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STRICT | |

.Finite plasmas,.termed plasmoids, have been-produced and studied‘in ‘this :;
laboratony, A convenient and flexible exper1menta1 apparatus has’ been designed
and constructed for produ01ng the phenomena. An 1mage converter llght shutter ::A
unit is near completlon which will allow examlnatlon of . the plasmomd shapeo -
Microwave equipment is being added to the system for measurements»on the,electronl
density and internal magnetic fields in the plasmoids.' Timeuexposure photo--
graphs have been made under various condltlons of magnetlc fleld and background
gas pressure and show strong dependence of,plasmoid*characteristics:on these
parameters. Concurrent'theoretical‘investigations‘of the stabiiitonfncylinu-
drical'plasma configurations have-been made complementiné the‘experimentai
phase. The simplest configuration whereby the 1nternal magnetlc fleld of
the cylinder is "force-‘ree" has been found 1ncompatable due to the 1nability
to meet boundary conditions. A more complex 31tuatlon is now belng treated
where the stability or instabllity is controlled*by“1nteract10ns betueen the

magnetic fields and fluid motions within the plasmoide . .
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ARF 1.121-& ,
(First. Annual Report)

RESEARCH IN THE MEASUREMENTS AND THEORY OF PLASMOIDS AND
“THEIR APPLICATIONS TO MISSILES AND SATELLITE TECHNOLOGY

I. INTRODUCTION

The existence of relatively stable configurations of ieniZed'gas; or -
plasma, formed under ceftain conditions in a.laboratony'vapuum‘ehambep?iwas'
first reported by Bostick,l who adopted the»name'"plesmeide“ fep‘fhese“piasma..
entities. Using his original plasma guh in a rather poerlveCuum in the abeence
of an exlernaliy applied magnetlc fleld he was able to obtaln Kerr-cell |
photographs (0,5 usec exposure) of the formatlon of a plasm01d Whlch appaars
to be toroidal in shape and which is projected across the vacuum space at :
speeds up to 2 x 107 cm/sec. Applylng a magnetlc field- perpendlcular to the
plane of the electrodes reduces the translational speed of the plasm01d only
by a factor of about 1/2, whlle the plasm01d elongates along the dlrectlon'.
of the field into a cyllndrlcal "broomstlcknshaped" plasmoid° R

Farther lnvestigatlonsl’2 have shown a remarkable tendency of these 1':p
plasmoids to maintain their 1ntegr1ty in a colli51on between two or ‘more: :J"
pldsmeids, and very 1nteresting multiple-source conflguratlons have been
:observed. Many other investigations have been made, 1nclud1ng a measurement3 -
of the velocity of the plasmoids as a function of-the:dlrection;and,magnltuda'“
of an applied magnetic field up to about'é‘kilogaﬁss, of.the,eeufeeipeitage.ﬁp:“' '
to about 15 kv, and other circumstances. However;4muehpof the behevieffof .

I
2

W. H. Bostick, Phys. Rev., 10l, 292 (1956).
W. H. Bostick, Phys. Rev. 106, LOL (1957)

3 E. G. Harrls, Re B. Theus, and.W. H. Bostick, Phye. Revo,‘=ﬂi, hé (1957)
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plasm01do is not yet cleawly understood and there remalns a frultful arsa for
further investigation of the propertieo of such plasma conflguretlons.':e |

‘The projsct reported hersin consists of an experlmenual and analytlcal
study of plasma configurations that can be produced at the low pressure ex1st1ng

at high altitudes. The experlmentalcprogram is concerned Wlth the productlon «4

-and study of plasma clouds under free space‘conditionsol The enalytical progran

is a mathematical investigation of'the stabilify of such‘structuiesusuerting ;
from the basic hydromagnetic équations. In addition, suggestlons of What
practical use might be made of plasmonds with me5pect to high altitude vehlcleSy
will be made. This anrual report outlines the progress and:plannlnngf~this

project for the interval June 1, 1958.to May 31, 1959, ;eu‘;!.fhﬁ~f”

1T, THEORETICAL INVESTIGATIONS
| The early reports of the remarkable behavlor of plasm01ds suggested
the possibility that they m:s.ght be conf 1gur’at10ns of plasme whlch Would be
completely stable in the absence of loss mechanisms such as the presence of
background gas, and it was decided to investigate the stabllity of varlous ‘: E
cylindrical plasma configurations in the presence of a unlform external fleld; _Ii
The simplest case one might postulate would be a static configuraticn _"-»
in which the intermal magnetic field of the cyllnder 1s "force»free" (1.e° the
currents are parallel to the field, so that the Lorentz,force vanishes), The-
stability of an infinitely long cylinder with a fcrceefreevfield_ﬁuith constant, .
oC"‘has been investigated by Trehanoh SRR

Recent work by Woltjer .and Chandrasekhar5 shows that the field "w1th

b S. K. Trehan, Astrophys. J. 127, L36 (1958)

5 L. Woltjer, Astrophys. J. 128, 38l (1958); Proc. Nat. Acade. Sci. (U Sole) hh,.
489 (1958)3 Lk, 833 (1958); S S. Chandrasekhar and L. Woltjer, Proc. N:A,S.
LL, 285 (195 ; see also S. Chandrasekhar, Proc. N.a.8. Lk, 8L2 (1958)
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constant O("‘ls probably the only stable type of for»eafree field, but thls
type of field cannot meet the boundarv conditions corresponding to a cyllnder
of finite length embedded in a uniform external fleld° “Therefore 1t was‘n
decided to consider a more complex 51tuatlon, viz. one 1n which the stablllty
or instability is controlled by 1nteract10ns between the magnetlc fielus and
- fInid motions within the plasmoidso -

A summary -of the problems conaidered and resultS‘abtained &unlné the
first year of the project will be found in Appendlx Io It is not yet cleal
whether it will be possible to complete the study of the compressible plasmagl“f
A110W1ug for the compressibility of the plasma 1ntroduces many mathematlcal
compllcatlons into the problem; but if these can be- overcome, the results
should be more directly applicable to plasmoids than those resultlng from an
analysis of the incompressible case. It is 1nterest1ng_to note, nowever, that
the work of Tayler (reference 3 of Appendix I). shows that for non=rotat1ng |
‘cyllndrlcal plasmas the conditions for stabllity are independent of the com= |
pressibility; and it would be interesting to see whether rotatlon of the-:_,l.'
plasma changes this situation, It is felt that it should, because.-?off Ithe:‘AI' o
dlfflculty with balancing the centrifugal force, as- dlscussed in Appendlx T. f

During the second year of the progect We'expect to‘cons1der some of

| the points raised in Appendlx I, e.go the ex1stence of a variational prlnciple,
the feasibility of the use of hlgh speed computlng machlnery, the radlal
dependence of the angular v91001ty and internal flelds of the plasmag and
the problem of an induced electric fieldo Wé hope to be .able to complete :
the study of the compressible plasmao but if thls proves 1mpractlcal we shall

look for new results in the 1ncompr9351ble case.

ARMOUR RESEARCH FOUNDATION OF ILLIINOIS INSTITUTE OF TECHNOLOGY.
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III. EXPERIMENTAL DESCRIPTION .-

The basic‘experimental unit'has'been completed and is being used for
the work in progress. Fig. 1 shows the completed apparatus and Appendix II
contains a detailed description. Minor additions and modifications are being
continued for Specific experiments. The two primany additions in progress’ at |
‘the moment are an image converter light-shutter and a microwave beam deviceo
They are discussed in Appendices \'f and Iv respectivelyo

The delivery of an RCA. type C73h35B image converter tube has been
scheduled for June 8, 1959? With the reception of this, the final mounting
of the tube can be made including~preparationsifor static tests;‘ The
electronic‘circuitry‘has been.otherWise completed and‘isrshown'in Appendix Vo
The design is basically that of a unit in operation'at Los'Alamos Scientific
Laboratory. Several,modificationsnwere:introduced'to facilitate adaption to r:
our planned operation and the unit'described in Appendix V is the final design. :
The addition of the 1mage converter Wlll give us a powerful research tool for
stopping the motion of the plasmOids ‘and rendering a better understanding ‘
of their nature. o

The microwave beam apparatus'was complsted andfassembled.as shown in
Appendix IV.. SinceTthe'transmittiné'andireeeiwing‘hornsharenin“a.Vacuumfregibng.
thin glasshwindows were installed in the waveguide. However, conSiderable
difficulty was encountered in obtaining a vacuum seal with this arrangement
and finally a mylar window was sealed and compressed between the horn-and
waveguide. The resulting combination was’ eventually rendered vacuum tight
and transparent to the microwave beamo The unit is ready to be 1nstalled
in the chamber when a supporting structure in construction is completed and

an installation problem is*overcome° 'The unit was placed in operation in

ARMOUR RESEARCH FOUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY

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




i |

\.\t- , — ,:,
x......rwm&:.r“
‘J‘..\\\-i‘.nl.. ... .
| Il”l”f.l”ﬁrll“l.rwpf"

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



the position of Fig° 2 of Appendix IV and a chech of.the‘components was madée
The operation was satisfactory and the fundamental frequency'was checked with
the frequency meter,
| The pictnreslshown and oescribed‘in Appendi#.IIi are timeaexposureA:
photographs of plasmoids° This,reiatively rapio4and easy:method of obserting
the plasmoids provides information on the influence of the several experimental
.parameters on plasmoidsa Additional quantitative'investigations.oan‘then be
carried on in ‘the regions of experimental interest as inoicated by these.
results, |
Tlmeoexposure photographs have been taken varylng the magnetlc fleld
strength holdlng the background pressure, plasm01d source current and other o
parameters constant. Addltlonal photographs have been taken with the
pressure at varlous fixed values and the results dlscussed in Appendlx IIIo
Photographs are now belng made to 1nvest1gate other areas and confirm the
results.already recorded. |
The_addition-of a criticai danpiné resistance in thevsonrce.disoharge:
circuit has rendered the dischargeAessentialiy'undirectional.--The'peah
current.and plasmoid energy have heenhnedncedfacoondinéiy, but previous
difficilties have necessitated _the_--additi'on.to get a sihéle plasmoid for ..
observation; Probes were‘introduced intoathe‘path of,the,piasnoids and the
signal across a 50 ohm resistance to grounoldisplayeo on the'scope°‘ It was
hoped that the interaction of the plasmoid with the~probe could be observed
and a‘quaiitative analysis made fof the present report. No intensive probe
study was oonsidered due to the“oonilicting‘evidenoe.encountered hy'previous.
.investigators.6 T N
[&5

W. H. Bostick - private communication
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Tphe results‘of thetprobe measurements were inconclusive and notéworthyv
of an&‘additiOnal time'expenditure, " The signal was swamped by at least two
extraneous noise sources ana,the.problem of reducing these effects .caused .
the measurenents to be abandoned. The'fifst of the disruptive signals:uas
introduced by the photoemission of the probe due to the intense wltraviolet |
radiation from the'apC'at the ourfentsAinvolvedoA Ihis.could be.reduced by
‘either heducinglthe current in'the aro of,placing the_pfobe at a greater
distance from the arc. Neither of'these“alternatives'wae acceptable since
our interest liesAin higherpeneréies and any tacuum chamber modiflcations.are‘
impractical at thevmoment. The other urwanted signal seems‘to come.from'4
pickup by the probe_of'the'radiationlfron theltriggered;gap'sﬁitoh and the -
arc. Shielding could have reducetl‘this but:the results were not awo'rth the
effort undef the conditions present.' Consequently, the probe msasurements
were dlscontlnued and other more promlslng 1deao pursued.

A photomultlpller telescope arrangement was made for observatlon of
the plasmoids. Prellminaxy measurements were made on the rlsetlme of the
unit and then the_comblnat;on was placed 1n~po31tlon to record the passage
of the plasmoid. In general, as dlscussed in.Appendix.II; the measurements
indicated 'add'itional magnetic and eleoti'ostatic shielding Wwas nece'ss-aryv".» |
before flnal measurements could be made° A newvconfiguration, as described
in Appendlx II, has been completed and w1ll be put 1nto operatlon in the
near future° |

' IV.  EXPERIMENTAL RESULTS

Of the results described at length in Appendlx III several points are
of particular 1nterest. The t1me=exposure photographs conflrmed the presence

of the plasmoids and showed the effects of varying several of the experlmental-
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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

2 m. Hgo the plasmoid went from a straight trajectory

 pressure from 1075 to iO-

~ in the high vacuum region to a curved trajectory at about 10-32 Aanﬂg.‘to

being stopped before traveréing the #acuum‘chamber in a poor vacuums Thekﬁ
inferacpion of the. plasmoid with probes cénfirmed the affinity to maintain
itéelf'in a collision and consequeﬁtly-its ﬁossible stability.

The elongétion of the piasmoid along the magnetic.field lines has

‘been shown in photographs taken with a mirror pr§viding this third dimension.
It has also been Qonfirmgd by picﬁures of the recombination at the vacuum
chamber wall. The plasm;ids havebeen fired at thin m&lar sheet for possible
dépositioﬁ_of charge. No net charge was observed aftef dévelbping and the

- results were inconclusive.

v. FUTURE WORK |

The photographic recording of plasmoids with smear photogréphs will. 

be contimied and supplemented bf the addition of the imége converter lighﬁ
sutter. The smear photographs ﬁill be contimed to.get a qualitg&}ve‘indica—
tion oﬁ the behavior of plasmoids over wide variations in the varioﬁs experi- f
mental parameters tﬁhat have been studied to date; The image»converter will -
undergo static tests ﬁpon receiving the tube‘about‘the middle dffJgné, It;,
will then befadaptéd to the appératus and prepared for thetphotographing.of-A
the plasmoid in motion across the vacuum chamber. Here. the major problem ﬁiil»;
consist of providing adequate shielding'to reduce the:effects'of external
radiation to an acceptable level. "The design of the unit has included ééecial
‘precautions against the radiation ﬁroblem but under actual opepéting conditions

adjustments and necessary modificaﬁioﬁé will be made. A working unit under
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final operating conditions is expected within the next severéi ﬁoﬁths.

The introduction of our microwave experiments will be simhitaheously.
in progress. The integration of the equipment'into the systém has been
started and will be completed shqrtly; Several modificatiqns to allow the
horn installation and infroduce‘an absorbing material will follow preparing.
the unit for initial operations. The initial microwave'experiments will then
follow as outlined in Appendix IVe The interaction of eiecfromagnetic enérgy

4 wiﬁh.plasmOids will'be of interest both in obtaining information on thé plas=-
moids and in deterwlning what effect the plasmoid has on thélincident microwave
beam, 'The firsf eXpefimenﬁ planned is to measure the magnetic,fieié associé&éd.
w@%ﬁ_the plasmoid by microwave absofptionAat the gyrdreéohahce’frééﬁéncy of
vtheAelecﬁrons corresponding to the microwave frequencye. If the magnetic fie1d
is decaying in time with passage through the microwave beam,“ﬁhe absorbtién
at thié grequenqy can be recorded‘provided the fieidiis nearly unifqrm in the
plasmoid; ‘A-nonduniforh field would caﬁse'a-spreading of:tﬁé resoﬁant peék.‘
and make measurements more difficult. In addition, with the kh0w1@dée~ofA£he
plasmoid shape provided by the image converter, the investigé%ions can be
extended to measure such quantities as électron density,Arecomhinétion
coefficients,; collision frequéncy, and propagation ¢haracteristics in the
ionizea gase '

Optical-meaéurements with the photomultiplier telescope COmbination
-will be contimued to pfovide the velocity of the plasmoidsvﬁégessary for the

- image converter and microwave measurements.

VI. = LOGBOOK REFERENCES

‘ The data of this project are recorded in ARF Logbook Nos; c-8026,
C-8036, €-8319, C=8326, C~8388, C-8lL56, C-8531, C-1025, C-8538, C-8820,
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O APPEDIX I

HYDROMAGNETIC STUDY OF ROTATING CYLINDRICAL PLASMAS

" Val W, Pratt
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APPENDD( I
HYDROMAGNETIC STUDY OF ROTATING CYLINDRICAL PLASMAS

The equations of motion in the hydromagnetic approx:.mation (1gnor1ng

viscosity and electrical re51st1v1ty) areg

p-%t- + p(¥ +V) ¥ = %A(”V} B(- grad (p +g—) | '(1)-
‘-%f-?--div oV, . I | - (@2
aw §=0n W
A"E;._,_ ;23 - ’ | o | | :' (7.)‘ |
and either o . | _. |
div¥v =0 | * (incompressible) . .. o - (8)
or :. | | . |
e

o dt
where Ps P, and X are respeé_tiveiy the pre.s:sure,density,. and ratio of
specific heats of the plasmaj _E-:, and _g | a/f’e reé'péé'tively'the electric and
magnetic flelds, j the electﬁc current e the net’ electr:.c charge densmty,
and ¥ the fluid veloclty field, o | |

The first prob'lemvtov be considered was to'ifi..‘nd staticsnaf& solutions of

the hydromagnetic equations for the imcompressible case. . Equations (5) and (7)
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can be combined to obtain

- IR
--g-i }5% = curl E = - % curl (?-x B) ,
%% = curl (V.x. g) . o (10
and Eq. (1) can be rewritten in the form :
N2 : K :
ST = E—curleB-curlvxv-grad (E+-2—. | ' (11’)4

by applying the vecto‘r’ identity ,'

: .
| (A V) A—curlz -K-*-grad( ,E, 2
to both‘v and’ B. (The den31ty p 1s assumed uniform).v Now making fhe -
subs'titutidﬁ's"_}f 'ﬁ// 1/Er_r;_3 a.nd . (2 +. -=- | | ) R a.nd settlng 'b:Lme :
derivatlves equal ‘to zero, we have the requ:.rements for. the - exn.stence of a
statlonary solut:.onx | | . . o ‘ A ‘ .
curl (7x_ﬁ)=0-,‘ o | ‘ ) ' | L (12)
“curl h x_ﬁ - cufl# x?r '-'gré.d‘ﬁr = O s : ' . -_ ('13)
If we now assume that in our cyhndrical poord:.nate system (r,‘ 9, z)-,: "
h = (0, hy,

assume that v and h can depend upon r on]y, then Eq (12) is trivially

h)and??-(o Voo o) then'{?xh— (Vé ,-0, 0)3 and if we

sa.t:,sf:.ed and y1e1ds no 1nformation. Loolci.ng now at E‘q. (13) R

~curl h = (0, Dh D" h),

‘ =L e o e (4 3. s
wherg D= 3o and .D = (dr + r.)'° Thus
curl h xh = (- b Dh b, D*h, O, 0)

.o 8?2
and .

curlvx?—(—v D" Vgs O, 0);
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and since
grad w = (D w, 0, 0) »
Eq. (13) becomes _
' o R "
. D W=-h, Dh - hOD By f_VO Dvy

2 .2 v -1

o v
_%D(hz * hg.= (h Vo) s
and finally L o L ‘
Dw=5 (v -.-hg)}+-§,DA(v- - ), | (1k)

as our on!l.;).w restriction upon possible' stationary 'solutions., I’n‘the special

case in which the force term (grad E) vanishes we have D ur- 2 D (v ), and

Eq. (1) reduces to -

PR hg =V'.-'=23D(h
which is a two - parameter famlly of solutlons » s:ane the only addltz.onal
restriction is that h2 hg2 + h 2 | .

- If we allow the variables of the problem to depend on ' 2 as well as
r we obtain the .conditions of Chandrasekhar,l he describes each of the
axisymmetric vector flelds in--terms of two scalars » representing the "p0101da1“

(P,U) and "toroidal™ (T, V) parts of -the fn.elds.,:

- . Jp = R SRR | > >

h=wr Sz ]l.r +r T' L+ % % (rZP) ]Jiz . (16)

?=—r-%—% _lr‘+rv-fg'*%< g%(rZU) :uz. s (17)
where -i llg,, Il are un:Lt vectors along the three pr1ncipal dn.rectlons of the

coordinate system. With h and v in this form, qso (h) and (8) are

wtomatically satisfied, and symmetry about the z«-a.x.ls is ensured by stipulating

1 5. Chandrasekhar, Astrophys. Je 12h, 232 (1956‘);"
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- that P, T, U, V be independent of the a;d.rmth 8. For solutlons of- Eqs. (12)

and (13) Chandrasekhar finds the i‘ollowmg relationshipss

(%, *P)
> (z, r)

—o ] L am

S, PP 2, )
S TS

g _rap) 2(Ap, r?f’u» a.r'gﬂ_zl Y
e Zi

I A Y CHED Se—s (@)

- where, «\ﬂh@‘OUacoblénST“haVé Qiheveonve*rition'al}' heEning: -

It X _ 2P a(irxu)*_ a;}p) b(rzu)
B(z, r) Y o 0 Z

and A ~ 1s the five-d:.mens1onal axlsymmetrlo Laplacian operator
A , + .
5 S 2 .r or '} 2

These results (18) to (21) are, however too general to be of mich use for the

present problem, the only new 1nformation we have found from these equatlons
is a nonlinear differential equation connecting Rij e.nd P for the case in
which T = V --O_,,, This was presented- in Progress Report No. 2, and Will
not be reproduceg. here, s_ince (as uas bolnted out in‘that rebort') “thi‘s case
is unlikely to oocur in c&lindrloal cronf:lgurations.

In Prog_ress Rebort No. 2 ﬁe. presented' the linearized perturbation
equations (equations l;i‘to 2L i of.that ‘Reéport) abpropriate to the examination
of the stability of a 'rotat-in‘g' cylinder of incompres_sible '-plasma » and pointed
ot that jDu'ngey?‘\ had shown such a system o be u'nstable for" the case of rigid
72_ :

J. W. Dungeg,Cosmic Electrodynamics (Cambridge Un:.versmty Press 1958)
PP 79-82. i , .
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" ~_rota‘b10n (_ﬂ_ = const.) and’ unlform longitudlnal field (H =Hy = const )o
" There are of course many other interestlng poss1b1ht1es whlch have not been
investigated, ‘a.nd v_ve ‘may return to this problem at some’ 1ater timg s but for
theA present it has 'be'en'set aside in the h_op't_as of being able to solve the
'proble‘m of a'cqmp'r_"essib'le pllgsma,‘}'which ..wouid hav{e' more d.irectA app]icab'ilityl :
to plasmoids. | | | | A
For the compress1ble case we begin w:Lth Eqs. (1) to (7). (9), and (iO).

The terms (v . V) '\7 and (? . V) _g :Ln Eq (l) nmst be 1nterpreted properly

in cyhndrica1 coordlnates. ‘ e
(v .V)?_ . .‘(grad Yr)- v
(F. 9) ¥ =V o (grad'vy) + =L , S (22)
- e - PG : : A
;('w? W) Y | =¥ . (grad vz)' N
"z S

where the extra terms in the p» and<:Oacon1ponen£s"cofresponci respeétivgly tcf ‘
eentripetgi and Coriolﬁ'.s accelerati‘dns'.‘ijor" 'a.stea'dy state of pure rotation,

= (0, i".ﬂ., -0).; (Vvv )e = i‘ﬂa Ir" where _ir dendtels_‘-a'un'it‘, vector in
the radial diz;ection. The 3, V).g term gives no contributioﬁ from the
magnetic fleld inside ‘the plasma, where there is no- r— nor O-component - and
the z-—component depends only on’ I‘o

For the stea.dy stat.e w1th1n the plasma, Eq° (1) reduces to
B2

-p, rfl° = = _~3; ;(P;,,f T,;) T (23)
where the zero subscripts here dénote ‘the steady-state vaiues. It is ea.sily
seen from equatn.on (10) that we now ca.nnot assume. that Pys P o* Boo and _fl

are all constants 1ndependent of r, for there would then be nothlng to balance

the centrifugal ,force- on the' left side Aof-'the eq’ua:biqn. In the incompressible
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_ case it.is poééible ﬁo keep Py and Bo cdnstant and di&ide pé into a cdnstént
: term plus a term whose gradient‘balancés.the centrifugai force; the latter
term can then be absorbed implicitly.into-theA"generaliaed pressure" pertuff _
bation term gnd_the‘problem carried through és tﬁough po,.po,.Bo, and
were all constant. _ » |

In a compr3351ble fluid, however, ‘one cannot have p varylng and p
constant except by maintaining a temperature gradlent in the f1u1d which
appears to be impossible in the plasmas under-consideration.' It wuld of
course be possible‘to consider o] ‘vér&iﬁg With p in such a way that their
ratio remained constant; tut in view of the very shoft relaxation times of
most piasmas, it appearé more reasonable physiéaliy to assume that P, and
P, both remain constant, so that B, mst vary in such a way as to balance
the‘centrifugal force,

Tayler ’has investigated in some detail the stability of a nonurotating
compressible plasma, and we shall use mostly his notation here, to facilitate -
comparison where possible betwesen the two cases. We assume that the initial Ve
locity field'w? = (0,r4d1,0), the vacuum magnetic field? (o Bé@ o Bgo b ),
and the plasma magnetic field at the boundany'gyp (r ) =0, O,, i), so that
bi and be‘denote the ratios of the g-components of the<interior and exterior
fields respectively to the &-component of the vaéﬁﬁm field at the boundary

L R In Progress Report Noo:.3 we assumed.f).constant as well as P, and P ,sothat

B ) | Pontnteime, NFGS-H .

e

3 R. J. Tayler, Proc. Phys. Soc. (London). B70, 10L9-~1063 (1957).
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‘Then, aceording to Eq, (3), there must be within the plasma an a%gmuthai.current

'jo° given by :
d B,

(25)

We essume that the interior and’exeeeior fields are belanced by an
additional current 3’*r= (o, in; j:é)wﬁich‘flows on,the'sufface of the plasma.
The boundany condltlons are that (p + BE) and the normal component of B shall
each be contlnuous at the boundary° Thus the system wlll be in equllibrlum
if

T (b 'b)o~

. cB o ) S
a*;,u = - B € 2
) g
To examine tﬁe stability éf the equiiibrium; we linearize the equa-
tions. of motion and examine'the,behevior of the system in‘tﬁe preeence of small
perturbaﬁionsa With the equations.linearized, any small perturbatioe mey ﬁe
represented as a seperpositipn of -fundamental modes. Therefore,Awe‘assume
that any varlable q takes the form . | A4- | |
1=.9, +qle>cp [1 (m9+kz)+ wt] . (27)
where q, is the equlllbrmum value and Q= 9y (r) ;s.aifirstworder perturbation;
we will neglect all second—order terms, - ' A»
In the vacuum no current can flow, so Eq. (3) ylelds curl.BX = O;-

therefore the perturbation field can be derived from a magnetostatic potential

2v _ . . -
B = grad VV > (28)
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Further, from Eq. (1) we see that (/’ must satisfy Laplace's equation

T ¥=96. - | : (29)
~ the solutlon of which B ' ’ R
;V Gk, (k) + 0y T (), S (30)
where I and K are the modlfied Bessel functions: of the f:l.rst and second ‘
kindsh and Cl a.nd 02 are constants to be determlned from the boundary condi-

tions. The components of. -gv then are -

‘{r :kolx' (kr)+kc21u (kr),

v _im in
,319..”7 > CK (kr)+ C, 1 (kr) N ‘311).
"B‘l’,z =1 kCK_ (kr)-i-ikC I (kr) ,

Where a prinme denotes dlfferentiatlon with respeot to the argumento From the

requirement that B must be contimious at ‘the rigid conductlng boundary we

ses that
‘B‘lﬁr (R,) =0, which yields | |
C,y "K"""E"' kR o ‘ A - (32)
‘as one rslatlon between the constants Cl’ GZ '

Llneam,zmg Eq. (10) for the plasma in accordance w:.th Eq. (27) y:.elds
the three component equations:

wB]‘_r-lmﬂB +ikB vlr

w‘BIQ=1kr_D.B +1kB vy +_QB +r_Q.DB1r,, (33')},.'

wB, =-B D oy ® vmr-D B = 1m..Q.B s ?‘:wBo"VlQ‘

The notation agrees w:Lth that of G. N, Watson, A Treatlse on the Theory of
Bessel Functions' (Cambridge, University Press, Second” edltion 1944 ).

I
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' The solutions for the components of g in terms of . the. components of vl aresl

1 kB
Br T 7T Vi o
B]iz.- o (% k'vlz leVl) = D Bo”

where G -:- '~ W '+ im_(l -
From‘Eo. (2) .

(‘).PJL = - Pdiv?

U : D | R S
. P = = = div e - R (35)
Equation (9) now gives:

| 4'w b - {w Pl',

° ° . R : N (36')"
L2 Py B e o
py=og . Py == p oiv?l .
where cs g —2 » S0 that Cq is the speed of sound'in the unperturbed plasma.

Po
The current due to perturbatlons in the magnetlc field 1s given by

Eq. (3): o IR

et frmy, DB]_Z-J . 6D

- ¢ %, im '
N [D 8 Big = % Bl'r] °
Equation (1) can be written in the form ’

%1 '+  b(? V )? = - grad p +1§==§.".. - (38) |
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Whish yields the linearized components

Po O™ Ty = 2 py{Lvyg - py 7L _*"'me. *+S Wo By * Jpg By o

im

Pmo-vm~+22po_(?.vlr”="-'°;-. pl (jlr o)‘ L (39)
v =iiup+ By o
p G'vlz)--ikp]l C( )oA

When we substitute the expre551ons obtained above for pl, pl" J 0 Jl and Bl’

the three equations ( 39) bec ome

o N r..()_.a[
'V:Er_- 2)-;‘-?119‘ '-.'-'T?Dvliza . div 1 - 21 k vlz]
8% »  (4oa)
+ [D(div?)-lknvl '-k~vl,f], ~
"'I'mrpoo- | | B
2 o
c 2 .
~im | “s_ = r L)
Vgt 2 Vi =7 o div vy + -2 "h»:l
A o - )
=2 3 . ik )_k-v..] ~ (LOb)
o g2 Lr YEVVpe a Y] . -
Lo ™ L L
1 ke . 2 S o :
= 8 4 ikr NS _ - : \
N, =gt awd 4 BEESL o

In principle :bhese eé;uat‘ions, can be isduced by elimiha'bion to \a'
s:.ngle dlfferentlal equatlon for vlr by the follomng procedures Equatlon (LOc)
can be solved for dlv-\? in terms of vl and. vlr’ if thls result is substituted
into Eq. (hOa) we have a relation involv:Lng Voous | 11“" Vi Y1z and Dvla-’ '4
Equatlons (LOb) and (hOc) can then eachvbe solved for V1o and Vg in turn,
and the results equated to’ glve an express:Lon for the other 1n terms of Vap and

Dv The expression for v. must be dlfferentlated to £find. DV1 in terms of

1r® 1z
Vip and its derlvatives H and this rasult, together with the sxpressions for

Vie and vy, can ‘then be substltuted into Eq. (L0a) o yleldJ,ng a second: order |
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differential equation for v ’subjectato the aﬁpropriate boundary conditions

1r

at the perturbed plasma surface, The solution for Vip could then be used to

find-vlg and vlz ' C _ o ,
In practice it is extremely dlfflcult to. solve Eqs° (hO) by this method

as the coeffic1ents involved- are qulte compllcateds e.g.~the coefflclent of

‘Dvlz in Eq. (hOa), even when reduced to 1ts lowest form, contalns over 20 terms,

including one in rlo

s in 1ts mmerator. (assumlng Eq. Zh)o 'Therefore we w111
be unable to get a solution in closed form, ‘and can at best hope to get an
approximate series solution. Professor Chandrasekhar has suggested that,
since only an approximate solution‘ds possible, ianoﬂldwbeibest Lot wu
solve the.probiem b&«a varrational.mebhod; if -a variational prinoible forlthe
problem oan be found. - (It must be remembered that the solubion of Eqs.'(ho)
‘would stlll be only an intermediate step in the solutlon of the problem)
the other hand 1t may. be feas1b1e to solwe Egs. (LO a,b,c) 81multaneously for
many values of the parameters by the use‘of a hlgh-speed'dlglta; computer.

Another problem.Whiéh.has received7at+ention dnring'bhe last ouarter
concerns the validlty or appllcablllty of the assumptlons underlylng Eq. (2l) o
As ment;oned above, the assumptlon of unlfprm p and p seems justlfied,
but the assumption of conStant.J). seems somevhat artificial. The rigid
rotation of a plasma apparently has been produced experimentallys but there

- is no a priori reason to believe that‘this sitdation occurs in plasmoids. If ‘
cylindrical plasm01ds have a’ rotatlon, 1t is probably due to the presence of

c1rculat1ng currents in the toroidal plasma at the time 1t breaks away from

the source. . As mentioned above the plasma. probably has a very short -

34&. G. Stepanoy, V. F. Zakharchenko, and V. Sp Bezel!, Sov1et Phy51cs JETP
1, 353 (1958).. : S ,
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'relaxatlon time; and even if it was toréldal when flred a redlstrlbutlon
should qulckly take place to equalize the pressure and density across the
plasma cross-section, thus changlng,the 1nternal angular momentum_dlstribujiono
It ié interesting to noﬁe in ﬂhis_connection that the double probe trace -
obtained by Bostick§ could possibly be explained more easiiy by an internél4
magnetic field variation (eego'as in Eq. 2L or‘h2),than by an actual density

' vériation (provided the plasma coﬁductivity is'high enoughe)

An alternative to Eq. (24) might be the configuration foﬁnd by Bo&er-
gﬁ_ég? in an analysis of the Ixion machine. In this machine a radial electric
field is applied to a cylinder of piaéma'with’a'longitudinal‘magnetic fiéld}
and the B x B drift] drives the plésma.in the azimuthal directioh, ise. rotates

it about its axis. | | -
| In the analysis of referencé 7,Vit was assumed oﬁly thét‘the'particle
density is uniformg then with no assumption about.fl., the form of Bo is
determined from the fact that'the electric field must vary as 1/r. From our
present standpoint a‘simple argument might run thuss the plasma drift is
given:by8 A

';;= Lgl (u1)

éfW; He Bostick, Phys. Reﬁ. 10k, 292 (1956); see Figs. 7 and 8,

7 K. Boyer, J. E. HammeI, C. L. Longmire, D. Nagle, F. L. Ribe, and W. B,
Riésenfeld, AEC Report No., P-=15-20 (T1D~7558, p. 140); Second U, N,
Internatlonal Conference on the Peaceful Uses of Atomic Energy, (Geneva, 1958)
. paper no.. A/CONF. 15/P/2383

8 For a discussion of plasma drifts, see H. Alfvén, Cosmical Eleétrodynamics

(Oxford University Press, 1950), Chapter 2. Eq. (L1) can, however, be

be derived from Eq. (7) above, : , :
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Let = (K-L/r, Q, 0), = (0, O B ) and?— (O r 2, 0),, then from Eqs. (hl)‘ '

- and (23) with Py and P, constant (K1 - K are various constants)?

rll= =

"(:_hz)

- Of course reference 7 gives the values of the constants in terms of the para—

meters of their problem, but the p01nt here is that a fleld varlatlon of . the

.type given by Eq. (h2) is not only poss1b1e but perhaps more probable than

that of Eq. (2L) for our present probleme

By Eq. (7), a plasna rotatlng in

a magnetic field will induce in itself a radial'electric'field;,considered»

from the laboratory frame of reference, it then‘appeare”that Eq. (6) pfeSenﬁsz'

a problem of charge separdtion unless E varies as 1/r.

It seems probable, |

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

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

,aW?y.

thermomclear machine,9

This contention seems to be borne out by experiments on the Homopolar

in which a transient radial current is drawn while:

the plasma is being accelerated, but after reaching equilibrium "the drlving

electric ‘field vanishes in the plasma rest frame, and the radial current ceases."

9 0. A. Anderson, W. R. Baker, A. Bratenahl, H. P. Furth, J. Ise, Jr., W. Bo
" Kankel, and Je M. Stone, Second U. N. Internatlonal Conference on the
Peaceful Uses of Atomic Energy (Geneva, 1958), paper nos A/CONF° 15/8/3736e
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 APPENDIX II
CONSTRUCTION OF THE EXPERIMENTAL APPARATUS

Ao MAGNETIC FIELD

A capacitor and solenoid combination has. been constructed for supplying
the magnetic field. - ConSiderable effort was expended in bringing the opsra-
‘tion to an acceptable level. A maJor problem.was-encountered in the operatitn
of the triggered-gap switch, in;the magnetic-field circuite

The original switch, as described in a prev1ous report, worked very
well for the 1nit1a1 firings. Almost 100 percent operation was "achieved for .
‘the first firings in the 500 to’ h OOO volt region on the field capacitors.

| However, as the energy delivered increased the copper became badly pitted
from the energy diss1pation at the surface of the electrodes. 'Molybderum - -
inserts were then made for the elec‘trodes and a conSider-able imp‘,rovement was
noted. At abcve 2,500 volts on the capacitor bank the molybdenum also pitted
but cleaning after several firings restores ite

In addition, breakdown between the central trigger wire and its
surrounding electrode also ogccurred at the'voltages‘neCeSsaryjfprfsatisfactory.
operation,:-The breakdown was traced_to‘the considerablejvoltage,across the ‘
6BKL tube at thexoperating current andlthe spnttered material-retained oni
the teflon-insulator,- The problem was solved by the insertion of-a side
trigger in the gap. - N | ' ‘

A search coil was used'to'calihrate‘the4magnetic field. Figoim_shows ‘
several of the waveforms Observeds' It should he pointed out‘that this4is not'
a plot of the magnetic‘field Since thelsignal'fromﬂthe}coil pickup represents
the rate of change of fluxjwith timeo’ZThis.presents 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: acceptable accuracyo4"
The method of arriv1ng at the magnetic field curve ‘for the various
capacitor bank voltages can be 1lIustrated using the voltage values from
the curves in Fig. 1. The period of the oscillation can be read directly
“as 6 msec., The amplitude of the magnetic field can be calculated by sub-
stitution into the equationz ‘ N
| nABw

where n= number of turns, A average area of the loops B = magnetic
- field, and m = angular ve1001ty. For air the magnetic field amplitudes at

3,000 and 4,000 volts are then calculated ass

HBOOO - =2 4100- 7T 'gauss'f:u

Huooo ~ ‘6“‘ ()4.100) ~ 5300% 3°°  gauss

These values correspond to the expected values from the coil deSign and are
within the deSired accuracy.« The magnetic field can then be ea31ly found at
a time t, by evaluating the sin wt, for the corresponding amplitudeo N

A check was then made on the magnetic field uniformity across the |
'diameter of the chamber at the center of the solen01do The variation was
undetectable with the search 0011 oscilloscope combination and the field
was established as being essentiallylhomogeneous across the plasm01d chambero

B. _ﬁMOID SOURCE ASSEMBLY

The button plasmoid source has been 1nstalled and connected as shown

in Fig. 1. The capacitor with the 3=ball triggered gap sw1tch is being used
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Fige 7 The above traces show signals from a pickup coil in

the magnetic field. The sweep speed was 1 m sec per cm, with
time going from right to left, for all the traces. The vertical
deflections and magnetic field capacitor bank voltages were as
follows: a) 5 volts per cm and L,000 volts, b) 10 volts per cm
and 4,000 volts, ¢) 5 volts/cm and 3,000 volts, and d) 10 volts
per cm and 4,000 volts.
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for the button supply. The small 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 terminating leads into the

source are parallel copper strips with a surf;ce 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 scurce 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 piectures
was limited by the oscilloscope operation at the high frequency encountered.
A measurement of, the curve over five cycles indicates there is an average
period of about 0.3 W séc. The current is considerably underdamped as was

-axpected from impedance considerations. Again neglecting the slight
damping, an approximation on the current through the source can be made by

substituting appropriate values into the equation,

i = V

max »

Ho

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 be calculated from the equation,

2
T, W g
lmza
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Fig.? The above traces show signals from a pickup
coil in the plasmoid discharge circuit. The sweep
speed was O.2 g sec per cm, with time going from right
to lefte.
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If a discharge through the button source with 25 KV on the: capacitors is

considered the current anplitude can be calculated as g1

P "fic”',_, 207G
imam'-.. N 5T

_ 211(25,000 x .025 % 10~ ) = 1,000 ‘amperes
o 030 X 10~ ' L

The triggered—gap-sw1tch used in. the plasmoid source circuit has :

been foundrto operate very well° In the coursecof placing the switch in
operation two critical po:Lnts were notedo. 'First the-‘dis'tance:between
electrodes had to be precisely set to obtain a proper breakdown sequence
between the spheres, and secondly, a small re51stance had to be included

in the pulse electrode lead to-damp out oscillations.occurring in. this )
circuit during ‘the dlscharge°, In addition 1t has been found that the _
circuit 1s a good transmitter of RF energy Whlch causes some interference
with other measuring equipmento. Some ‘of thls has been eliminated however,
:a shield w111 probably be added in the near future to reduce this undesirable
characteristico 4‘ ' ' - |

Cs ELEUTRONIC CIRCUITRY

A change has been made,in the,method of‘triggeringnthe-time delay
due to thevpresence of.jittersin-thejlow %oltage«switch triggering,theb
4 magnetic field° It was not practical to'continue'work on removing the
jitter 51nce an alternate method was readlly available° Instead of
starting the time delay from the pushbutton triggering the magnetic field,
a pickup coil on the magnetic field circuit w1ll be used to accomplish the' ‘
time delay triggeringo Then, 1f there is jitter in the sw1tch it w1ll

not affect the time interval between the magnetic field and plasmoid firingo
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The timé interval can then be set and duplicated on subsequent firings to
the accuracy required.

- De PHOTOMULTIPLIER TELESCOPE

The use of a photomultiplier telescope combination was reported by
Finklesteinl for velocity measurements of plasmOidso A.Similar arrangement
has been constructed for this project.' The-initial photomultiplier used
was available from laboratory equipment and no- Special design was included for
operating in the stray fields present.‘ Some exploratory tests were made
with regard to magnetic field effects and operation was found. to be
satisfactory only at points well away from the flux at the end of the solenoid.
‘The necessary distance wasiascertained and the photomultiplier was placed in
the acc‘:eptable'position° The source was then discharged and . its effect noted
on the photomultiplier output. The pickup by the photomultiplier-was excessive
and consequently a new arrangement was deSigned Whereby the complete tube and
amplifier are in a metal container With coaxial leads to all components externa1‘
to the containero Preliminary tests have indicated that the attenuation is
several orders of magnitude bettero This redeSigned unit will be 1nstalled

shortly for application .to the-velocity measurements.

1 D. Finkelstein, G. A. Sawyer, and T° F° Stratton, Physics of Fluids 1
188 (1958)
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APPENDIX III

EXPERTMENTAL RESULTS
| In'the-couree of the’final oeveiopmehtai work on the plasmoid
apparatus many prelihinary firings4Were made-and Several were recorded by'
photographlc method s, Flgs. 1,.2, 3, and h are tlme-exposure plctures of |
plasm01ds taken Wlth a conventlonal photographlc camera.

- Considerable experience was galned 1n photographlng the plasm01ds.

-The first: photographs failed to. show anythlng beside the arc from the so0urce.

AR

This was not unexpected and w1th constant 1mprovement of photographlc'

techniques and- fllm a set of photographs ‘of good quallty was obtalned. The
flnal 1mprovement was made by u31ng Kodak Royal-x panchromatlc fllm. Thls
is the fastest commerclal film made by.Kodak”and its appllcatlon caused
considerable improvement in the'pictores,‘LIt-appears that'theﬁphotographing
of this extremely high speed event at the low llght levels 1nvolved could
be within the reciproclty fallure reglon of the preceedlng fllms useda

There was conslderable reflectlon withln,the contalner detracting
from the photograph-ouality,A To redoce this the glass'cohtainer was giveh

"Aquadag" suspen51on coatlng and the metal parts Were covered w1th black

neoprene rubber. The picture of the camera, whlch ‘can be seen supperlmposed

in the backgrohnd, was ;ntroduced by the.reflectlon.from the glass plate on
top of the vacuum chamber. = If heceesary?»thie image_can be removed by |
masking° : : : o .

A'dischssion of the'photographs;is especially interesting when one

notes the di fferences between several of ‘the plasmoids of Fig. 1. The
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A | ()

(e) (d)

(e) (f)

Fig. L Time-exposure photographs of a plasmoid
projected across the vacuum chamber at different
magnetic field values.

/
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Fig. 3 Straight Plaamoid
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fi1g, 4 ULurved rlasmoid
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plasmoids were fired across the chamber with a geometry as sketched below,

Magnetic Field
out of paper

Titanium Wires- } |
(1n plane of pa52;7“‘-

Camera Direction
. into paper

|-~ Probe

~:CylindricaliHousing
(out of paper)

" The pressure in the chamber was - about 10 E ‘min and ‘a magnetlc field~
of differing magnitudes was present for each flning., A probe 1s directly.‘
opp051te the discharge and the 1nteraction can be seen in the pictureso |
The amplitude of the current through the source was -about lh 000 amperes.=
Figures l(d) 1(e), and. l(f) show the plasm01d traveling in a relatively
straight traaectorye The difference in pinching of the plasma 1ndicates
that 1(d) was fired at a low magnetic field strengthO. Our observationS~of
the discharge without the‘magnetic field as in Figo 2;confirm the increasedh.
contracting action in the arc with increasing field'as'reported by Bostick_,1
Fig. 2 is an enlargement of one of the straight plasmOidso |

It is 1nterest1ng to note the 1nteraction of this plasmoid mith the
probe. Streams of partlcles scattered from the probe are observed especially
When the plasmoid traJectory tends to graze the probe on one side., It even
appears that there is an elastic type_scattering present° On the other hand,

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

l.W. H. Bostick Univer51ty of-California Radiation Laboratory Report
UCRL-L595 (1956) "Experimental Study of Ionized Matter PrOJected ACT0oSS

a Magnetic Fleld"
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an inelastic appearanceo This amaz1ng tendency to maintain itself again
points up the possibility of this being a stable configuration.
The occurrence of- plasma with con31derably curved tragectories has.
been recorded. Fig. 3 is an en&argement of one of the curved plasmaso
Again the curved traaectory has been reported by Bostick2 w1th pictures
similar to those in Fig. 1. '
The experihental evidence enCountered‘so far indicates_that the

curved plasmoid is ‘formed in a.region'of'pressures.near 10“? nm.Hga 'Additional
work is being performed'at the.momentFtO'determine the extentﬂof this range.
An analysisdof this phenomenum*Wiil‘be made after the exact conditionsiare‘
known to establish a theoret1ca1 explanation for the curvature,‘ Plctures |
have been taken with the magnetic field directlon reversed and the curvature
was observed in the opp051te direction. An explanation for this has been

| proposed by W, H. Bostick3 but there ars several points that mst be checked
before the mechanism can he completely accepted° Essentially the contribution
of the electrons produced by phot01onization of the re51dual gas at this pressure
can give rise to currents drived by the vector E ==V x E . These currents' |
could then act 11ke an electromagnetic brake, reduc1ng v and’ E pro— |
gre331vely° Thlsvprogressive reduction 1n:>E Can conc91Vab1y give rise to a
deflection of s into a spiral,trajectory° The.above explanation has not
been verified experimentally;as yet since atthird 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
2

W, Bostick"ﬁniver81ty of Caiifornia ‘Radiation Laboratery Report -
-~ ‘UCRL~L595 (1956) "Experimental Study of Ionized Matter: Projected Across
"~ a.MagneticiFigeld"s~ P A R

3 W. H. Bostick, Phys. Rev. ;p;g,, 292 (1956).
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v will be p0351ble when the 1mage conrerter has been placed in operatlon
and the plasmoid motion can be stoppedo Addltional hydromagnetic mechanismsA
Wlll be sought to explain the curvature'for the conditlons being presently
‘.determlnede | |
: The effectﬂofincreaSingpmessure on theAplasmoids-has‘been~rec0rded
in'the manyhphotographs taken‘toodateo‘>The progression is_from a straight
plasmoid at,good.vacuums to the curvedAplasmoid at about 10*3>mm'Hg to a
plasmoid that is,stopped before crossingfthe chamber at'a‘poor vaCuum.‘
Although the exact limits of the reglon of curvature are. not known it
: appears that it :lsfairly narrow., 'There 1s probably cons:Lderable error. 1n the
pressure readings in the poor vacUum range s1nce thermocouple gauge readings
‘ L.are poor in this reglon of about 5—10 m:.crons° However, the. plasm01ds have
4been photographed on several different occaSions in this pressure reglon and

-3

all show the stopping of the plasmoide4 Whereas~at'10 mm of Hg the mean
:free paths for the electron, ion molecule colli31ons are several times the
o chamber dimen31ons, here we are 1n a region Where the collis1on effect is
appreniable.A The plasmoid is essentlally stopped and broken up before‘
traversal of the 9"'d1ameter of the chamber is accomplished.
‘PhotographS'hare been:taken"Withia7mirror“injsuch aepositionlas to’
got the elongation of the plasmoids'along the magnetic field lines. The
elongation is quite pronounced and rapid as 1ndicated from the resulting
-photographs. However the'mirror Was not large enough»to show the actual
outline of the "plasmoid in*this directionq‘ Later pictures have confirmed
the elongation in the axial directlon by noting the recombination at the.

wall of the container in relation- to a marking system locating the central

section of the cylindrical,glass hou31ng.- The photographs of the elongation '
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Will be included ib a laﬁer report~aS»soob.as‘the remaihing vier has been’
recorded and the materlal completely analyzedo
Plasm01ds have been flred at thin mylar sheet to 1nvest1gate the
possibllity of a net charge being associated w1th the plasm01d. If this
were the case, we could p0351bly see the effect of the charge by spraylngA
"the mylar w1th "Zerox" developer after the mylar was bombarded with one or
more plasmoids. The bombarded mylar was processed but there was no detectable
effect for up to ten flrlngs. The experlment was repeated and no charge was
observed agalna It must be emphaSIZed that the results obtalned do not
| necessarikyprove there was no net charge of sufflcient magnitude to detect
by thls process, slnce'the processxhas beenlfound to be dncertainAunder mamy
lcondltions'of bombard’fnent 'As'imilar to ‘this. The experlfment, was primarily
"d681gned for detectlng a posxtlve result and the absence of the same left |

any 1nterpretatlon of the resulbs uncertaino
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. APPENDIX IV

MEASUREMENT OF THE MAGNETIC FIELD IN A PLASMOID
- BY MEANS OB GYRORESONANCE WITH. MICROWAVE BEAMS

By the applic'ation of the:-phenonena of gy:ro‘resonance. of the electrons
in an ionized gas there is’ the possibility of detemini‘ng.‘the magnitude of
the magnetic field that exists within the ‘plasmoid as it travels &hrough
space. | | ' - ‘

As is Well known electrons‘ in a plasna which is in a magnetlc field -
Wlll osclllate W:Lth a frequency glven by, o |

vhere | 'f{% is the charge t.o mass ratlo of the electron,‘ '

| His. the magnitude of the magnetic fleld

c is the veloc:.ty of l:Lgh‘b a.nd

cub is the angular frequency oi‘- osclllationo
An electromagnetlc wave propagatlng through the medlum will exper'lence '
an absorption as Well as a phase change When ‘its frequency is. equal to the -
frequency We The 'magnetlc field H may be- calculated therefore if the |
resonant frequency is known, If a plasm01d has the shape postulated by |
Bost:lckl w1th 1nterna1 cur’r‘ent<= flomng thereby producing ‘a magnetlc fleld
it would seem loglcal that electrons.in their field would gyra‘bee The
interactions between the‘se gyfating e_lectrens to microWav.e,s will produce

an absorption of the microwaves which can be measured by reflection or

transmission experiments.

1 W. H. Bostick, Phys, Rev. 10k, 292 (1956).
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The experimental arrangement is shown in Fiéo l; The plasmoid will
be fifed across  a contimous miorowave beam and et the point in time when
~ an absorption is observed at the receiving hornAone knows that the magnetic
field in the plasmoid has gone thrOugh a4specified value. One has assumed |
in the above case that the plasm01d w111 have a larger magnetlc f1eld at
the time it is flred and that 1t ‘passes through the gyroresonance frequency
while 1t is in the mlcrowave beam.'-It'ls also assumed that the magnet;c
- field 1s.reasonably.uniform over the;plasmoid. .If the.@egnetic field is;"
not reasonebiy,uniform'over ite{ereelthen atcontinuous function_will be
observed:etAthgﬂreoeiVing}hornﬁwhioh istanTindioétionhothhe inhomogenéity
of the magnetlc fleldo = |
A qualltatlve check was made of the radlatlon fleld ass001ated w1th
the mlcrowave transmittlng horn as shown 1n Flg. 2. The recelving horn as
shown to the rlght in Flg° 2 was moved ‘and the current plotted for the varloue
. p051t10ns. Whlle‘the data. obtained 1n-such a manner‘was qualltatlve,end of
little value for the final.calihration'in the system,'it did‘eerve to confirm
the design andfconstruction'of the horns in addition to Providing some idea
of the radiation characterietice.. The4resdlting plots:of the receiving horn
‘current vs. sidewise displacement'afe rodghly sketched below for three values

of the separation distance between the horns.

D 3" - separation .
" A : .
+
87
b oe
8 5
W ¢
R 3
3 2
8
o .
9 1) 75

. Sldew1se DiSplacement from Center Maximum 1n 1/8 1nches ‘

‘ARMOUR QESé_ARCHA FOUNDATION OF ‘ILLINO'IS INST'ITUTE OF TECHNOLOGY

2. '4,g « Appendix 1v

-~

DISTRIBUTION STATEMENT A: Approved for public release. Dlstrlbutlon 1s unlimited.



Plasmoid source

_ direction of
y travel of plasmoid \

microwave
receiving
horn-

Microwave tra.nsmttlng
horn -

magnetic field
- (out of paper)

Fige ¥ Microwave Measurements Coni‘igurétioﬁ
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APPENDIX V

_DESIGN AND APPLICATION OF ""I‘HE. IMAGE CONVERTER

'The dynamlc progress in image converter technology has resulted in the
development of tubes of con51derably 1mproved performance readily adaptable_
to the present program as a llght shutter for stopping the- motlon of the plas~
moids at the extreme speeds involved. It is- felt by many that the ‘Kerr Cell
has‘been surpassed in efftciency and is rapidly falling behind in low light
level work such as ours, At thedmoment the principle adwantages seem'to be.
in the gain p0381ble in the tube, its relatlvely easy trlggering, and 1ts :
excellent ratio’ of~open to closed.sen51tiv1ty,4name1y almost 1nfin1tyo It
suffers somewhat from lack of resolutlon, but this 1sn“t to 1mportant in our
applications. .The tube that w1ll be 1n1t1ally used is the RCA type b73h35B.

The electronic equipment necessary for the image convertsr has been
essentially completed and is shown in Fig. 1. The fabrication of the pulse-
network with the tube in a Single hou31ng w1ll be completed ‘on arr1va1 of the
tube. The electronic equipment 01rcu1ts 1nclud1ng the pulse network are
illustrated in Figse 2, 3 h and 50 Tbe power supplies are essentlally
those of a unit in operation a+ Los Alamos 301ent1f1c Laboratory | The pulse
network and tube unlt has been de51gned by Dr° P° D. Southgate of our :
laboratory. ' ' '

The,tube features.a control grid for low‘voltage gating of'the.beam
current. pThe sequence for operation'of the tube'is as followsé At cuteoff
the gating grid is held at from 90 to llO‘woltsjnegative; To open the
shutter a p031t1ve square wave pulse of from 170 to 190 volts is applied to

the gating grid for_the exposure time requiredo Exposure times as short as
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lO-8 .seconds are possible Wlth-this method mell within the requirements of
our aloplication. | |
The 1ow energyAsecondary electrons emltted from the photocathode are

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

as photocathode and phosphor efflclency are 1ntroduced the. resultlng conver81onA,

gain at L}L00 A° is a minimum of 12 | ThlS 1ncrease in output energy over | |

input energy is -one of the most 1mportant advantages of the 1mage converter

for lcw light level WOPke | : -

‘ _ A tube under.development by'Iflel. laboratories“and a Yerkes Observa- '

tory groupfled by Dr° Wo A Hiltner has beenfof narticniarlinterest to us

since a gain of ‘about 50 is p0331ble over ‘the convent10na1 tube., The |

p0851bllity of adaptlng such a tdbe to our unlt is belng 1nvest1gated to

provide us with.an 1nstallat10n to our knowledge at least an order of magnltude
~ better than the standard system used by most. 1nvest1gators° The 1ncreased

| efflclency is accompllshed by ellmlnatlng the 1nefficlent method of photo— '

- graphlng w1th a camera the 1mage on the phosphor screen of the tube and |
instead making a~contact‘photograph~on a special thin phosphored mica screen,
The new tubelwill'be'in operation“shortly_at YerkeS'Cbsenvatory and arrange— -
ments have been made;to‘inspect‘the;final»installationégﬁwg~natdrally enpect
a small loss‘of resolntion'duehto the finlte;thickness of the mica;'however;

this would not aporeciablylrednce the}valueﬂto us‘as a research to0lo

ARMOUR RESEARCH FOUNDATION OF ILLINOIS INSTITUTE OF TECHNOLOGY
-2 = Appendix V

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



+ L
URRHRRA L

|
|

WEGATIVE LOW VOLTAGE POWM susmY

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



- STAT-TRAN
+200V T : EFTI 2443

. - ) - ¥05# [j :_IE CONTROL ELECTRONICS CO. INC. o h

VARIABLE ‘DELAY LINE
-103A 2 REQ'D - 0- 3,14 SEC.

S T 5687
- {——— -
oo =
,'TﬁlﬁfER, S T |
. ‘ S B S 2.7k . | | 2.7k
—22v. - |. = - - 10 .
| N | il onsr | _ CATHODE
270K . , I IMAGE TUBE
+250V
%75K 270K
cl# :__ - "
400v T ( ‘ | 10
100k GRID
~ : I_ IMAGE TUBE
2.5K Ju
[ .% .'I-~# 5.6 K
e . — AV
400V T A
| 70K
2.5K -L B
25K ]- 56K~
- ANN - AAAY

FIG.2 - IMAGE TUBE PULSE NETWORK.
DISTRIBUTION STATEMENT A: Approved for public release. Distribution is unlimited.



SEE NOTE ™%

. 8. CONSTEUCT ON DYNAKON

2

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

ezl eelz
7-z02 B ., om-2  1OM-2. V-201 J-20) :
L J 2 P 2 iy
4ADLEY #8915 [ cr20l cr20z cezo3 | IREMVC  IRC-MVC 5890 R — AMPHENOL™24-535'S
—D- - . A + 0 'AA/&DE AV ouT”*
0-206 ! Cc.)
! o2/ §ff§ 0.1 -8 KV
‘. de C- - | R213 THRU P-224
- ) ‘I‘a./-skr x;f_’go/ﬂgl’c ' 25M-2. DCH-1%
1 M2 o207 ! -
i Lle-zoz IRC-MVC T UI-8kY '
. T0.1- 5KV e204 {1
7-20) ‘ Sm-2
VARIABLE TRANS r TRC-MVC '
SUPER 108 ELECT. %10 * P NG -
2o) Voo Sare2 i | SEE MOTE ™S
10 | %0203 frec-mve ;
| | : B-206 v | '
—TOTTTTV —e sp-2 Iy
@ 4 0 ! 0.204 IPC-MVC I '
L a-20
: '\ Tasrsky  $EZ07 |
rzol 4em4 ger0s ceans | |
2201 { E |
— — ————— —— w t =
100K NE-5/ 25
(57 c-205 !
o754V H-201
" “ A=t PSon MoOEL™29
ANOOE K., V. ) | g'/OM jMPS w/ITH
. . ’ 5cALE O-15KY
0 ' ANODE H.V.”
0/ 0y S-20l (EB)
f_ O.AS.T.
oN” oFF” B
CFP) < - o .
b P-225 -L
z = $5./K -
¢ Bo0C M
2226
. SO H. P $
F-zo/ 202 14//\,/.04005%' i
"B AMP S.0-BLo" cR) 8 £-227 )
CRR) S 33k-/
¢ Boc
” ! P EES J
T g N Y Y GNO.
§ n N[ 9 NN ‘ l
j§ + ' 1\9 t )
MNOTES : & STST
1. RESISTORS + WATT UNLESS OTHERWISE SPECIFIED. : 21912 9
E%X20/ E%®202 llel3|4]|5j/e|7 |8
2. RESISTANGE IN OHMS UNLESS OTHEWISE SPEGIFIED. SPAEK SPARK ' JS-202 '
" 3. CAPACITANGE VALUES ONE AND OVER IN MICRO MICRO- GAP . GAR CANNON TYPE r8-18
FARADS, LESS THAN ONE IN MICROFARADS, UNLESS ”%EC w !
OTHERWISE SPEGIFIED. ' o
b CL-20) THRY CL-20¢ AEE G.E. TYPE —d —
RS20 GHN 200 7TH8B! LAELE 7o BE - v .
POTTED IN EPOCAST.
=5 PESISTOLS. £-2)3 THEY 2—224 7o
BE POTTED /N EPOCAST. “
6. 5890 USES A SMALL SHELL DUOOECAL !
12 PIN SOCKET gl
7 F/LAMENT CURBENT oOF 5890 :
S 0.6 AMPS, 5 . '
N - - CHANGED ITEN WAS (3] I~

TOLARANCES . UNLESS OTHERTISE NOTRD

_ DECINAL ARGULAR:

™. MoDEL 10

o [omtiid o | TiaGE cONVER TER

W. AIELLD|/-35d A1

4.8 PRovsTlr23 58 -1

T ANODE H.V. POWER SUPPLY

A

SCHEMATIC

W. AIELLOI-3-58] 7o | seaus

. GALLACK R e-A5

ORAWINS DO, . [——_ s

4v-4055/ -3




- CR-30) THEY 0304 £3/0 . 305 CR-305 THRY ce—soa
7-301 4EA. TYPE /eosma Y :zosgN SEEFwE jeosmiB
.cwmao m:nsme/m’ ok R -
SRte-2004-14513. CK 4R367 L o :
s e TP Dy . L0801 e -303
T[dsoy ¥ L 5 00! b N TANDARD i _L
200MA L P£ C-1411 . L 250V - - =
T. 4, A L) s \ ) .
20044 -l ™ §
£205 cRa0d R I 130 9 c-a:ag c-3/4
i N onle 3szzi‘ 2 0./ F-¢6oov
-aou ERNTR g1 T+oov YPE C-OTJH
% folB 4urF X mg¥ Sl 6040
(,oov N ¢ :V'\) 0304 Clx .
TYPE ¢-DTUR IuF N
avezames | 6990 P v Vi
WOT USED) ! X MITE Wt '
i T N ) s o
e x ’ 3 = 2 o
6.3vV&®
443,”5 . ; £~ 303 ;100 3 B N § .
X § 210k-2 : 3 —f—t o] -
v > ) 1,s £-320 % I $ 4 THEID~
S | s ol e :
} <& AMPS Y, ‘ £75/7 ) — = . - (C.0) : S . ce09 23 Vv-313
i . 302]| pgazl DL o £32) 4t | ; 5&57
Y ) 4700 .1 mEN $v8r-2 - g 3.-\ 7 /1805SM 1B T7k&-
06 AMPS ] f zoayI V] $:/ !
! - ' - ' '*{ A 400V
g — © BuF- 600U L 30uF
= 2% 'l' f TYPE C-OTIH T35V T
i i oo
. ” R 50V i A - t
v 302 ‘ R360 THEY B34S
4 sTANgAeo ) ] Iz GLA- - rPEEC.
TYPE P2-1811 | p PAZ - ; .. ‘
T "a5h-200mA, _ ! - 4 £360 -300v,
A +iSQY v\ B 361 v
I-380 b ¢ ’ - K-301 S WICE] - |50
| =30/ ! K 3 g : : P O.T. FED S — o
/ 1518 ¢ k333 - i TYPE £o-9A e Lo AIME TR - 1250V _ h
100K ~ 4 h \ 1 2364 . i . [ 1
veEE | : IMI 1% | cgos |- i R N § 8 R A 1 o2 P S W |
: 3 13 E - -k ! ' 1 8 sue et T T 4 B ¥ g
“Power” 1 R EEH C-0TUH | Mb—0 | S A ] —F
£327 éoso | 5-302 2bc ) )
Y aNeYr $538 R 28T g 9. i
s-54 save KE-324 ¢ : A335 \ : (FR) " . R
VL.EST ‘5 p : Yy oK - i ’
(2 - ook . j /3¢
oN - & & -k K302 .
(.7 ) ; ' . 1 3207 3 | #0. w0, n.o i
- 7304 e V-304 -l o 1 202 e s | ] 4 4 % |
t | STANCOE T 5654 - - ] )
™; - & 309 i | an-3102.g4-7s \ .
W | amem(?&seaw 1 e o [ z
- : gi 4.3V | ¥ 2C \ : , J)
" F-302 I eonu‘?s | £336. i Cg‘; w. gg gg 3 3 }) % NI 6 53034 40
" H i WAA- S =ns O <. — N y : 4 .
L 3580 ) (7 F) . ol #7e-7 T toat T o34 fect 83| 4 9] 8 S s-303
‘ ’ L= SR ACAY B R KK S LYY Y PO N R 2 PO T A Y Y.
- : SJo[oToToJo oo 0 O T Ol 3 YW sherTiae
: Trlole|n|rPlu]alrFlelo]e]a IAJ STt
/E'SOI L 4753392 1
| SPaRk, H - SPARK L 5 L | . +350K
t AR G 4P 358 ot - TX 2
®&.c) — [ \ — £-337 25(.4 | 2 S»(."ASLE ;-y.feam/a/
. | > > G4=-/0 "350V-40J." i 300 e £R) .
-30/ . c.o. P OLTAGE
C s e § 525 asov . £ e b
AC. INPUT v-307 e = == -
£.0.) ‘OAZ
Vv-308 + 300V s . - N
OAZ
- L A, - =
MNOTES:
L RESISTORS + WATT UNLESS OTHERWIGE SPECIFIED.
i
-,

2. RESISTANGE IN OHMS UNLESS OYHEWISE SPZGIFIED.”

3. CAPACITANCE VALUES ONE AND OVER IN MICRO MICRO-
FARADS, LESS THAN ONE' IN MICROFARADS, UNLESS
OTHERWISE. SPECIFIEQ.

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

oiscasres| W, ALELLO |-

]
' AEUO

L/i

* | asveeves




| SR J-103
o : of 3 vy gy ; 4 ‘ - e.ega./a,avcz 71P(c.D)
~ /O : N S 3 q————— . ) ) P
SOLA ™ 30498 i nf % ™ 1 2 4 . . .
- N Y LR —
| , A . _ . -194
CIeleTeleldlels] | T o e e
© A . _
R J-/0Z2 . . - J. . . ) . /‘g_;/;é? ‘ )
T QANNON TYPE P8-17(FEMALE) A - - —-0 '~ 2.0
"POWER 0UT” (£C) N ! ‘
s-/02 : Q ¥ : ' 106G
\ - 101 & 101 ‘g&@‘s'b;'f’/ﬁd 4 . N . v~ 560y,
NE-51 100k ' o2 | o wyvorr Powersorr | RS Riok Eios kioe Eio7 ' e a JE2AY ou_ffac, ”
*+— 9 : T Cowno. PROD. CO. O'5M  0.5M 0.5M O.5M 0.5M T . T ~ :
'—@——"'M—- MODEL PSS-3M6O _ ; y A P A ' 216
.y PEALT - i o Lo 2y @ SaiA &L 2mve amvc zmye zmre emvc i , /
CER)  K-lof | : e ] S
GETIZAMA I BI] . ) : - 500%'/0%'/7' ». pcﬁ.
‘,r,-_-)/‘a/z“_ ,,i,,’??,a- ' c-19 |
T — v B : :.*.w./-zvml
* 2005 i |AEEQ VOX .
3 VA.C. : b 2009 ¢
2 Aapcs : . . 1:,?—/30
‘ . . g12s P OV ~2
: . ‘ DCH
- ’ A & ' :
THoTe’ciaa ce-loz | L-/0F g8 GAE < - 4 . e-i1z6 I
: 7-z2rI2—F = AN~ O . TR T 4 | ook 4P
: _ g 103l SABKES- b&-10 ; ) _ 2 2 i . . G-2 MV ADJY .
o — 20 F| JARZIAM S'rAA/ME' : 3 | CEE
. Sl aa0V |"i20sM18 4/003 3 1 er04 : 2
. P T 0.1
. <
1. ' 74
1. ¢ CRI01 v 1+ ¢-703 F*3
- SARKES-& 2 & 20aF-20m . )
ALZ /AN 1~ T TPLUG IN (STEATITE
g 205M18 : gsovoCW ‘ SHoET/N()
J - » ' ' (F.R) "
g 3 C-/05 :
. /
27 200v 3%4
| Bl 4 i
X
6.3V '
@ /. 5AMPS j g;vfé"
%-2 REMOTE ADJ”
x CE.C,
: ‘ NOTES:
y g-./az ' 7104 . RESISTORS + WATT UNLESS OTHERWISE SPECGIFIED.
AmP ; THOEDAESON ' - ,
SLo-8Lo (FR) : U TrezE2 . qi/-a‘\p' ] 2. RESISTANCE IN OHMSHNLESS OTHEWISE SPECIFIED.‘
o - 1 ‘ PPy -/5ov 3. CAPACITANGE VALUES ONE AND OVER IN MICRO MICRO-
Cb i CB T4 LZ AN FAR . LESS THAN ONE IN MICROFARADS, UNLESS
E¥01 '£3'/02 =*)20SMIB OTHERWISE SPECIFIED.
SPARL : SPARK 4 LABEL THE H/z/o/_'r £s. Do wNoT OPERATE
GAP GAP, ON SIDE.
< (&) T RC) .
e - : :
I . f3 CHANGED (TEM WAS sare r—and Raiand
REVISIONS
l ) . mo.::nn-:n ;‘u:l:::: "“mu':u'::m ‘ﬂl'\-l.- ] MODEL 1O
Loy 6.3V® .S AMFPS — ) ) . PRV I T [emiad oem IMAGE CONVERTER
HUBBELL 7?9/2%7}00( (MOT USED) ‘ " AIELLO /-3-54 P-/ GEID N0 2 FOWER SI/WLY
A mrort S _ - N L SCHEMATIC
(/e C,) . . . ) : - curcano /?4/!1/2‘8 Isfedd -7 : ) » .
Lo : : ekl W, AIELLO I/3/§I ror.enre.| scars orawiNg %O, . s oo et ..
s ' : L eesowo [ChLLACHR g pefet] @y-9055) C-2|”

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





