
 
DEPARTMENT OF THE AIR FORCE

AIR FORCE RESEARCH LABORATORY
WRIGHT-PATTERSON AIR FORCE BASE OHIO 45433

MEMORANDUM FOR DTIC                                                                                   02 November 2017

FROM: AFRL/RQON (STINFO)

SUBJECT: Change the Distribution Statement from the DTIC-Applied C for the Progress Reports 
Associated with the Following AD Numbers: AD0203743, AD0213968, and AD1038383

The following progress reports, which were auto-assigned a Distribution Statement C by DTIC due 
to their absent distribution markings when submitted to DTIC in the late 1950s, have been reviewed
by AFRL/RQ lead scientists who have specific knowledge in the subject matter contained in the 
progress reports, security personnel, and the 88th Air Base Wing Public Affairs Office agent, Jeannie 
Masters (jeannie.masters@us.af.mil)—each of the reports has been cleared for public release:

Research In The Measurements And Theory Of Plasmoids And Their Applications To Missiles And 
Satellite Technology
Progress Report 1, AD0203743 - 11 Sep 1958; 88ABW-2017-5445, Cleared on November 1, 2017
Progress Report 2, AD0213968 - 13 Mar 1959; 88ABW-2017-5446, Cleared on November 1, 2017
Progress Report 3, AD1038383 - 11 Jun 1959; 88ABW-2017-5447, Cleared on November 1, 2017

Please accept the reports as annotated by the RQ STINFO Office to indicate “DISTRIBUTION 
STATEMENT A: Approved for public release. Distribution is unlimited.” Both move the reports to 
the public collection and provide to the initial requester.

Call with questions—(937) 938-4948.

Rick Roush
STINFO Officer
Aerospace Systems Directorate
WPAFB OH 45433-7542

ROUSH.RICHAR
D.V.1262988186

Digitally signed by 
ROUSH.RICHARD.V.  
Date: 2017.11.02 09:19:03 
-04'00'



DISTRIBUTION STATEMENT A: Approved for public release. 
Distribution is unlimited. 

PA Case Number: 88ABW-2017-5447; Clearance Date: 01 November 2017. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 

DISTRIBUTION STATEMENT A: Approved for public release. Distribution is unlimited. 



'· .. 

.ARMOUR RESEARCH FOUNDATION 

of 

Il,linois Ih.sti tu te of Technology 
Technology Center · 

Chicago i6, Illinois 

AR.F 1121-4 . 
· (First Arinuci.l Report) 

qn. 

. . "RESEARCH IN . 
THE MEASUREMENTS AND. THEORY OF . . 

PLASMOIDS AND THEIR APPLICATIONS TO 
MISSILES AND SATELLITE TEnHNOLOGY11 

Contract Noo AF 33(616)-5791 
(Task No .. 70854) 

to 

Aeronautical Research Laborator.y~ WCLJH, 
Wright Air Development Center, 

Wright-Patterson Air Force Base, Ohio 

Govering the period of June 1, 1958 to May 31,~~ 1959 

June 11 1 1959 

ARHOIJR Q.~SEA·RCH FOUWOATIO.N 01= ILLINOIS INSTITUT~ 01= T~CJ.lNOL.OGY 

DISTRIBUTION STATEMENT A: Approved for public release. Distribution is unlimited. 



DISTRIBUTION STATEMENT A: Approved for public release. Distribution is unlimited. 



-· 

TABLE OF CONTENTS 

.A.BST.RA.CT o o o o p o o o o o o o o eo o o o o o o o o o o o o eGo e" o o o o eo o o o o o o o o o o ~ o o o o o o o·o o o o o o iv 

LIST OF APPENDICES o·o o o o o o o o • o o o o o o o o o o o·o o o o o" o o o o o o o o o o "o o o o o o o o o o o o o.. v 

I. INTRODUCTION 0 0 0 0 0 0 0 0 0 o. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 GO" 0 • Q 0 0·0 0 0 "0 ...... 0 0 0 0 0 ~ 1 

II. THEORETICAL INVESTIGATION ..................................... ~.. a 

III. 

IV. 

v. 
VI. 

VII. 

ARMOUR 

EXPERIMENTAL DESCRIPTION ... o ... o o .. o. o o. o. o o o o •• o o .... o o o o. o. o ....... . 

mERIMENT AL RESutrs o G fiJI " 0 0 o " 0 0 0 , 0 0 0 0 0 0 0 0 0 0 0 0 " 0 " " 0 v· 0 0 0 0 " 0 " " 0 0 o. 

FUTURE WORl{o ~ q o go o o o o o " v ., o o o o o o o o ~ o o o o· o o o o o'··o· ~ o 0 o o o 01.0 o o o o o o o o· eo 8 

LOGBOOK REFERENCES ••• " .. o ... " • o • o e·o o ........ o ...... o o o • o ...... o o·~ .. o • .,:. o o. ~ 91 

CONTRIBUTIID PERSONNEL •• o ... o •• o ........ o .. o o·. o • .,'. o o o o •• o. o ••••••••• o. 10 . 

R.I:StARCi-1 FOUNDATION OF ILLINOIS INSTITUTt OF TI:CI-INOLOGY 

iii 

DISTRIBUTION STATEMENT A: Approved for public release. Distribution is unlimited. 



_, 

,ABSTRACT. 
·q·.·.: . 
. ·: :. . ·. 

. . . 

Finite plasmas 0 ternied plasmoids .o have been produced and s·tudieci . in this 

laboratory~ 
f. 

A convenient and flexible experimental apparatus has ··been ·designed 
. . .. . . .. · . : ·. ~ 

and constructed for producing the phenomena. An image· converter.light shutter .. 
. . . . . . . . . : 

unit is near completion which will allow examination of.the plasmoi~ shapeo 

Microwave eqt,1.ipment is being addt;ld to the system for measurements on the. electron 

density and internal magnetic fields in tfie plasmoids. Time-exposure·photo~ 

graphs have bee.n made under various conditions of magne~ic field and baekground· 

gas pressure and ~how strong dependence of plasmoid characteristics. on these 

parameters. concurrent the ore tical investigations of the stability of cylin- . 

dri!}al plasma configurations have been made complementing t}le experimen~al 

phase. The simplest configuration whereby the internal magnet·i.~ field of . . 
. . . 

the cylinder is "force-free 11 has been found inc ompatable due to th~ inability 

to meet boundary conditions. A more complex s:ltuation is now being.treated 

where the stability or instability is controlled by interactions between the 

magnetic fields and fluid.motions within the plasmoido 

···, . 
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ARF ll21-4 . 
(First Annual Report) 

RESEARCH IN THE MEASUREMENTS AND THEORY OF PLASMOIDS AND · . 
. THEIR APPLICATIONS TO MISSILES AND SATELLITE TECHNOLOOY .. 

I • INTRODUCTION 

The existe:nce of relatively stable configurations of ioniz~d gas~ or 

plasma, formed under certain conditions in a laboratory vacuum charnber 11 :was 

first reported by Bostick~ 1 who adopted the name 11plasmoids 1t for these plasma. 

entities. Using his original plasma gun in a rather poor iracuum in the aboonce 

of an ex~ernally applied magnetic field~ h:e was able t6· obtain Kerr-celi. 

photographs (0~5 ~sec exposure) of the formation of a plasmoid ~hich appears 
. . . -·. . .. · ...... . 

to be toroidal in shape and which is projected across the· vacuum space at 

speeds up to 2 x 107 em/sec~ Applying a magnetic· field perpendicular. to the • . . . . 

plane of the electrodes reduces the translation~l speed of the plM.inoid. only .. · 

by a factor of about 1/2~ while the plasmoid e~ongates along the direction 

of the field into a cylindrical "broomstick~shaped" plasmoid. 

Further investigations1 ~ 2 have shown a remarkable tendency of .these 
. . .. 

plasmoids to maintain their integrity in a collision between two ,or more •.. ·.· 

pla'.smqids~ and very interesting multiple-source config,urations have.beeri 
. . : . . . . . 

·observed. Many other investiga~ions have been made.., including a me~~urement3 
. . . . . . . 

of the velocity of the plasmoids as a function of the direction and .. magnitude 
. .· . . ··. . 

of an applied .magnetic field up to about 6 · kiloga~ss 11 of the .source voltage up 

to about 15 ·kv ~ and other circumstances. However~. much ·of the behavior of 

1 w. 
::r w. 
3 E. 

H. Bostick, PQys. Rev.~ 104 11 292 (]956). · 

H. Bostick~ Peys •. Rev. 106/) 404 (1957). 

G. Harris~ RoB. Theus, and.W. H. Bostick, Phy:s.R~v.,l05,.46(1957)~ 
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plasmoids is not yet clearly unders.tood 11 and there ,remains a .fruitful cU-ea for 
. . . . . : . . . . . 

further investigation of the properties of such plasma configurations. · 

. The project reported herein consists of an. e:>..-perimehtal arid analY1ieal 

study of plasma configurations that can be produced at the low pressure existing 
.. . . . . . 

. . . .. . . 

at high altitudes. The· experimental program is concerned with the production 

· and study of plasma clouds under free space conditions.·. The aJ1a.;l..y:tical program 

is a mathematical investigation of the stability of such structures starting 

from the basic hydromagnetic equations. In addition, suggestions .of what 

practical use might be made 0~ piasmoids with respect to high altitucie vehidles . 
. . . .. 

will be madeo This annual report outlines the progress and_planning of. this 

project for the interval June 1, 1958 to .·MaY 31~> 1959o ·. ! 

IIo THEORETICAL INVESTIGATIONS 

The eat"J.y reports of the remarkable behavior of plasmoids sugg~sted 
. . . . ·,. . ·. . . ...:_ . · .. · 

the possibility that they might be configurations of plasma which would be. 
. . 

completely stable in the ~bsence of loss mechanisms such as' the preserice of . 

background gas 11 and it was decided to investigate the. stability of. -vari~us .· 

cylindrical plasma configurations lin the pi"esence of a uniform eJK:ternal. field •. . . •. . . ·.:· .. 
. . . . 

The simplest case one might postu::J_ate would be a static conf'lgurat:ion 
. . . . . 

in which the internal magnetic field of the cylinder is i1force-free'' (Le. the 
. . . 

currents arE~ parallel to the field,~~ so that the Lorentz .force vB.nishes}. · The· 

' stability of an infinitely long cylinder with a force~frae field 11W:i,:th constant . 

ex.·", has be~n investigated by Trahan. 4 

Recent work by Woltjer.,and Chandrasekha~ shows that tne field 11with · 

4 S. K. Trahan .. Astrophyso Jo 127 11 436 (ll958·). 

5 L. Woltjer .. Astropl'l.ys. J ~ 128 11 384 (]958h Proe .. Nat .. Acado Scio (U.SoAo) 44 11 

489 (1958)~ ~~~ 833 (]958)$, S. Chandrasekhar and L .. Woltjer~ Proco N~A .. So -= 

44~ 285 (l95CfY;: see also s .. ChandrasekharJI Proc .. N .. A.:L 44~ 842 (]958) .. - . ..· --
ARMOUR R.ESEA·RC!-1
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constant· eX. IV! is probably th~ only .stable type of force..;free field; but this 

type of field cannot meet the boundary conditions corresponding to a cylinder 

of finite length embedded in a uniform external fleldo Therefo1•e it was 
. . . 

decided to consider a more complex situation9 vizo one i~ which .the stabiiity 

or instability is controlled_ by interactions betwaen the magnetic fields a.nd 

· fJnid motions Within the plasmoidso 

~·summary-of the problems considered and results obtained during the 
. . . 

first year of the project will be found in Appendix Io It is not yet clear 

whether it will be possible to complete the study of the compressible plasma;,. 
. . 

Allowi.:ng for the compressibility of the plasma introduces m<UJY-.tnath.e'matical 

complications into the problem; but if these can be overco~eg th~· resti.l~s: .. 

should be more directly applicable to plasmoids than those ·resulting from 'a.Il._ 

. . 

analysis of the incompressible caseo It is interestiJ;lg_.to note; howeverD that· 

the work of Xqyler (reference J.of Appendix I).shows that for non=rotating. 

cylindrical plasmas the conditions for stability are indep~ndent of the co~

pressibili ty; and it would be interesting to see whether rotation of th~ 

plasma changes this situationo It is felt that it should 8 because.·of the 

difficulty with balancing the centrlfugal force 6 as discussed in Appen4ix Io 

During the second year of the project we e~pect to consider ~ome of . 

the points raised in Appendix I 8 eogo the existence of a variational p:r,-inciple 8 

the feasibility of the use of high speed computing mach±nery8 the radial 

dependence of the angular velocity and internal fields of the plasma 8 .and 

the problem of an induced electric fieldo We hope to be able to compiei'te 

the srtudy of the compressible plasmaD but if this proves impractical we sha:Ll. 

look fdr new results in tl;J.e incompressible cas·eo. 

ARM 0 U R ~. E S E A·R C 1-l F 0 UN DATI 0 N 0 F I l L I·N 0 I S I N S TIT U :r E 0 F T .. E.C 1-1 N '0 L 0 G Y. 
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III. EXPERIMENTAL DESCRIPTION 

The basic experimental unit has been completed· and is being used for 

the work in progress. Fig o 1· shows the completed apparatus and Appendix II 

contains . a detaileci_ descr~ption. Minor additions· and modifications are being 
. . : . . . . . . . . 

continued for. specific ~xperiments. The two primary additions in progress at 

the moment are an image converter light shutter and a mic:rowave beam deviceo 

They are discussed in Appendices V and IV respective~o 

_ The 'deli ;e~ of an RcA. type G734J5B image converter· tube has been 

scheduled for June 8, 1959 o _With the reception of this 8 the final mounting 

of the tube can be made includinK preparations for static tests o · The · 
. . . . . 

electronic circuitry has b~eri otherwise completed andis_showri in Appendix V .. 
. . . . 

The design is basicai~ that 9!- auDit in operation·at Los Alamos Scientific 

Laboratory. Several modifications werein:troduced.to facilitate adaption to . . ~ 

our plarm~d operation and the unit de.scrlbed in Appendix V is the final design. 

The addition of the image converter will give us a powerful research tool for 

stopping the motion of the plasmoids and rendering a better understanding 

of their nature .. 

) . 

The microwave beam apparatus was completed and assembied as shown in 

Appendix IV.~ .. since the transzm: tti.ng ~nd rec~:i:ving h_orns. ~e- 'i~- a. vacuum :·regi.on~. 
. . ... 

thin glass windows were installed in the waveguidee I:Iowev:erj)- c.onsiderabie 
' . . ' . 

difficulty was encountered in obtaining a vacuuin ·seal with this arrangement 

and final~ a mylar window was sealed and compressed between the: horn and 

waveguide~ · The resulting combination was· eventuallY rendared vacuum tight 

and transparent to the microwave beam. The unit is r.eadY: to be installed 

iri the chamber when a supporting structure in construction is completed and 

an installation problem is· overcomeo ·The unit was placed in operation in 

A R M 0 U R R E S E A R C H F 0 U N 0 A T I 0 N 0 F I L L I "N 0 I 5 I N S T I T U T E 0 F T E C H N 0 L 0 G Y 
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the position of Fig. 2: of Appendix IV and a check of the components was made.. . \ 

The operation was satisfactory arid the fundamental frequency was checked with 

the frequency meter. 

The pictures shown and described in Appendix III are time-exposure 

photographs of plasmoids. This relatively rapid and easy method of observing 

the plasmoids provides information on the influence of the ·severai experimental 

parameters on plasmoids. Additional quantitative investigations can then be 
. . . 

carried on in the regions of experimental inte.rest as indicated by these 

results. 

Time-exposure photographs have been taken varying the magnet:ic field 
. . . . . . . 

strength holding the' background pressure, pJ,.asmoid..·source current~· a:hd. other·· .. 

parameters constant. Additional photographs have been taken with the 

pressure at various fixed values and the results discussed in Appendix. III. 

Photographs are now oeing made to investigate other areas and confirm the 

results. already recorded. 

The addition of a critical damping resistance in the source discharge . 

circuit has rendered the discharge essentially undirectional. The· pe.ak 
. . . 

current and plasmoid energy have been reduced accordingly~ but previous 

difficulties .. have. necessitated .the additlbn·t~ get a singl~ plasmoid for 

observation. Probes were introduced into the path of. the plasmoids and the 

signal across a 50 ohm resistance to ground displayed ori the scope. It was 

hoped that the interaction of the plasmoid with the ·probe could be observed 

and a qualitative analysis made for the present report·. No intensive probe 

study was considered due to the conflicting evide~ce encountered by previous • 

.. investigators. 6 
W. H. Bostick - private connnunication 
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The results of the probe meastirements were inconclusive and not-'worthy 

of arry additional time expenditureo The signal was swamped by at least two 

ex-traneous noise sources and the probiem of reducing these effects caused. 

the mea~urements to be abandoned. The first of the disruptive signals was 

introduced by the photoemissiori of the probe due to the intense ultraviolet 

radiation from the arc at the ~urrents involvedo This could be reduced by 

either reducing the current in the arc or placing the. probe at a greater 

distance from the arc" . Neither of· the13e alternative:;~ were acceptable since 

our inte.rest lie! in higher energies and any vacuum cha.n:lber modifications are 
. . . 

impractical at the iliomento The other u.nwan~ed signal seenis to come. from 

pickup by the probe of· the· radiation from the triggered-gap switch and the · 

arc. Shielding could have reduced this but. the results were not worth the. 

effort under the conditions present.· C~zisequently~ the probe measurements 

were discontinued and other more promising ideas pursued. 
. . . . . . . . . . 

A phbtomultiplier tel~scope arrangement was made for observation of 

the plasmoids. Preliminary measurements were made on .the risetime of the 

unit am then the combination was place~ in position to record the passage 

of the plasmoid. In general, as discussed in Appendix II, the measurements 

indicated additional magnetic and eiectrostatic shielding .was necessary 

before final measurements could be made o A new~" configuration, as described 

in Appendix II, has been completed and wil.l be put into operation in the 

near future. 

IV. .EXPERIMENTAL RESULTS 

Of the results described at length in Appendix· III~ several. points are 

of particular interest. The time-exposure photographs confirmed the presence 

of the plasmoids and showed the effects of varying several of the experimental 

ARMOUR RESEARCH ,r'OUNOATION. 01= ILLINOIS INStiTUTE 0~ TECH~OLOG.Y 
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parameters. The effect of .increasing the magnetic field was clearly shown 

in the increased pinching of the arc and plasma. By varying the background 

pressure from 10~5 to --~o-2 mm. Hg .. the plasmoid went from a straight trajectory 

in the high vacuum region to a curved trajectory at about 10-
31· mmo Hg. to 

being stopped before traver~ing the ~acuum chamber in a poor vacuum. The · 

interac~ion of the plasmoid with probes confirmed the affinity to maintain 

itself in a collision and consequently its possible stability. 

The elongation of the piasmoid al.ong the magnetic field lines has 

·been shown in photographs taken with a mirror providing this thi·rd dimension. 

-It bas also been confirmed by pictures of tne recombination at the vacuum 
\ 

chamber wall. The plasmoids havebeen fired at thin Iey'lar sheet for possible 

deposition of charge. No net charge was observed after developing and the 

results were inc9nclusive. 

V •. FUTURE WORK 

The photographic recording of plasmoids with smear photographs will 

be continued and supplemented by the addition of the image converter light 

shutter. The smear photographs will be continued to get a qualitative indica-
. . ~ ---..; ....... ,, 

tion of the behavior of plasmoids over wide variations in the various expert-

mental parameters ·t:,that have been studied to date.. The image converter will 

undergo static tests upon receiving the tube about the middle of ·J\J.neo It 

will then be 'adapt~d to the apparatus and prepared for th~ 'photographing of. 

the plasmoid in motion across the vacuum chambero Here .. the major problem wilJl 

consist of proViding adequate shielding to reduce the effects of external 

radiation to an acceptable level.. The design of the unit has included special 

precaUtions against the radiation problem but under actuai ope~atirtg conditions 

adjustments and necessary modifications will. be madeo A, world.ng unit under 
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final operating conditions is expected within the next several months. 

The introdt,+ction of our microwave experiments will be simuitaneously 

·in progress. The integration of the equipment into the system has been 

started and will be completed shortly. Several modifications to allow the 

horn installation and introduce an absorbing material will follow preparing 

the unit for initial operations. The initial microwave experiments will then 

follow as outlined,in Appendix IV. The interaction of electromagnetic energy 

with plasmoids will be of interest both in obta:i,ning information on the plas

moids and in deter.qdrdng what e~fect the plasmoid has oh the incident microwave 

beam. 'The first ~Xperiment planned is to measure the magnetic field associated 

'W:it~h the plasmoid by microwave absorption at the gy:I-oresonahce f:J;"equency of 

the electrons corresponding to the microwave frequency. If the magnetic field 

is deca;y.ing in time with passage through the microwave beam, the absorption 

at this ~requency can be recorded provided the field,. is n~arl.y uniform in the 

plasmoid. A non-uniform field would cause ·a spreading of the resonant peak 

and make measurements more difficult. In addition. with the krlowl~dge of the 

plasmoid shape provided by the image converter,. the investigations can be 

extended to measure such quantities as electron density. recombination 

coefficients 1 collision frequency •· and propagation characteristics in the 

ionized gas. 

Optical measurements With the photomultipll:ier telescope combination 

will be continued to provide the velocity of the plasmoids necessary for the 

· image converter ahd microwave measurements. 

VI. . LOOBOOJ< REFERENCES 

The data of this proj·ect are recorded in .A.RF Logbook Nos. C-.8026;, 
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APPENDIX I 

.HYDROMAGNETIC STUDY. OF ROTATING CYLINDRICAL. PLAS,MAS 

The equations of motion in the hydromagnetic approximation (ignoring 

viscosity and e;t.ectrical resistivity) arez; 

and either 

.~t ~ "?>t = - div p v, 

curl B = 4: rrj c , 
. ;..., . 

div B = o . ., 
~ 

curl E 1 = ---·· c 

div · 1 = . 1'·irr E-. · · 
41 ·/11. 

~ ........ 
E:+ v X B - 0 A 

C; • 

~ div v = 0 

or 

' ., . 

. (incompressibl,e.) 

i!E 
dt p 

~ dt . ., (compressible) 

(1) 

(2) 

(3~) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

where p, .. p, .and '/ are respe~tively the pressure.~~ density., and ratio of 

specific he~ts or the plasma; · 1. and .. 1 . are respec.tivel.Y · tlie electric and 

~ 

magnetic fields .II j the electric current .II (:. the i1et electric charge density. 

and "V the fluid velocity fieldo 

The first problem to be considered was to· find stationary solutions of 

the hydromagnetic equations for the im,compressible caseo . Equations (5) and. (7) 

A R M 0 U R R E S E A R C H .F 0 U N 0 A T I 0 N 0 F .. I L L I N 0 I S . I N S T I T U T E 0 F T E C H N 0 L 0 G y 
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can be combined to obtain 

1 'bE -'>E -; Tt = curl ! . curl c:·x B) . c: • 

dB ~- = curl(~~ B). o. (10) 

and Eq. (1) can be rewritten.in the form 

~ ll. -'t . ...... ..., ~ 1Jl v 
= mTj; curl:. B x B - curl v x v ~ grad Cp- + 22) (11) 

by applying th~ vector· identity 

· · IP 
(A • 'Y ) 1 = curl1 xr1 + grad <i :'/ i I .. ) . 

~ -~ . \ . 
to both v and B. ·(The density p i~ assumed uniform). Nowmaking the 

substitutions h = 1;~ and ~ =.(~+·~·[~I .2?)# and setting time· 

derivatives equal.to zero 11 we have_the requirements _for ~he-existence of a 

at ati onary solution & 

curl (:; X h) = 0 11 

-~ ~ . -+ ...... ' 
. curl h x h - curl v x v - grad -or = 0 11 

(12) 

(13) 

. If we now assume that in our .cylindrical coordinate system (r, Q, z). 

h = (o. ~~~ h~) and~·= (o. vg• 0), then~·xli = :>(y;~ h
3
.:o, O),; and if we 

. . ' . 

assume that~ and 11 can depend upon r only, then EQ.. (12) is trivially 

sat:i,.sfied and yields no information. Looking n0W at El'q. (13) • 

curl h = (0, D hz• n* hQ), 

where d . * d l 
D : dr and D :: ( dr + ;J o Thus 

and 

· ~ ~ ( ni~ · o· o) curl v x v.= ·.::- v~ vQ'· , ; 
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and since 

grad1lT= (DLZT, Os 0) 1, 

Eq. (13) becomes 

and finally 

. •. 1 2:: 2 lL 2:· . 2: 
D 'W = r (v - hQ ) + ~ D(v - h ) , (14) 

as our only rostrtetion upon possible stationary solutions. In the special, 
. . . . . . ] 2:: 

case in which the force term (grad~) VaniSll!3S, we have D w = ~D (v ) , and 

Eq. (i4) reduces to · . 

· a: 2 r ·2 
· hQ = v . - ~ D(h ) , . (15) 

which is a two -parameter falniiy of s·olutions, since the only_ addit;Lorial 

. 22· 2: 22 
restriction is that h = hg. +. hZ\ • 

If we allow the variables of the problem to depend on z ·as well as 
. . .. . ] ·. . . 

r we obtain the.conditions of Chandrasekhar; ·he describes each of the 

axisymmetric vector fields _.in- ter~m~ . of two ~calars, ·representing the "peloidal" 
. ' 

\... (P,U) and 11toroi,dal11 ·(T, V) part~ of the· fieldsg; 

h = - r ~ ]. + r T ]_ · + Jl ~ (r2F) i.. 
"Z:; r · .. -v r\ or z; ~ 

(16) 

~ "dU ~ . ~· Jl 'd. ( 2TJ)......, (17). 
v = - r ~ lr + r ~ lQ +. r or r l!z.. , 

where J!r, ]Q.• 1z. are·,.u,~t vectors along the three principal_ directions of the 
·-:..,.. . . ...., . . . . . . . . . . 

coordinate system. With . h and v in this form, Eqs'o (4) and, (8) are 
. I 

automatically satisfied, and symmetry'-ab.out 'the z-axis' is ensured by stipulating 

1 s. Chand.rasekhar, Astrophys. J. 124,. 232 (lL956)o 

' ./ 
.. / 

/.• .. --~ ··. 
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that P, T, U, V be independent of the aximuth G. For solutions of Eqs •. (12) 

and (13) Chandrasekhar finds the following relationships:; 

= 0 •. (;1.8) 

(19) 

(20) 

(21) 

and /1 5) is the five-dimensional axisymmetric Laplacian operator 

. . .. ~ . d 2 . .J d . d~ . 
65 ~ + r O"i .+ ~- •. 

a~ · d~ .. 

These results (18) to (21) are, however; too. general to be of much us~ for the 

present problem; the only new information we have found· ,from these equations 

is a nonlinear differential equation connecting · U and P for the case in· 

which T = V = Q., This was presented in Progress Report No., 2, and will 

not be reproduce~. here, since (as was pointed out in that report) this case 

is unlikely to occur i:n cylind:rlioal configurations. 

In Progress Report No. 2 we. p~esented the linearized perturbation 

equations (equations 17 to 24il' of. that Report) appropriat~ .to the examination 

of "the stabil:i,:ty of a rotati~g cylinder of incompressible plasma. and pointed 
. ·.· ~ . . . . . . . 

out that Dung~y had shawn such a system to be unstable for the case of rig;id 

2? . . . 
J. w. Dunge;v:~Cosmic Electrodynamics (Cambridge UniveJ;"sity Press~ 1958). 
PP 79-82'. ·-'. 
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I 

·rotation, <fl = corist.) and uniform longitudinal field (H ·=·Hz =·co~st.). 
. . . . ~ . . . 

There are of course many other interesting possibilities which have not been 

investigated,~~ and we ·ma;y' return to this problem at .some later time;. but for 

the present it has been set aside in the hopes of being able .to solve the 

problem of a compressible plasma~ which would have more direct applicability 

to p~asmoids. 

Fo:r the compressible c.ase we begin with Eqs •. (1) to (7). (9) •. and (lO)o 

The terms c:. 'V ).·~and (B ~ V) Bin Eq •• (1) must be interpreted properly 

in oyli:nd:ri:caJ. coqroinn.tes: 

[<vt • '7.) ""t J r· =-:if. (grad V:r) 

[<~ 0 9) ~·] 
.. Q 

[<if ~ V) . :if. ] 
. . .~ 

. ' 

'2 
.• ·v.Q -......... ., r 

(22) 

where the extra terms in. the ;p.·. and o;..cqmponemts 'correspond respectively to 

centripetal and. Cori.olis accelerations •.. For a steady state of pure rotation, 

-:; = ( 0. r ..n... 0) •. Cv 'T '\1 } "? ~ . .:.. r Jl2 ! . where Jr denotes a urii t vector in 
.. . . r . r ·.· 

the radial direction. The c1 o '\.7) .B term gives no contributio~ from the 

magneti,c field iriside tne plasma.~~ where .there is no r.:. n~~ Q-component, and 

the z-component'depends only on.ro 

For' the steady state withi:n the·plasma~ Eqo 

p 
0 

.. ·~··· a . B 
.~ (pfo+ B~) • 

(1) reduces to 

(23) 

where the zero subscripts here denote the steady-state values. It is easily 

seen from equation (10) that -we·naw·cannot assume. that p,. :;p, B, arid J2_ 
. . . . 0 0 0 

are all constants independent of r, for there woU.ld then be nothing to balance 
. . . . , I . . ·. . . . 

the centrifugal force on the' left side. of. the equation. In the incompress:i,ble 
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case it is poss~ble to keep .p and B constant and divide p into a constant 
0 0 0 

te~ plus a term whose gradient balances _the centrifU~al force;. the latter 

term can then be absorbed implicitly into the "generali~.ed pr-essure" pertur-
'• . 

bation term and the- problem carried through as though p
0

,;. p
0

,. B
0

, and 

were all constant. 

In a compre~sible fluid, however, one cannot have p varying and p 

constant except by maintaining a temperature gradient· in the fluid, which 

appears to be impossible in the plasmas under consideration. It rould of 

cou.rse be possible to consider p . var,ying with p in such a wa:y that their 

ratio remained constant; but in view of the ver.y short relaxation times of 

most plasmas, it appears more reasonable physica~ to assume that p
0 

and 

p
0 

both remain constant, so that B
0 

IIDlSt vary in such a way as to balance 

the·centri.fugal force. 

T~ler] has investigated in some detail the stability of a non-rotating 

compressible plasma, and we shall use mostly~~ notation here, to-facilitate 

comparison where possible between the tv.o cases. We assume that the initial ve-
r 

locity field v
0 

= (O,.rll.,o), the vacuum. magnetic field, "'it
0
v = (0, :&~ f, BQO be)• 

and ~he plasma magnetic field at the boundary B
0
p (r

0
) = (0., 0~, BQO ·bi)" ~o that 

bi and be-denote the ratios of the z-components of the interior and. exterior 

fields respectively to the Q-component of the vact,lUm field at the. boundary 

r =-r • . 0 In Progress Report Noo .3 we: assumed J2 constant 1 as well as 

l p 12 2:• ~·.. ('\~ 2; 2 

p 
0 

and p 
0
,so that 

B
0 

(r) . = BGO b1. ~ .. Uf:li p
0 

. ..J L (xr
0 

- r- ) • (24) 

3\ R. J. Tayler, Proc. Phys. Soc. (London) B70, 1049-11063\ (1957).: 
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· ThenD according to Eq~ (3) ~ ther.e IIlll~t be within the plasma Wl a~mu·t.ha:~ .current 

j
0

q given by 
. dB . c .o 

j =···~~· ~" 0 l.J . Tl'. U:.l.-
( 25) 

We .assume that the· interior and exte:dor fields are balanced by an· 

additional current j
0
* :;. (0 0 j~9 j:~)w~ch flows on the surface of the plasmao. 

. B . ~ 

The boundary conditions are that (p· + Bn) and the normal component of B sha).l 

each be continuous at the boundaryo Thus the system Will be in equilibrium 

if 

·* Joi 
cBQO 

• ...,.-:-:-11' . (b. - b ) (J . 
4TT 1 e · · 

. ~ . '• .· 
B . ) .. · 

= ~ ( 1 + b ~ - b. 
2

) 0. P.b LET. ·e .1· 

(26) 

To examine the stability of the equilibrium0 we linearize the equa~ 

tions of motion and examine 'the.benavior of the system in the presence of small 

perturbationsp With the equations.linearized 1 any small perturbatio~ may be 

represented as a superposi tipn of ·fundamental modes o 'rnerefore 1 we assume 

thr.t any variable. q takes the form . . . 

q =q
0

+ ci1 exp [i (m@ + ~) + wt] D. {27) 

where q
0 

is the equilibrium value and qlL =· 'h (r) is a first-.order perturbation; 

we w.i.ll neglect all second-orde·~ termso 

In the vacuum no current can flow • so Eq. (3) yields curl ~ = 0 }; 
. . 

therefore the perturbation fieid can be derived from a magnetostat:i.c potential 

Jflso that 

(28) 
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Further. from~ .. (14) we see that t/1 must satisfy Laplace's equation 

"'J 2: tf = e , (29) 

the solut~on of which 

tjJ-. crJJ~ni (let-) +c2, ·Im ( kr). (30) 

where I and K are tne modified. Bessel functions of the first· and second m Ill 

kinds4 and cl and c2 are constants to oe determined from the boundary condi-

tions. The components of B; then are .·· 

= k o1 K' . (kr) + k ct), I'· (kr). · m . c;. m 

01) 

where a prime. denotes differentiation with respect to ·;the argument.. From the 

requirement that B must be continuous at the r~gid conducting boundary we r 

see that 

·B~ (R
0

) = o. which yields 

I' . 
· m fk Ro) 
K' k R ) 

m o (32:) 

as one relation between the constants. Cp c-2~ 

Linearizing Eqo (io) ·for the plasma in accordance with Eq .. (27) yields 

the three component equationsg 

W Blr = i m ...fl_ Blr + i k B 
0 

v l!r., 

w· BlQ = .i k r .JlBlz + i k B
0 

vl!Q + JlBJ!r.' + rJ2.n Bllr ., (33)) 

UJ) Bl = -B n* vlr· :~ v~,--D; ,Bo ..... , imilBl' •. ''.- ~.B. "Vl· {"\( '{; ) 
·z, 0 . . '· ~·: ,,_;; ~:· . z, .·; ~·-~ 0 . \$1 ' 

4 The notation agrees with that of Go N .. Watson,~~ A Treatise on the Theory of 
Bessel FUnctions' (Cambridge, University Press, Second edition 1944). 
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r 
I 
I~ 

· The solutions for the_ components of·BJ!: in terms of. the .. c()mi?~nrnts ·~of V'
1 

ares 

i k B. 
B = 1r r:r 

ikE 
BfG:::: a- o 

0 

where <S" ::. · · W· . + im ..//_ 

From Eq. ( 2:) ~· 

Equation (9) 

(tl Pal = 

pl = 

now gives 

_·w Pl --- --
Po 

2: == c 
s 

I 

. (34). 

,· .. ·· 

.. 

. ~ 

- im ... p
0 

div v
1 Pll_ II 

Po 
div 11: - ~ • a- (35) 

/w p] 
II 

Po 
(36) 

a where c : 
S"· Po 

, so that c~ is the speed of sound in the unperturbed pl~sma. 

The current due to perturbations in· the magnetic field is given by 

"(37) . 

j . c . f n:*: Blr\ - ~:r . B]_r] . o :]!~ = '[Tr ~ "' 

Equation (1) can be written in the for.ai 

+ p(t • v )-:t hl grad p + c; .. -.. (JB) 
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which yields the linearized components 
. 2 ] . 

P.0 a- v .,, _. ... · ~ P J2.. v: ·- p r _[]_ . = - Dp + ..,; (J"' B + j· B . ) 
.u.c o~· lG ]. · . Jl . . c: o . lz_ ].Q o ' 

. . . . n . 
· p0 6"" vb = ~·i k pll + 0 (-j 0 

Blr) & . 

When w~ substitute the expressio~s obtained. above for pl. 1 pJl"' j:0 .,_~ and B;_, 
the three equations (39) become 

· ~, ..Il. i Dv · r~ 
v - d:.-Vi. .··=·-.aa.. +--lr cr -~ . k Jlz1 ()2 

B ~ 

+ 
0 

2: [n(div_. ~]}_- i k Dv1z: - k~vlt. J, 
· ·hrrp o- · 
· ..... 0 . 

(40a) . 

..n.. ·.. :Lin [c~22 . . ~ . . ·rn . ·_ J 
v]l~ -+ 22 -q:- vJlr = r a-Z · d~v vll + t:r z vlr.: 

2:' 
B [im · ... ·2 J 

. + · · 
0 

2 ~ (di_v t 1. - i k .vlz) - k : v;.,'"'· 4.rip ~ ' ... .L'f!!J 

. 0 

(40b). 

. 2: 
. i k c 

vlz = s 
(l.i.Oc) 

In principle$ these equations. can be reduced by el~mination to ,a 

single differential equation for vlr. by the · f.olioW:i.ng procaQ.ure s: Equation (40c) 

can be solved for div ~l. in terins of v1z and vllr; if this result i~ substituted 

into Eq. (40a) we have ~,'relation involving vl!r, Dvlr, vl.Q' va and Dvlz;• 

Equations (40b) and. (40c) can then each be. Solved for _vlQ_ and vh in turn
41 

and the results equated to give an ·expression._for the other in terms of v
1

r and 

Dvlr. The expression for v1z, IIIllSt be different:i..ataj:to find. Dv
1

z_ in terms of 

vlr and its derivatives; and ·this rasult, together with the expressions for 

. ' v1~ and viz. can then be substituted into Eqo (40a), yieldi,ng a second order 
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I 
I 

I 
I 

/ 

differential equation for v
1

r subject to the apPropriate bound~ conditions 

at the perturbed plasma surface~ The· solution for v
1
r. could then be used to 

· .... :-:.:.:. .... ~: 

... 
. · .... · 

In practice it is extremely difficult to-solve Eqse (40) by this method, 
. . . . .· . . . . . 

as the coefficients involved· are quite complicateds e .. g-a··~the coefficient of 
. . . . . 

Dvlz. in Eq. (4.0a), eva·n whenreduced to it~ lowest form, contains over. 2~ terms, 

including one in r 10, in. its numerator. (assUming Eq. 24) o ·Therefore we will 

be unable to get a solution in closed form, and can at best hope. to get an 

approxiTQate series solutiono .Professor Chandrasekhar has suggested that., 

since only an approximate solution ia possible, it.·;w·ould · be.L:Oest to;·[·, ·Gu 

solve the problem by a variational method., if· a variational principle for the 

problem can be found. ·(It IIDJ.st be remembered that.the solution of Eqs~ (40) 

would still be only an intermediate step in the solution of the problem).: On 

the other hand., it may be feasible to·.solv-e Eqs .. ·(40 a,b 11 c) ·simultaneously for 

many values of the paranieters by the use~· of a high-speed>digitai computero 

~other problem which has received attention ciuring the last quarter 

concerns the validity or applicability of the assumptions underlying Eq. (2~) .. 

As mentioned above. the assumption of uniform p and p seems justified; 

but the assumption of constant Jl seems someWhat. artificial.., The rigid 

rotation of a plasma apparently has been·produced experimental~ but there 

is no~ priori reason to believe that this sitUation occurs in plasmoidso If 

cylindrical plasmoids have a· rotation, it ·is probably due to the presence of 

ci~ulating currents in the toroidal plasma at. the time it breaks away from 

the~ source o . As mentioned above, the plasma probably has a· very short 

s·V. G. Stepano:v. V. F~ Zakharchenko~ and Vo Sp Bezel1 , Soviet Physics JETP 
7, J53 (JL958 )'~ -
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relaxation time; and even if it was toroidal when fired, a redistribution 

should quickly take place to equalize the pressure and density across the 

plasma cross-section, thus changing the internal· angular momentum distribution .. 

It is interesting to note in this connection that the dci~ble probe trace 

obtained by Bostick
6 

could possibly be explained more easi~ by an internal. 

magnetic field variation (e.go' as in Eq. 24 or 42). than by an actual density 

· variation (provided the plasma conductivity is high enough.·) 

An alternative to Eq. ( 24) might be the configuration found by Boyer 

et a.JL? in an analysis of the Ixion machine. In this machine a radial el~ctric ...... -
field is applied to a cylinder of piasma· with a longitudinal magnetic field; 

and the E x B drift.8 drives the plasma in the azimuthai direction, i.e. rotates 

it about its axiso 

In the analysis of reference 7, it was assumed on~ that the particle 

density is uniform; then with no assumption about Il. , the. form of B
0 

is 

cieternp.ned from the fact that the electric field must vary as J!./ro From our 

prase¢ standpoint a simple argument might run thus~ the plasma drift is 

. b 8 g1ven y 

(41) 

0 
W. H. Bostick, Phys .. Re~; 104,. 292 (l!956h see Figs. 7 and 8 .. 

7 K. Boyer, J. E. Harmne:r:; C. L. Longmire, D. Nagle, F. L. Ri.be, and w. B. 
Riesenfeld, AEC Report No. P-15-20 (TID-7558, p. 140);; Second U. No 
.International Conference on the Peaceful Uses of Atomic Energy, (Geneva, 1958) 11 

. paper no. A/CONF o ]5/IP/238~.,. 

8 For a discussion of plasma drifts, see H. Alfven, Cosmical Electrodynamics 
(Oxford University Press, 1950), Chapter 2,. Eq .. (4i} can, however, be 
be derived from Eq .. (7) above .. 
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. Let E = (1)_/r~ Q, 0), g = (0, 0, B
0

) and~= (0, r_Q_, 0);, the~ from Eqs<? ,(41) 

dB 
B 3 o 

0 Ci'r 

UJ KJ;:'; 
B. = :K.. - ~ • 

0 . -4. ~ 
r 

are variOus constants)t 

d. ~ 
-d, (B ) " ·r o 

(42) 

Of coul'Se reference 7 gives the values of .the c·onstants in terms of the para-

meters of their problem0 'Qut the point ·here is that a field variation of. the 

,type giv~n by Eq. \42) is not only possible but perhaps more probable t.han 

that of Eq .. (241) for our present problem., By Eq. (7), a plasma rotating iri 

a magnetic field will induce in itself a radial electric field; considered 
. . .· .. 

from the laborator.y frame of reference, it the~ appears that Eq. (6) presents 
. . . ... 

a problem of charge separation unless E varies as 1/ro It seems probable, 

however, that no such difficulty exists in the frame of reference of the . 

rotating plasma, the velocity being just sufficient to transform the field 

. awa:y. This contention see·ms to be borne out by experiments on the Hombpolar 

thermonucl~ar machine'/ in which a transient ·radial current is drawn while. 
\ 

the. plasma is being accelerated, but after reaching equilibrium "the driving 

electric ·field vani;:;hes in the plasma re·st frame, and the radial ·current ceases•"? 

9 .... 
~·o. A. And~rson, Wo Ro ·Baker, Ao Bratenahl, H._Po Furth, J. Ise, Jr., W. B .. 

·· K1lnkel, and J. M. Stone 1 .Second Uo N. International Conference on the 
Peaceful Uses of Atomic.Energy (Geneva, 1958), paper noe" A/CONF. 1!5/P/'3'73•. 
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I; 

APPENDIX II 

CONSTRUCTION OF THE EXPERIMENTAL APPARATUS 

A. MAGNETIC FIELD 

A capacitor and solenoid c~mbination has been constructed for supplying 

the'magnetic field. Considerable effort wa~ expended in bringing the opera-
r 

tion to an acceptable leyel·. A major problem.was encountered in the opera~i~n 

of the triggered-~ap switch in the magn~tic field circuit. 

Tne original switch. as described. in a previous report. worked very 

well for the iiu. tial .firings. Alinost 100 percent operation was achieved for 

the first firi~s in the .500 to 4.ooo ~olt. ~egion qn the :fie·ld capacitors. 
. .·.· .· . . ·. 

HQwever. as the energy deli~e~ed inc:r."eaaed';··the -'copper became badiy pitted 

from the energy dissipation at the surface .of the electrodes o Molybdenum · 

inserts were then riia:de for the electrodes and a considerable i.mppovement was 

no~ed. ·At above 26 500 volts on the capacitor bank the molybdenUm aiso.pitted 

but cleaning after sever.;U firi~s restores ito 

In . addi tion 6 breakdown between the central trigger wire and its 

surrounding electrode aiso opcurred at the voltages necessaryi"or. satisfactocy 

operation .... The breakdown was traced to the considerable voitage ·across tl:te 

6BK4 tube· at the. operating current and the spu:ttered material retained on· 

the teflon insulatoro · The problem was solved by the insertion of a s;ide 

trigger in the gapo · 

A search coil was used. to calibrate the magnetic field. Figo 1. shows 

several of the ~aveforms observed. It should be pointed out· that this is not 

a plot of the ma~etic field since the signal froin the coil pickup represents 

the rate of change of flux with time. ·This present~ no special problem for 

after the calibration is made only the time is needed for computing the 
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magnetic field. A graph has been made plotting average values of the field 

against time and it will only be necessarY- to. know when the plasmoid was 

fired. to determine the magnetic field to an acc~ptable accuracy~ . 

The method of arriving at· the magnetic field curve for the vanous 

capacitor bank voltages can be ilfustrated ~sing the voltage values from 
. . . 

the curves in Fig. 1. The period of thE3 oscillation can be read directly 
. . . 

· as 6 msec,. ~he amplitude of the magnetic field can be calculated by sub-

stitution into the equation: . 

v = nABw · 

where ri = nU.mb~r of -purns 1 -A = average. ~ea. of the· .loops. B =r magnetic 

field,. and w -: ~ularvelo_city.: Fg~ ~:Lr the m~netic field. amplitudes at 

3.ooo and 4,000 volts are then c~lcl,llated as: 

H _ 6.o x 104: (104) ~ · 4loo:!:· 200 
3000....., i4o (6.28 x_]67). gauss 

Huooo ~ 7 •8 cuoo) ~ · 5300! 300 
. . .b:Q_ gauss 

These vaJnes correspond to the eXpected values from the. coil design and are 

wi tnin the desired accuracy. The magnetic fieid can then be easily found at 
. . . . .· 

a time t • by evaluating the sin wt g . for the c orres.ponding ampll tude o · 

A check was then made on the magnetic field uniformity across the 
. . . . . . . 

diameter. of the chamber. at the center of the s.olenoido . The variation was 

undetectable with the search coil osc~illoscope combination and the field - I . 
was estab:J_lshed as being essentially lhom:ogenecms across the plasmoid chambero 

... 

B. .PL@MQID SOURCE .. ASSEMBLY 

The button plasmoid source has been installed. and connected as shown 

in Fig. 1. The capacitor ~th the -3-bail triggered gap ·switch is being used 
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I, 

b 

c 

d 

Fig. 1 The above traces s how signals from a pickup coil in 
the magnetic field. The sweep speed was 1 m sec per em. with 
t ime going from right to l eft. f or all the traces. The vertical 
deflections and magnetic field capacitor bank voltages were as 
followsa a) 5 volts per em and 4.ooo volts. b) 10 volts per em 
and 4.ooo volts. c) 5 volts/em and J.ooo volts. and d) 10 volts 
per em and 4.ooo volts. 
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for the button supp~. The smal~ capacitor is part of the pulse circuit to 

the center electrode and does not form a part of the actual discharge circuit. 

The leads from the capacitor are kept as close together as possible to 

minimize the inductance of the circuit. The ~erminating leads :i,nto the 

source are parallel copper strips with a surface for the leads from the 

button source to clamp to. These. strips are wrapped with electrical tape 

to Withstand the repulsive forces between the conductors. In addition. the 

copper leads were laminated to be flexible enough to rotate the source 

without uncoupling. 

The button source has been fired and measurements made on the resulting 

discharge. Fig. 3 shows several oscilloscope traces of the voltage induced 

in a coil pickup from the discharge circuit. The quality of the pictures 

was limited by the oscilloscope operation at the high frequency encountered. 

A measurement o~ the curve over five cycles indicates there is an average 

period of about 0.3 ~ sec. The current is considerab~ underdamped as was 

e~ected from impedance considerations. Again neglecting the slight 

damping. an approximation on the current th~qugh the source can be made by 

substituting appropriate values into the equation. 

. - v {f l. - -max L 

Where v =initial capacitor voltage . c = capacitance of the capacitor. and 

L = inductance of the circuit . The first two of these are known quantities 

and the third can b~ calculated from the equation. 

2. 
L - T . 

- 4rr2f 
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Fig. 2 The above traces show signals from a pickup 
coil in the plasmoid discharge circuit. The sweep 
speed was 0.2 ~ sec per em~ With time going from right 
t o left. 
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If a discharge through the button source "\rlth 25 KV on the capacitprs is 

considered the C!frrent aripli tude can be. calculated as 11.1 
. . .. 

i. = v~lf:.= ~ 
maxr . 'J L . . T 

i 
max 

' . . . .. 6 
2Tr( 25,000 X ·.025 X 10- ) ,._ - . . -6 r..J 13 8 000 amperes 

. &30 X 10 · • 
·.·'.· 

The triggered-gap .. •swi tch used in • the. plasmoid ~ource circuit has 

been found. to: operate very well~ . In .the course .of placing the switch iri 

operation two critical points were rioted~ . • First~··. the. di~tance ·between 

electrodes had to· be precisely se,t to obtain a proper breakdown sequence . 

. between the spheres, and secondly p. ·a small resistance· had to be included 
. . . . . 

in the· pulse electrode lead to ;damp out os.cillat:i,ons. occurring in this 

circuit during the di.scha~geo. In addition .it has been found that the 

circuit :i..s a good transmitter of RF ene;rgy which cause·s some interference 
. . . 

with other meas~ring equipmerito .. Some of this has been eliminatedjl howeverjl 

. a shield will probably be added in the near future to reduce this undesirable 

characterlstic~ 

Co ELEX:TRONIC CI~UITRY 

.A change has been made .in the. method of triggering the time delay 
. .. . 

due to the presence of jitter :i..n the :J,.ow voltage switch triggering .the 

magnetic fieldo It was.not practical to continue work on r~moving the 

jitter since an alternate method was readily availabie& ·Instead of 
. . . 

starting the ti.me deiey from the' pushbutyon triggering .the magnetic field. 
. . . 

a pickup c~:i.l· on the .. magn~tic field circ~it will be ~sed to accomplish the . 

time. daley ·triggeringo: · · Thenjl if there is. jitter in the swi. tchjl it. will . 

not affect the time interval betweenthe ~gnetic field arid plasmoid firingo 
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The time interval can then be set and duplicated on $Ubsequent firings to 

the accuracy required • 

. D. PHOTOMULTIPLIER T~COPE. 

The use of a photomultiplier telescope combination·was reported by 

Finkl~stein1 for velocity measurements of . plasmoids o A similar. arrangement 
. . .. . . . . . . . . .. 

has been constructed for this projecto. ·The ii"d.tial photonniltiplier used 

was available from laboratory equipment and no special design was included for 

operating in the str~ fields presento . Some expiorator,y tests were made 
. .. 

with regard to magnetic field effects arid operation w~s found. to be 

satisfactory only at p~ints well ~w~ from the flux at the end of the solenoid. 

The necessary distance was ascertained .and the photomultiplier was placed in 

the acceptable posi tiono .The scnirc~ ·was then discharged and. its effect noted 
·. . . . . . . . . . . . 

on the photomultiplier outputo The p].ckUp by the photomuitiplier was excessive 

and consequently a new arrangement was designed whereby the complete tube and 

amplifier are in a metai container with coaxial leads to ail components external 

to the containero Preliminary te~ts have indicated that the attenuation is 

several orders of magnitude bettero This redesigned unit will be installed·. 

shortly for application .to the velocity measurementso 

., ... 

1 . . . 
D. Finkelstein, Go A. Sawyer, .and T~ FoStratton.., PhYsics of Fluids 1,, 
188 (1958) 0 
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APPENDIX·III 

EXPERIMENTAL RESULTS 

In the ·course of the. final d~velopmental work on the plasmoid 

apparatus many preliminary firings were made. and several were recorded by 

photographic methods. F:i.gso 1 •. 2~ J, and 4 ·are time-exposure pictures of 

plasmoids taken With a conv.el).tiorial· photographl~ camerao 

Considerable experience was· gained :l..n photographing the plasmoids. 

·The first·photographs failed toshow anything·beside the arc frop the source. 

This was not unexpected. and With constant 'improvement pf 'photographic : 
~ ·.. . 

techniques and· fi.lm. a set of photog~aphs ·of good quality wa:s obtained ... ·. The 

final. improvenu3!lt was made by usihg Kodak Royal-X panchromatic film. This 
. . . . . . . . 

is the fastest COzmnercial film made by. Kodak .and its application caused 

considerable improvement in the. pictures •.. It appears that the photographing 

of this extremely high speed event at the low light levels involved could 
~- . . ·. . . 

. . . 

be within the reciprocity failu.re region of the preceeding films used. · 

There was considerable reflection withi~ the container detracting 

from the photograph qual:l. ty. To reduce this the glass container. was given 
.>-·,; •. 

an 11Aquadag 11 suspension coating and the metal parts were covered with black 

neoprene rubber.; The picture ~f th~ camera~ which :caiJ. ·be ·seem supperimposed 

in the background, was. introduced by the reflection.from the. glass plate ori 

top of the vacuum chcimbero If necessary 8 this image 9an be removed by 

~ski.ng,. 

A discussion of the photographs! is especially interesting when one 
. . . 

notes.the differences between several of the pl~smoids of Figo lo The 
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(a) 
(b) 

(c) (d) 

(f) 

Fig. 1 Time-exposure photographs of a plasmoid 
projected across the vacuum chamber at different 
magnetic ·field values. 
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Fig. 2 Pl asma Discharge without a Magnetic Field 
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Fig. 3 Straight Pla snoid 
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Fig. 4 Curved Plasmoid 
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plasmoids were fired across the chamber with a geometry as sketched belowo 

'l'itanium Wires · -
(in plane of pa~ 

Magnetic Field 
out of paper 

Camera Direction 
into paper 

..:..c::::::::t=loiiL._..,,' Probe 

.;Cyllnalricarl;iHqusing
(out of paper) 

. . . . 

.. The pressure in _the_. chamber was -about 10~3 ·min .and a magnetic. field· 
. . ~ . . 

of differing magnitudes was present f~r each fir;ing. A probe is directly. 

oppii>site the di~charge and the interaction can be seen in the pictures. 

The amplitude of the current through the source was about 14~000 amperes_. , 

Figures l(d), l(e), and l(f) show the plasi!loid traveling in a relatively 

straight trajectory. The difference. in pinching of .the plas~ indicates 

that l(d) was fired at a low magnetiC. field strengtho Our observations of 

the discharge without .the inag~etic field as in Figo 2_ ~onfirm the increased 

contracting action in the arc with increasing field ·as ·reported by Bostick. 1 

Fig.· 2 is an enlargem~nt of orie of the straight plasmoidso 

It is interesting to note th~ interaction of this plasmoid with the 

probe. Streams of particles scattered from the probe are observed especially 

when the_plasmoid trajectory tends to graze the probe on one sideo It even 

appears that there is ari elastic .type scattering present. _On the other hand, 

if the collision is head on into the probe the scattering takes on more of 

1 w. H. Bostick, Universi-cy: of California Racliation Laboratory Report 
UCRL-4595 (1956) "Experimental Study of- Ionized Matter Projected Jl.cross 
a Magnetic·Field 11 o . 
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an inelastic appearanceo This amazing tendency to mpintain itself again 

points up the possibility .of this being a stable configuration. 

The occurrence of plasma with considerab~ curved trajectori~s has. 

been recordedv Fig. 3 is an enlargement ·of one of the c1.1rved plasmas. 

Again the curved trajectozy has been reported by Bostick2: with picture~ 

similar to those in F.ig. 1. 

';I'he experilnental evidence encountered s 0 far indicates that the 
. . -=-3 . 

curved plasmoid ;is formed in a region of pressu~s. near 10 . mm. Hg~ Additional 
. . 

work is being performed at the moment to determine the extent· of this range. 

An ana~sis of this phenomenum Will be made after the exact conciit~ons are · 

known to establish a theoretical explan<;~;tion for the curvature. Pictures 

have been taken with the·magnetic field direction reve:i:-sed and the· curva~ure 
I 

was observed in the opposite direction. · An. explanation for this has been 

proposed by W. H. Bostic~ but there are several points that D1ll.St be checked 
. . . 

before the mechanism can be completely accepted. E~sentially the contribution 

of the electrons produced by photoi~nization of the r~sidual gas at this pressure · 
. . . . . . . . . .;..,. 

·. . . . ..... - H .. 
can give rise to currents drived by the vector E =- v x-~. These currents ·. c . 

. . . . ... ·:'. . .· ·. ·. . . . . ....... ·_... 
could then act like an elec,tromagnetic brake~· reducing .. v and· E pro-

-· gr.essive~. ThiS progressive reduction in E can conceivably give rise to a -deflection of .v into a spiral .~rajector,y. The above explanation has not 

been verified experimental~ as yet since a third dimensional view must be 

recorded on the film. It is anticipated that the addition of a mirror Will 

shed light on the proposed spiral trajectory" A verification of the decreasing 

? W.; :.Hf ~ost:lck~·;uiiiversity of C;1!.ii'ornia ··Radiation Labor.at:oey- Report· 
·.,· UCRL-4595 (1956) 11EX})erimental Study of Ionized Matter· Projected Across 
'· a.Magnetici.Fi~ld"o.: I. .l:i· :·: 1 ·• ,_·.-. 

J . . 
· W. H. Bostick, PhYs• Rev. 104,. 292 (1956)o . ~ . 
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v will. b~ possible when the image converter has been placed in ~peration · 

and the plasmoid motion can be stoppedo ·Additional hydromagnetic mechanisms 

will be sought to explain .the curv'ature for the ·conditions being presently 

determinedo 
. . 

The effect of incr.easing pressure on the. piasmoids has b~en recorded 

in the many photographs taken to date o The p~ogr~ssion is . froni a straight 

plasmoid at good vacuums to the curved plasnioid at abou~ l.O.,. 3) mm Hg to a 

plasmoi,d that i,s stopped befo;re crossing the chamber at· a: poor vacuum. 

Although the exact .limits· of the ;region· of curvature are not .known it 
. . . . 

. appears tmt~it;"<.is f~rJ.y na.J:'row~ :There ~s propably cons ide~ able error ~n the 

pressure readings iri the poo.r vacuum range since thermocouple gauge readings . . . . ' . ' . 

are poo;r in t}:ds region.of ab.out· 5-10 microns. However., the. plasmoids have 

. been photographed on several diffe'rent occasions in this pressure region and 

all show the stopping of the plasmoido . Whereas .a,t 10-3 mm of Hg tne mean 
. . . . 

•free paths for the electron, ion. molecule collisions are several tiriies the 

chamber. dimension~, here .we are in a r~gion where the collision effect is 

appreciable. The plasmoid is essentially stopped and broken up before 
. . .. . . . . 

traversal of tJ:ie 9"' diameter of the chamber is accomplishedo 

Photographs :have been t~kezi with a mirror in such a posi ti.on as to 

get th~ _elongation of th~ plasm_oids aloitg the magnetic field linese The 
. . . 

elongation is quite pronounced ~d rapid as indicated, from the resulting 
. . . . . 

photographs. However th,e. mir.ror was not large enough ·to show the actual · 

outline of the .. plasmoid in this direction'\ I Later pictures have confirmed 
. . 

the elongation in···the axial direction-by noting the recombina~ion ·at the. 
. . . . . . : 

wall of the container in relation. to a marking ·~ystem locating the central 

section of the cylindrical glass housing... The photographs of the e;Longation 
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will be included in a l~ter report as soon as the remai.ning view has been 

recorded arid the m~terial.complete~ analyzed. 

Plasmoids have been fired at thin mylar sheet to investigate the 

possibility of a net charge being associ·ated with the plasnioido If this 

we;r-~ the. case, we could ·p~~sibly see the ej.'fect of the charge by spraying 
. ·.· . . 

·.the Dzy'lar with 11Zerox11 developer after the. mylar was bombarded With one or 
. . 

more plasmoids. '.rhe bombarded tzylar w~s processed but· there was .no detectable 
. . 

effect for up to ten firipgs c. Th!3 . exp~ri~ent was repeate.d and no charge was 

observed again. · It must be emphasi~ed that the ~esults obtained do not 

nec:ess:arlly.pr.ov:e there was no net che3:rge . of sufficient magnitude to d.etect 
. . . . . . 

by this process i since the process has been found to be uncertain under many 

co~liiitions of bombardment simila.f to .this o The experiment was. primarily 

.. designed for detecting a posit~iie result and the absence of the same left 

ariy interp'retation of. the results uncertairic. 

··.·.·· .. 
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APPENDIX IV 

MEASUREMENT OF THE MAGNETIC FIELD . IN A PLAS:MOID 
BY MEANS OB GYRORESONANCE WITH. MICROWAVE BEAMS 

By the application of the, phenmnena of gyroresonance of the electrons 

in an ionized gas there is. the possibility of determining the magnitude of 

the magnetic field that exists within the plasmoid as it travels through 

space. 

· As· is well lmown. electrons ;i.n a plasma which is in a magnetic field . 

will oscillate with a frequency given by.~~ 

· _ eH 
-~ - ..... iiie .!IJ. (1) 

where · ~is the 'charge· to 1Ilass rat~o , of the electron.~~ 
. . . . . . . 

. H. is. the· magr.rl. tude of _the magnetic fields 
. . . 

c,is the velocity of light, arid · 

~ is the angular freqt.ien.cy of oscillation. 

An elec:t,r~~agnetic wave propagating through the mediUm will experience 

an absorption as well as a phase change when its frequency is equal to the 

frequency ~· The magnetic field H' may- be calculated therefore if the 

resonant frequency is knowno .If a plasmoid _has the shape postulated by 

Bostick1 .withinternai currertts.fiowing_the~~bY producing ·a·~agnetic field 

it would seem logical that electrons .in their field wou:)..cl. gyrate. The 

interactions between these gyrating electrons to microwave.s will produce 

an ~bsorption of. the microwaves 'which can be measured by reflection or 

transmission experiments. 

1 W. H. Bo~tick, Phys~ Rev. 1048 292 (]9_5'6). 
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The experimental arrangement is shown in Figo lo ~he plasmoid will 

be fired across a continuous microwave beam and at the point in time when 

. an absorption is observed at the receiving horn one knows that the magnetic 

field in the plasmoid has gone through a specified value. One has assumed 
' ' ' 

in the above ~ase that the plas~oid will have a larger magnetic. field at 

the time it is fired and. that it passes through the gyroresonance frequency 

while it is in the microwave beamo · It is also assumed that the magnetic 

field is ~easonably uniforni. over the • plasmoid. If the .•magnetic field is 

not reasona:bly .uzD:form aver its· areat}len. a continuous function will be 

observed at th~ :receiving horn which is an indication of 'the inhomogeried. ty 

of the·magnetic fieldo 

A qualitative· check was made of the radiation field associated with 

the microwave. transmitting horn as shown in Fig. 2. The receiving horn as 
. . . . ·. . ·. . . . . . . . 

shown to the r~ght in Figo· 2 was moved and the current plotted for the various 

positions. While the data obtained in such a m~ner was qualitative and of 

little value for the final calibration iri the system1 it did serve to confirm 

the design and construction of the horns in add.ition to providing some ~dea 

of the radiation characteristicso The resulting plots of thereceiving horn 

current vso sidewise disP,lacementare roughly sketched below for three values 

of the separation distance between the. hornso 

.3'' .· separation '(i, 
:L - 8 
+' s:: 7 
(]) 

t 6 
;:j s 0 

bO 4 s:: 
·~ .3 
·~ (]) 
(.) 
(]) 

0::: 
I 

Sidewise Displacement from Center Maximum in 1/8 inches 
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. : .· 

Plasmoid source 

. ·J · . direction of 
r travel of plasl'll:oid 

' . 

transmitting 

magnetic field 
(out of paper) 

microwave 
receiving 
horn· 

FigQ 1 Microwave Measurements Configuration 
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Fig. 2. Microwave Equipment 
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.APPENDIX V 

DESIGN AND APPLICATION OF THE IMAGE CONVERTER 

. The dynamic progress . in image converter technology has resulted in. the 

development of tubes of considerably. improved performance readily adaptable 
. . . . . . . . . 

to the present progranias a·light shutter·for stopping themotiori.of the plas-
. . . . . . 

moids at the extreme speeds involved.. It is· felt by maey that the Kerr Cell 

has been surpassed in eff;i.~iency and is rapidly falling behind in low light 
. I . 

level work such as ourso At the moment the principle ad"!Xantages seem to be. 

in the gain possible in the ·tub~~· its relatively easy triggering. and its . . . .. . '• . . .· . . . 

. . 

excellE!nt ratio of open to closed sensitivity 6 namely almost infinity.. It . 

suffers somewhat from lac.k of resolution. but this isn 9t to·.important in our 

application. .The tube that ~ill be initiall,y ~sed is the RCA type C73435B .. 

The electronic equipment. necessary for the image COnVerter has been 
. . 

essentially qompleted and is shown in Fig .. lo The fabrication of the pulse· 

network with the tube in a single housing Will be completed on arrival of the 

tube.. The electronic equipment circuits including the pulse network are 

illustrated in Figs. 2 11 3 6 411 and 5o· The power supplies are essentially 
. . . . 

those of a unit in ·operation at .Los Al~os ~cientific Laboratory.· .. The pulse 

network and tube unit has been designed by Dr .. Po D .. Southgate of our 

laboratory e 
. . . . . . . . . . . 

The .tube features a control grid for low voltage gating of. the beam 

current ... The sequence for operation of the t~be i~ a.S follows~ At cut-off· 

the gating grid is held at from.90 to llO volts.negative .. ·To open the 

shutter a positive square wave pulse of fr~m 170 to 190 volts is applied to 

the gating grid for the exposure time required.. Expoaure times as short as 
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10 . seconds are possible with this method well within the requirements of 

our app~cationo 

The low energy secondaryeiectrqns emitted from the photocathode are 

focused and. then accelerated by the 15 . kv o anode voltage. · When. factors such 
. . . . . . . . . . . . 

as photocathode and phosphor efficiency are introduced the. resulting conversion 

gain at 4400 A0 is a minimum0f12o. This increase·in output energy over 

input erergy is one of the most important advantagE3s ,of the image converter 

for low light level worko 

. A tube under development bY I. T,. T. laborato·ries and a Yerkes Observa-
. . . . 

tory group· led by Dro Wo Ao Hiltner has been of particuiar interest to us 
. . 

sinee a gain of· about 50 is possible· over the con~ention~l tube.· The 

possibility of adapting such. a tube to our unit is being investigated to 

provide us with an installation to ·our knowledge at least an order of magnitude 

better than the standard system used by. most. investigators o The increased 

efficiency is accomplished by eliminatir115 the inefficient methOd of photo

graphing with a camera the imag~ oii the phosphor screen of the !tube and 
. . . . 

instead making a contact photograph on a special thin phosphored mica screen~ 

The new tube will be in pperation short~ at Xerkes Obsenvator,Y and arrange~ 

m.ents have been made to inspect the firta,l insta11ationc. We naturally expect 

a smaJ,.l loss of resolui;.ion due· to the finite· thickness of the inica~ however, 

this would not appreciably reduce th~. value · to us as a· research toolo · 
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