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"RESEARCH IN
THE MEASUARMENTS AND THEORY OF
FIASMOIDS AND THEIR APPLICATIONS 70
MISSTIES AND SATELLITE TECHNOLOGY®

I. INTRODUCTION

I caban W

The existence of rzlatively stable configurations of ionized gas, or
plasmi, formed under certain conditions in a laboratory vacuum chsmber,
was first reported by Bcatick,l who adoptad the name *plawmoids™ for
these plasma entities. Using his original plasma gun in a rather poor
vacuue in the absence of an externally applied magnotic field, he was
abls to obtiin Ker:-cell photographs (0.5 . sec. exposure) of the forma-
tion of a plasmoid which appears to be toroida) in shape and which is
projected across tha vacuum space at speeds up to 2 x 107 cm/sec.
Applying a magnetic field perpendicular to the plane of the slectrodes
reduzes the translational speed of the plasma (across the field lines)
only by a factor of abou’ 1/2, while the plasmoid elongates along the
direction of the field into & cylimdrical *"broomstick-shaped® plasmoid.

Purtier imestigntioml’z have shown a remarkable tendency of these
plasmoids to maintain their integrity in a collision between two or more
plasmoids, and very interesting multiple-source configurations have been
cbserved. Many other investigations have beer sade, including a measure-

3

ment™ of the velocity of the plasmoids as a runction of the direction ani
magnitude of an applied magnetic field up to abomt & kilogauss, of the

source voltare up to about 15 %v, and other circumstances. However, rach

]V. H. Bostick, Phys. Rev., },&, 292 (1956).
2‘0. H. Bostick, Phys., Rev., iOﬁ, LGl (1957).

3!0 Ge Mis, R. B. m{}&} ard W, H, Bestici, P‘h}’s. RGY;, }22, hé (1‘557)’
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of the behavior of plamscids is mot yet clearly understood, and there re-
maing a fru‘tful sree for further investigution of the properties of such
plasma configurations.

The purpose of the present project is to perform additional experi-
mental and theoretical investigations to obtain better {information on the
nature of plameoids and their characteristics. In particular, it is in-
tended to investigate thecretically the stability of eylindrical plassa
configurations under icdsal conditions, to determine sxperimentally the
behavior of high ensrgy plasmoids at various pressures, and to investigate
vhat practical use might Le made of plasmoids witk respect tc high-altitude
vehicvles. This report cutlines the progress and planning of this project
as of the end of the first quarter of the contract period on August 31,
19%8.

II. THBORSTICAL INVESTIOATIONS

Wearly all of the existing photographs of plasmoids have been obtained
in 2 rather poor vacuam because the residusl gas interacts with the plasmoid,
slowing it down and cavsing more recombinaticn in the plasma, thus making
it sazier o photograph the plasma by its owm recombination light. Thus,
although Bostickz has interpreted some of his photographs as showing a
considsrable bending and twisting of the flux tube which was originally a
cylindrical plasmoid, probe n;mrmntnj of tha profile of the plamsma
front, presumably taken in a better vacumm, show the front to be quite
straight over a length of at least li ca. These date tend to spport the
hypoth-riah that the plasmoids may be cylindrisal plassa configurations

which would be completely stable in ths absence of loss mechanimms such

the presence of background gas.
%, Chandrasekhar, private cossunicationm.
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The simplest case one might poetulate would te a static configura=-
tiom in which the internal magnetic field of the cylinder is force«{ree,
i{.e., in which the Lorants force ( 7 x H ) vanistes. (Here ¥ rapresents
the magnetic field vector and T= n-l—; cm-l'i is the current density.

Thus,

cwl'ﬁ x ¥ =9,

owliR «a¢  , (1)

vhere & may in gensral be any scalar function of position, but had alwuys
been chosen constant merely for the sake of simplicity. Bquation (1) has
basu sclved for the case of an infinitely long eylinder, and the stability
of the solutions has been examined by m’f who aldo moticed {(private
commanication) that there exist mo non-trivial soluntions of Bquation (1)
with constant « which satisfy the bcundary conditions corresporiing to the
case of a force=free cylinder uf finite langth sabedded in a uniform ex-
ternal magneatic field. Therefore, it was originally projposed %o investi-
gate on this project the nolutions in trs latter case ir which a is not
constant, but some function cf position which vanishes at the ends of the
cylinder (thus joining smoothly with a comstant extarcal fisld, ir which
wlg =0, 1.0., ¢ = 0),

Recent work by 901%5#,{’ howwver, has shown tha’ one condition for
sirimum energy in a force-free [isld is that ¢ e constart, In the light

of this development 1t seems unlikely that a stadbls conliguration could be

Se. K. Trehan, Astropiys. J., 127, k36 (1958).
61.. Woltjer, Astrophys. J., in press.
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found in which a is not constant, and Prcfessor Chandrasekhar suggestad
that it might bs mcre fruitful to consider a more complex situation in
which thare exist irnteractions cof interral fluid motions with the internal
magnetic fields. Por the time being, however, we will retain (23 in
reference 5) the simplification of considering the plzema as an incom-
pressible, inviscid fluid of infinite ¢lectrical condustivity,

This problem has been investigated dy Chmdrank!n.r? for more general
axially zrymmetric fields, and he has set forth some general relations whieh
mast be satisfiod by any solutions to such a prodblem, The equations of

motion for this problem are:

-%-g—-curl(v By

AV 1 )
- - L - “ '
-ST (‘v’ p'td)v omcnlix! g (pt ),
wvhere ¥ is the velocity field, p the fluid density, p the pressure, and
Y the gravitational potential. Thus, in order for a stationary solution

to exist,
crl (Vv = B) =0, (2)

cwrl B x h ~cwrl¥ x ¥ -grad a0, (3)

,

vhere we have made the substitutions 1. ﬁ/ Viwp and v = ('g s 5 |v12 * 7)

and ured the vector identity (¥ « gad) ¥ =curl ¥ x Vo gred (% v!z).
The first special cass to be considered was that of an infinitely long

cylinder in vhich all processes are not only symmetric about the axis but

Ts. Chandrasekhar, Astrophys. J., 12k, 232 (1956),
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also indepandent of transiation along the axis, thus depsnding on a single
coordinate. This is the problem considered by achlﬁtcra for the static
force~free case. Introducing a cylindrical coordinats system s, §, x, e
assumed that all field components would depend only upon s, the perpen-
dicular ¢istance from the axis of symmetry, and was able to give un ex-
pression for ths field components in terms of the ensrgy density in the

field, ¢/8w. By difinition, q = Hf ¢ B; « Thern he found that

H.-O

H; = =(s/2) dq/ds
gi = qe¢ (8/2) dg/ds = d(lzq)/duz (L)

with certain restrictions found for the possible forws of q.

Now at this laboretory the problem was complicated slightly by addine
a strictly rotational fluid motion (again depending only upon the s-
coordinate). However, it was soon moticed that the restriction to »-
depanience only was a very severs one, and that in fact Chandrasekhar ‘s
conditions (Rquations 39 through L2 of reference 7) are satisfied
trivially by any function of s only. Therefore, we went back to thn
equations of motion (2) and (3).

It B (0, Bp b)) according to Bquation (L), and ¥ = (O, 1 0)
because of the restriction to rotatiomal motion, then ¥ x n . (v’h', 0, 0)
and gince both " and h_ depend only on s, and since the # and s components
of (¥ x ¥) vanish, Bquation (2) is satisfied trivially and gives us »o

{informstion adboat the form of Y er ®.

&A. schifiter, Z. Maturforschg., 12a, 857 (1957).
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Looking now at Equation (3),

- -» -;r
1. lld i

¥ 1 d
curlh-; . 0 o)
0 nhg h’

-y - —ity
3 5 1
. 1’ .
18x B« 0 i S (s h
owrl b x “% Gy
0 hy h
dh

v
Similarly curl ¥x ¥ = 1 [—-.! Ed;(av’i}

|
| -
— dh h v
’ sz 1 5 T, [‘ha'a':"".! a‘:‘*y)“.! a:f"y)}
d oy 1 4 2 2 2 i
T "I GOy -F gy
{ and finally

L R X aR S b (5)

Now if we consider the special case in which the force terms grad g
and grad ¥ vanish, we find that grad o = grad (é‘ ?2) - -f’ . é f: (vz).

ABMOUE RL3CABCH FOUNDANION OfF Li=Ds KLY YTL OF YHCNNOLOGY

'é‘

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



T L R - | e

Then Equation (5) redusrr %o

R LAt

hﬂ -v - ; ;; (hz) (6)
8ince the only remaining condition on the three functions h’p h', v, is
that h% = n§ - h: ws see that we have introduced ii sdditioml infinity
of soiutions (becanse Equation (2) ylielded no information) and are unable
to reaiize our ambition of finling expressions for the three functions in
terms of & single parameter, in analogy to schlfiter 's siccess in the sizmpler
case. It 18 also interesting to compere Bation (6) with Schluter 's
equation for the superposition of two solutions H(l) and H(z) to his prob-

lem:

2 2
2 - a0 0 00

iy - ‘1(“51)3‘2 ‘ ‘z“‘éz))z r. gty Y

gquation (6) then resembles the superposition of the g-component of
Equation (L) with the vell-ikmown special ac«lution7 of Bquations {2) and
(3), ¥« 7.
he solution of Equation (5) could have baen considered al this
point, but it was decided in conmltation with Professor Chandrasekhar
thet this case was of n unusual importance, but vas merely one of several
special cases which should be considered eventually. Therefore, it was
decided to look for wmore sclutions of Bauations (2) ard (3), without the re-

quiremsnt of g-indepandence. This work has been started and will Se reportaed
naxt time,

At ELsEAtC W B %04t - 1 L. $ NerITUTE OF fICwHOLOGY
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In the meantime, we have besn examining a mwber of other German
papors which appear to be pertinent to the questicn of plasmcids. None
of them take into consideraticn the interaction of thes magnetic fields with
internal flnid motions, though some have considered fields due tu currents
on the surface of the plam.9’ 16,21

These three p&pers9’ 10,11 are ¢~ -erned principally with toroidal con-
figurations and probably shoulu be examined in more detail at some later
time for applications to the problem of the toroidal plasmoids; i we
thall contime to concern ourselves with cylindrical configurations for
the time being. Hain, IAst, and Schllter? have written an interesting
articls on the stability of a plasmi, giving general considerations which
hold for any hydromagnetic equilibrium, still assumirg rero viscosity and
infinite electr-ical conductivity, and have solved explicitly the case of a
plasma cylinder with zero intsrmal field.

Especially interesting, however, 1= the article by Last and &hlﬁtern

on "axially symmetric magnatohydrodynamic equilibriue configuratioas®,
Their basi: equetion corresponds to the present Equaticn (3) without the
terms in 3, end they have used a mrthod similar to that used by
Chandrasekhar. The work planned {for the next quarter on this project,

therefors, corresponds to a generalisation of their work.

L. Biermann, K. Hain, K. J8rgeus, and R. List, Z. Naturforschg., 12a, 826
(957). s

R. Kippenhahn, Z. Maturforschg., 13a, Z{< gt W

n!. J8rgens, Z. Maturforshg., 1la, k93 (1958).

12y, Hatn, R. Dhet, and A. Schifter, Z. Naturforschg., 12a, 833 (2957).
5. tist and 4. Sendlter, 2. Natarforsche., 12s, 850 (1957).

10
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1. ESIGN AND CONSTRICTION F BAPBRIMENTAL APPARATUS

The over-all physical system has been planned and is shown schematically
in Pigure 1. Several parts ere in various phases of design and fabrication
and are treated in the fcllowing.

K. y_l‘notic Pleld

> mhe magnetic fleld will bs variable with 2,000 to 6,000 gauss
nesded for the initial range. A method employing a current pulse through
L

a solenoid has been selectsd and tha necessary calculations l;do‘:ﬁ Tor a
solenoid of 25 cm dizmeter and 50 c¢m leng*th, the magnetic fleld at the
center is given appro:imately by

BO =] —/——__’E:uﬂ:‘:—r 2.25 b 4 10-2 NI g&nss, (7)

Vir® o £

where r is the radius, ./ the length, N the mumber of turns, I the current,
and 4 the parmssbility of the medium. Then, if we waui B, == 6,000 gauss,

substituting the values in Bquation (7); we get,
NI ~ 2.66 x 105 ampere-turns.

Assuming a large enough wire is used so that the resistarce is negligible
compared with the inductive reactance, the inductancs of a single layer coil

of round wire is given approximstely by

.

rog -

I‘o -¥ !2 d zicrohenrys, whare F = .01 for % .

Then, for a coil of dlamater d » 10 inches,

Lowtlgz,

The discharge circuit for R L can be approximated by an IC ssries circuit.

The solution for the curreni 1s easily obtained as

AR - 8 BEsiasCw A -  { ¢ wgtirTpPte T TET L oG
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i-vﬁ_ sin Ngtmps.

The amplitnde is given by A » 7 ﬁ ermps, the pericd by T = 2r /10, and

the frequoncy by f = . We are only concerned with using the first

2"’\/@_
half cycle for the field supply since the operation will he single-shot.

4 requiremant for reproducibility of the magneti: field 3 that the period
of the magnetic field discharge be much larger than the time variation in
the plasxcid crozsing the solenoid; s.g., if the plasmoid is going to see
an idsntical magnetic Tisld fcr each shot in a eserias, the variation on
the NI product curve must be smell compared to the NI value at that position.
For a simusoidally varying NI function, as in this situation, the variation
18 reduced by incresaing the inductance and operating ncar the peak of the
curve where the slope is mmall, A calculation wac =ade for N = 20 turns
and a time delay in the plasmoid system of 0.1 u sec at a slope of 1 and
the results indicated a variation of abcut 0.1 per cent in the magnetic
field value,

The capacitors to be used to supply the energy for the magnetic field
ars ratec at 175uf and k4,000 volts, There are 8 capacitors available
and L will be placed in parallel for the original energy bank. Since

2

- r-'
3 = 2,25 x 10 © NI gauss and n}xak - IW"% y four of thewe capacitors

4t full voltage could - 1y
/ 700
Be=2.,25x1 '21 h:ﬁ}.v} X_;C NQO‘Q%C?I = 7500 ganss.

- above figire is larger than needsd, but the capacitors cannci rtand

voltage reversal at [, 000 volts so they will have tc be operated st a
redcsi voltage ratirg.

'TE.x $ ML LAaRim £ Y » 4 ™ [ S ] s f TfCuw ]

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




To handle the large currents involwed, a triggered-gap switch has
been designed and fabricated., The triggering electronics is in the fabrica-
tion stage and should be completed shortly. Figure 2 shows the triggexr
circuit with the output to the triggering electrode. The operation employs
2 15 KV pulse to the trigger to bresk down the air gap between two
spherical electrodes. 2. Cullington and uaociatcslh developed the basic
switch design and report excellent characteristics for the low voltage
region. They report satisfactory operation as low s8 1 kv for single
shots with a time jitter of about .l sec. This represents a conaiderable
improvement over conventional switches where the time jitter is usually
unacceptable at this voltage., Tests will be ran on the trigger as soon
as construction of the electronics is completed.

A 6 kv power supply is bsing constructed for charging the magnetic
field capacitors. The cutput will be unfiltered and controlled by «
variac input.

B. Plamwoid Source

The plasmoid source will initially consist of two deuterium
loaded titanium wires in a Lutton-type arrangement, &s sketched in

Figere e

Pigure 3. Button Plasma Socurce.

4 mehod of preparing the wire is being socught by sorrespondsncs with the

1hl. C. Callington et :1. Electronics (April 11, 19%8), p. 86.
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University of California Radiation Laboratory. New configurations and
mataerials will be investigated at a later date,

As mentioned previonsly, the discharge to the source must be of
0.5 usec or less duration for the first half cycle to provids satisfactery
conditions for the formation of the plasscid. In addition to this, it is
desired tc transfer a maximum amount of energy into the source. The period
of the discharge is proportional to V-IF. Trierefore, if the capacitance
is inoreased in ordar to get highsr encrgy, the discharge time is corre-
spondingly increased. An alternate way of increasing the capacitance
energy (]!’ 072) is to increase the voltage. However, this is soon limited
by practical voltage handling considerations. Alsc, the back emf of the
Plammcid is considerably less thun the capacitor voltage so that a highly
underdamped condition exists. A high voltage, low capacitance combination
1s needed for a fast discharge, yet low voltage and large capacitance is
desirable for impedance matching. The capacitance energy increases as the
squere of the voltage while tha impedance is inversely proportional to the
capacitance. From first order calculations it was indicated that a high
voltage, low capacitance source seems to be desirable. Purther calculations
will be made to learn the dependence of the ensrgy delivered to the source
on the external circuit conditions after the voltage-current characteristics
of the button plammoid scurce have been detersdned.

The time delay circuit for the triggered-gap sritch has been desigmed
and is currently being fabricated. It is a mltivibrator-type delay
variable to 3 milliseconds and is shown in Fipura 2. The triggersd-gap
swritch for the plasmoid gur circuit is expected tc be a variation of the

one designed for the mapnmtic fiald supply with medificaticis made for

AR | s 3 - - 4 - 3 L REREE N1 DF TECwED i v
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cperation to li0 kv, Insulating and corona probiems will be considerable

in this region of opsraticn, 8ince tha capacitors have not been selected,

the exact range is not known and thsse proolems have not been considered

in detail, At present, it is expectsd that operation will be between

10 and 40 kv with the lower voltage as the starting point. A 30 kv power

supply is available and will be need until higher volcages are required.
C. High Sprad Photographic Methods

The plasmoids that have been produced travel at velocities up
to 2 x 107 centineters per second and aie about a centimeter in diameter.
This means that if they are to be photographed in f1ight at a standstill,
an exposurs time of less than C.1 microseconds must be used. At the
present time, there are two possible methods for attaining photographic
exposares as short as tldis. This is by the use of the Kerr cell or by an
image converter. An eluctronic method of at*.ining ihe light intensity
distridtmtion across the plasacid has also !'ser doncribod.ls Although it
is highly sensitivn, it does not have the resolution of the photographic
methcds,

The light output from plasmoids made in the past was not reported.
It is h\otm,lé however, that sesar photographs were obtained of the
plasmoids by means of a Kerr csall camera employing Polaroid high speed
filn which has an 284 rating of L0O. Photographs were not obtained of the
plasmoid in still flight because of the lack of light, It was, however,
thought that vith a higher speed photographic emulsion msuch photographs

would be possible.

qc ?iﬁillmi‘ﬂ, G. 4. mr, and T. 1. Btr‘l?.ten, ?hj‘tiﬁl of rlﬁiél‘; 3;;
188 (1958).

16&» ®. Postick, private commmunication,
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Kerr coll cameras have been reported in the literature in many
plwu.l?’]'a’19 Efiective exposure timee of 0.007 microseconds have bLeen
report.ed.17 The Karr cell is essentially a vessel filled with a liquid
vwhich exhibits uniaxial birefringence when stressea by an electric field.
Two (usually plane) electrodes are immersed in the solution tv which
high voltage is applied. When such a cell is oriented between tw> polarisers,
crossed for minimum transmission, the arrangement conetitutes an optical
shitter. With no voltage applied, there is no transmission bscause of the
crossed polarisers; however, with an applied voltage the state of the
polarisation of the light passing through the Ku.r cell i3 altered and it
is pasited by the systesx,

The basic u'rmgountla ol the elemerts of a Kerr cell camera is
shown in Figure L. The two polarisers are arranged with taeir axos of
polariszalion at 90° with respect to each other. The axis of polarisation
of the first polarise:r is oriented at L5® with respect to the electric
fieid lines in the Kerr cell. In prsctice a high voltage puise of short
duration is applied across the Kerr cell plates which appliss a field of
some 16,000 volts/cm within the liquid, thus opening the shutter for a
given duration of time. The affective exposure time of the cell, however,
is less than the duration of the pulse becsuse the waveform of the pulse is

not rectangular and the transmission of the Kkerr cell is not a linear

1), M. zarem and 7. 2, Mershall, Rev. Sci. Instr., 2, 5wk (1950).

181. K. Zarem, 7. R. Marnhall and 7. L. Pools, Klectrical Engineering,
‘Wﬂ’ 1?59), pt 2824

“wﬂﬁ Q. Mcholson and Z. Ross, "Kerr Cell Shutter Has Submicrusecon! Speed®,
Klectronics, (Jene, 1955), p. 171.
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function cf the voltage across ths cell. The transmission of the Kerr
cell for a L5® orientation of ihs polarizers with respect to ths E-field

of the cell may be written
2
? & 50 ainz['!r /\;Y-) _l per cent,
4 ° J

vhere V, is the applied potentizl needed for wfull open® of the cell and v
i1s the applied voltage to the cell., The “full open® potential in volts
of the Kerr cell can be calculated from the expression

v, = 3004 (2x)"Y/2

where d is the distance hatween the plates, ,l is the langth of the electrodes,
and X is the Kerr constant, all in c.g.s. (electrostatic) units. For the
case of Witrobensene, K = 40O x 1077,

The optical tranmission of the Ferr cell shutter system can be

stated as the product of the transmissions of the individual elemsuts or

+ 1

K-r e T

T " TLl * T2 P g
where ‘x‘m is the transsission of the first collimating lens
{s the transmission of the camera lens

¢ is the transmisuion of the Kerr csll liquid

¢ 4is the transm.srdon of the pol-sisers

? 4s the transx sidon of the glass vndows of ths Kerr call,
"he trunmmission of each lsns van be considared as 96 per cent. The
nitrobensens (céﬁsﬂz) ty ensmiseion charscteristic is given in Pigure 5

is & Zanciicm of wavelem th, The tranexd ssion characteristics of Pclarcid

J polarising film is given in Pigure 6. The transsdssion of the glass
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windows is given as 1 = (n-n ')2/(mn')zfor sach surface, vhere n is the
refractive index .f the material through which the light passss first and
n' 1s the refractive index of tiie second material. ¥For glass of index
of refraction of l.4 and air, the transmission is .97; and for glass and
nitrobensens the losses may be neglected. The total transmission of all
surfaces is approximately .86.

The total tranamitted light is given as a function of wavelength ir
Figure 7.

The image converter is an slectronic tube that has the nroperty of
converting an optical image falling on one face of the tube or cathode
to a corresponding image on ancther face of the tube. It has found
application in military situations where light in the infrared region of
the spectrum is to be converted to a visible image. Its basic elementes
are a photocathode deposited on s front fuce, an electron lens system and
a phosphor face, The photocathode produces an electron patterr which
corraspondie in intenxity to the illuminated areas or the photocathode.
This photocathode iz constructed of phctossmisivs films evaporated onto
the front. face of the tmbe. Two typical pnotocathodes in use are the
Co-O=dg, wilch his infrared rscponss; and B-Cs, which responds to the
visible spectrum. The electron patiarn is ancelarated by means of a
combiration slectrostatic~-magmtic lens to a phosphor ccated ancde vhere
the optical image is reproduced.

Inage converters miy be used as fast photographic shutters by pulsing
the accelarating voltage on for a stort daration. Photographic simttar

tpaeds of 3 x 16-8 seconds have been npcrw.’m At the pressnt time,

29!;. 4. Chippendals, The &QME%‘:A ¢ Bfficiancy of Converters, Putter-
vorths Sclentific Mbldcaller, Ingeway, London, ;w;.?.‘ TIvEE S,
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only one image converter is mamufactured that respords to visible light
and is suitable for high speed photography. This is the ME-1701 mamu-
factured by the Mullard Radio Valve Coapary, Ltd., in England. The tubs
employs a $-Cs cathode and can be ordered with either of two phosphor
screens - a ginc sultide screen or a willemite (znzu%) screen, The
willemite screen has a longer decay time and thus is better for high
speed photography. In theory the image convertsr should be capabls of
intensifying the imagr on the phosphor. This is not the case with the
ME-120). because of the rather large electron-optical magnification of L.
Jt kas been shown by Chippondalnzo that with standard techniques sen-
sitivitiesr are in the samme range as Kerr cells. New developments, however,
on a tube with an elsctron-optical magnification of unity would greatly
improvo this. A tube of thias nature i3 no in the development stage at
Mallard and is not presently available,

The image ccnverter, at present, does not present any advantages
over the Kerr cell for high speed photography. It is, therefore, felt
that the Kerr cell should be ussd because of its less stringent require-

ments on the pulse voltage. wvavefora.
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