using
a 5Wb/m?2 superccnducting magnet. | 3]

e, Construction of experimental vehicles for high-speed ground transpor-
tation using magnetic levitation with the aid of supercenducting coils. [ 4, 5]

Mot o

S Successful operation of a 3250 HP homopoiar motor using super-
conducting windings (in Ergland), Design studies of a superconducting
marine propulsion svstem. [ 6]

g, Stanford Linear Accelerator: niobium cavities are under develop-
ment. { 7|

Small Scale Dewvices

a. Use of Josephson junctioa devices for picosecond switching appli-
cations in computers at IBM Watson Research Center, [ 7]

b, Developmer.t of Josephson junction shift registers using magnetic
flux quanta as inforrnation bits at BTL, [ 8]

c. Use of Josephuon junctions for standardization of the vclt at the Na-
tiona! Bureau of Stardardz, [ 7]




d. Application to the measurement of vary small magnetic fields and
voltages at low frequencies. [ 9]

In view cf this flurry of activity, it is natural to ask: Is there some
way to harness these developments tc generate very large pulses of micro-
second duration?

Before this question is considered, it would be vseful to gain some
understanding of superconducting phenomena. With this goal in mind, a
brief review is presanted of basic ideas and state-of-the-a:t advances in
this area,

Normal-Superconducting Transiticn Temperatures At DC, in the absence

of magnetic fields, below a critical temperature, superconducting materi-
als completely lose their resistance. The critical temperature Tc at which
this abrupt transition occurs depends on thre material, Tabie Ilists T

for various elements, alloys and cumpounds | 1, 10,11, 18], To date,

23.2° K is the highest reported critical temperature | 18], obtained for
.\‘be,-Ge.

For thermonuclear rese rch studies, advantage has been taken of
the zero-resistance propercy to construct coils (of Nb3Sn ribbon conductor)
operating in the persistent merde [ 3]; thatis, currents once initiated in
short-circuited coils are thereafter relied upcen to maintain themselves.
Powell and Danby of BNL proposed using the persistent mode for magnetic
suspension of high-speed ground vehicles, a scheme now being employed
to build experimental trains in Japan [ 4],

Efect of Steady Magnetic Field on T¢ If “sufficieatly small' magnetic

fields thread the superconductor, it is found that T 1s reduced. If
"sifficiently large' magnetic fields thread the supecrconductor, it is found
that the superconductirg state cannot be induced at all, When the super-
coaducting transition occurs with small H, it is coincident with a total
expulsion of the magnetic- field from the material except for a small sheath.
W.thin this sheath, there is an exponential decrease of H with penetration
depth { 7] / \% 3f the srder of 1000A., (m, e are electron mass

8§ =

m
) 2\
u{)'\se

and charge. N _is the number of conduction electrons/volume in the super-
conducting phase.}
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. Table I

Scome Superconducting Materials L1]

E TC(OK’ H_(kOe) Comments
: Elements Pb 7.19 0.8
E Sn 3.72 0.3 ?
Hg 4,15 6.4 Typel
y 5. 39 1 Type 2
~b 9,26 z-20 |
Alloys NbTi 10.0 120 Ductile - Widely used
in US& Europe
4 NbZr 10,8 90
NbTiZr Ductile - Preferred ma-
terial in USSR
& Japan
Compounds NbBSn 18.3 230 Brittle
V,Ga 15-1% 220
NbgAl 19.3 360
VS 17.2
Nb,Al Ge  20.7 $10
3T
. {10, 11, 18]
; ~ew Compounds * } LN 14-16.2 Flexible 6-10 uD
i ,\'bBGe 22.3 filaments
.\'baGe 23,2

The critical value of magnetic field H_ above which superconducti-
vity cannot be induced and below which it cah is given in Tabla1[1]. Th=
manner in whicl. the presence of a magnetic field influences the transition
temperature 1s shown in Fig.l{ 12] for Nb, Sn, a material widely used for
magnet construction because of its ability to remain superconducting at
very high field values. A similar graph shows magnetic field - temper-
ature envelopes for the 3 classes of supercondacting materials [ 1]

(Fig. 21,
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Fig, 2, Temperature vs field envelopes
for three types of superconductor.

Behavicr in a steady r:agnetic field serves as the basis for a division
of superconductors into two classes.

A low-field superconductor like Pb or Sn is called Type 1. Itis
characterized by a behavior in magnetic fields as follows: Below H s
1t 1¥ a superconductor, with total exclusion of B from the interior of the
material, This implies that curreat fiow, when present, must occur in
the sheath, if the current is increaged sufficiently {in the absence of an
externally applied field) to create an H :'Hc, the conductor discontinuously
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reverts to the normal state. Ia the superconducting state where H < Hc,
the magnetization characteristic is reversible.

A high-field superconductor like Nb, Sn is called type 2, because it
exhibits the foilowing behavior in magnetig fields: For small H <H 1 it
totally excludes B from the interior and has a reversible magneﬁza&on
charactaristic, For H >H_, but below H ,, 1t is still superconducting,
but permits limited entry cg‘flﬂux into the Sfiterior. Within a homogeneous
material, flux quanta form a regular pattern which has been directly ob-
served (see Fig, 3)[ 13] after being predicted theoretically by Abrikosov
{ 14]. Each flux line site is viewed as the center of a local circulating
current or vortex. The range ™ , <H <Y _ is called the vortex state,
accordingly; also the mixed statec, since it {fes between the superconducting
state of type 1 and the normal state. The magnetization characteristic is
not reversible in the range Hcl <H < ch, but is reversible if H < Hcl'

Fig., 3. Flux lattice of 2 type 2 superconductor, mixed state, with
magnetic field normal to the plane of the paper. Each dark
spot represents the point of exit of a {lux line (which contains
one flux quantum! decorated with about 25 ferromagnetic par-
ticles for visualization. This 1s a view of top surface of a
Pb-In cylinder B - 790G, T = 1,2 K,

Fig., 3 Flux lattice of a type 2 superconductor, mixed state, with magnetic
field normal to the plane of the paper. Each dark spot represents the
pcint of exit of 2 flux line (which contains one flux quantum) decorated with
about 25 ferromagnetic particles for visualization. This is a view of top
surface of a Pb-In cylinder B~ 70 G, T = 1.20K,
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. 4, Flux Flow The concept of flux flecw is a crucial one in the understanding
of stability and loss problems in engineering applications of superconduc-
tors. A bar of type 2 superconducting mater:al in the vortex state is imag-~
ined to carry a current normal to an applied magnetic field, as skstched
below | 15]:

3 H

/1

‘I/ Fig,. 4.

Before current was turned on, the flux line pattern is imagined to appear
as in Fig. 4. With the trunsport current flow present, the field outside
the bar, on the left, 15 stronger than that exterior to the bar on the right.
Now, the allowab.e vortex density on the lert exceeds that for the 0 current
state, whnereas it 1s below the 0 current condition on the right. A drift of
vortices from left to right is then to be expected, in view of tha vortex
g¢radient and the fcrces that the flux quanta exert upon each other [ 14],
This flux flow is a dissipative process [ 15] when it occurs. Itis found,
however, that imperfections within the material tend to pin the flux Hnes
oy counteracting these forces, preventing free flux flow, and allowing
appreciable -radients in vortex density to stakly exist across the material
{Fig, 3 { 18], Strong encugh currents can initiate flux flow by overcoming
the pinning forces.,
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constant flux-lire density gradient from right to left. The dis-
location cores are indicated by the symbol L.

5. AC Effects For low magnetic field situations, in both Type I and Type 2

superconductors in wnich no flux penetration has taken place, DC current
flow takes place entirely on the surface. If the frequency is raised, losses
necesszrily exist that increase with frequency. This effect may be quanti-
tatively shown as an equivalent circuit: [ 7]

Jiotul m, e = electron mass, charge
N'_l = conduction electrons/
- —r ) vo.ime in normal state
J J . .
super. normd Ry, = M (Qxm) N, = conduction electrons/
OETNn volume in superconduct-
L i a
= ing state
LT 2N -
s T = scattering .ime for Np
% d
(HXm) m
Ln - '2 N (me)
n




Use has been made of a 2-fluid model, in whick behavior below the trans-
ition temperature T 18 accounted for by a combination of normal and super-
conducting mechanidms.

L.oss and Stability Mechanisms

A fundamental kind of thermal instability that afflicts superconduc-
ters is '"flux jumping.' Suppouse a type 2 superconductcr carries a large
current. if for some reason there is a small local temperatu-e rise,
there will be a reduction of flux-pinning forces ard a migration of flux.

If the heat generated is not removed quickly enough, additional tempera-
ture rise and flux movement occurs, A section of the superconductor can
then rise above T and can initiate an uncontrolled sudden compiete re-
version to the normal state.

Stabilization against a catastrophic event of this sort has beeu a-
chieved by making the superconductor of fine filaments (NbTi, 20 ymD for
example) embedded in a copper matrix, as shown in Fig. 6 [7]. The cop-
per serves the dual function of improving thermal conductivity, and pro-
viding a bypass current path for a filament if it should become normal un-
til it returns to the superccnducting state. Filaments 10 ym in diameter
are thought to be intrinsically stable against flux jurnping.

The degree of stabilization depends on the relative amounts of cop-
per and superconductor. Full statilizaticn, which permits cornplete trans-
fer of current to the copper, is extremely expensive, results in low cur-
rent densities, and can be used only where total relisbility is required.

In other siruations, partial stabilization is satisfactory.

Relative motion of portions of superconducting windings [ 3] results
in local heat generation. Maechznical rigidity is therefore important to
reduce perturbatic.. leading to runaway instabilities.

When time varying external fields or time varying currents are to
be transported using superconductors, operation well below T is pre-
ferred. This is so when viewed interms of the equivalent ciruit above
and surface impedance losses because N_ increases and N, decreases
as T is lowered below T.. In addition, the critical magnetic fieldH_,
increases as T is lowered. Also, at high field levels in type 2 super-
conductors, varying fields result in hysteresis losses.
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fig. 6. Cross section of 1.67 - by 3.35 mm Nb-Ti compocite
containing 2133 stranda of Nb-Ti in a copper matrix,
with 8,5 tv?st/mch-capabie of carrying 22060 amperes
at 6 Wb/m®, The twist is needed to allow the {lux to

penetrate into the conductors.

Application of superco..guctivity to pulse generation

Scome thought has been given { 3, 1{] to the use of superconcuctivity
iz pulsed systems. This has been done primar:ly with the idea of reduc-
ing the size of a magnetic storage system -elative to a capacitive system
which might be normally the simplest for delivery of pulses to a load.

From a very general noint of view, the task of generating large u
second pulses involves storage of electrical energy. Delivery ofa ltera-
watt, ] y second pulse to a load requires an energy transfer of 1 mega-
joule during the pulse. Energy storage in capacitor banxs and in coils
{3,17] is shown conczptually in the diagram, together with the 2 different
kinds of switching mechanisms needed.

o @
‘L ‘ < / >
Lood$ L - $ Load

e

Fig. 7. - Capacttive and Magnetic Energy Storage Systems
and their Associated Switching Mechanisms.
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in this context, superconductivity can serve to decreare the magnetic
? energy storage volume; i.e., can increasc magnetic energy storage den-

! sity [ 3]. Perhaps also the existence of critical magnetic fields in suuver-

: conducting materiais can be used for switching in the magnetic system,

thus:

t Storage state Switrhed state

E >

E Branch {1} Supercoaducting {Low F) Branch {l) Normal

E (High R)

; (2) Nowmal {High R) (2)  Supercon-
t ducting

; (Low R)

However, even *his modest suggestion requires answers to many

! basic questiors. What ig the time scale for switching from the super-
conducting to the ncrmal s*ate within a volume the size of the switch?

The picosecond tirne scales iz Josephson junctions may not apply here.

It is known that losses occur under transient conditions, But is this an

mportant consideration here? Perbaps the development >f an ingenious

crowuoar using superconductors of the type suggested here can change the

present unfavirable outlook for the zpplication of superconducters to nar-

1 row pulse geaeration into a favorable one.

o
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Symbols Used

Flux density
Capacitance (¥}
Charge of an electron (1,602 x 10"19 C
Critical mranetic field strength
Current (A)

2

Current density (A/m"}

Equ,valent sheath inductance {x width) for normal,
surrrconducting currents (H x my

Mass of an electron (9. 11 x 10"3l kg)

. 3.
Number of electrons/meter” in the normal, super-
conducting phase

Resistance {22)

Fquivalent sheath resistance (x width) for normal
curreants (2 x m}

Critical temperature (OK)
Depth of penetration (m)
Permeability of vacuum (47 x 1077 B/

Scattering time for N_} electrons rs!
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