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CHARACTERISTICS OF HIGH-DENSITY CHARGE CLUSTERS:
A THEORETICAL MODEL

Shang-Xian Jin and Hal Fox

ABSTRACT

The self-confined equilibrium properties of amoving EV areinvestigated and a necessary condition or criteria
for which the EV could exist is deduced by macroscopic electron plasma fluid description. We conclude that
anEV isatoroidal electron vortex and could exist at various combinationsof the electrondensity, thedirectional
velocity, and the size of the EV in accordance with the derived criteria. The electromagnetic field strength,
kinetic and electrostatic potential energy of the EV are also computed with respect to the stated assumptions.
A close agreement with experimental datais presented.

A. INTRODUCTION

A highly organized, micron-sized cluster of electrons having soliton behavior, alongwith number densities equal
to Avagadro’ s number, have been investigated by Kenneth Shoulderssince 1980[1,2,3]. A short Latin acronym
has been adopted as suggested by Shoulders, and the collective plasma state of self-contained negatively
charged bundle of electronsis caled EV, for strong electrons.

An explosive electron emission has been shown to involve not individual electrons but electron bunches or
avalanches, asalso recently described by G.T. Mesyats [4]. The name of “ectons’ was adopted by Mesyats to
describe these charged particle avalanches. Theimportant argumentsfor the existence of the entity (EV in the
following paragraphs) are cathode craters, sharp oscillations of the explosive electron emission current density
with period of 10°- 10 s, discontinuity of theglow in the cathode spotsof the vacuum sparks and arc, etc. [4].

The EV s havebeen reported to be generally spherical with diameters on the order of 1.0 to 10 pm, but may be
toric, to travel at speedson theorder of 0.1c, to have electron densities approaching that of asolid, ~6.6 x 107
m °, with thetotal number of electronsin alpmdiameter EV is~10", andwith negligibleion content of about
oneion per 1P electrons. EV's tend to propagate in straight lines for distance of 1.0 to 100 mm and to exhibit
atendency to form other quasi-stable structures, such aslinking up like beads in a necklace, etc. [2].

Ziolkowski and Tippett [5] examinedtheoretically thepossibility of theexistence of an essentially single-species
plasma state represented by a stable packet of charged particles moving collectively through space-time. It is,
however, notclear physically how thelocalized electromagneticfields, excited by avery shortinitiation process,
provide the mechanism which can overcome the Coulomb force and lead to the possible existence of the
collective state represented by the“free”’ -electron cluster. Beckmann [6] studied the organizational properties
of electron clusters theoretically based on the force of the oscillating Faraday field surrounding moving
electrons. We know from the electrodynamics, however, that the electric field established by a moving point
chargeis composed of an electrostatic part (Coulomb field) and voltaic part (Faraday field). Thevoltaic partis
produced by the acceleration of the charge. The two parts of the field will never be balanced with each other.
In addition, the physical nature of the EV is collective and cannot be treated with single particle model.



6 Journal of New Energy

We present here some preliminary estimations on some parameters of the EV as a self-contained, non-neutral
plasma; on the electric and magnetic fields established by the EV; on the kinetic and potential energy; on the
possible mechanismwhich overcomesthe strong Coulomb forceand leadsto the existence of the el ectron cluster;
and on the electromagnetic radiation from the EV.

B. ESTIMATIONS OF SOME OF THE PARAMETERS OF AN EV AS A SELF-CONTAINED
ELECTRON PLASMA

Following K. Shoulders’ data, we assumeinthe followingtreatment that the dimensionof theEV isd = 1.0 pm,
i.e. inthe spherical model theradiusisr, = 0.5 um; the electron densitiesinthe EV isn = 6.6 x 10’ m” [3].
In this case the total number of electronsin the spherical EV is

N,= (4/3)7tr,>n = 3.5x 10" per EV, 1)
the total chargeis
g =N,e =-56x10® Coulomb per EV, ()]
and the mean electron distance is
a,=2(3/47n)" =14x10% um =14 A. A3)

Meanwhile, we take thevelocity of the EV, asv = 0.1 ¢ = 3 x 10" m/sec. Thiscorrespondsto theelectron kinetic
energy of ~ 2.5 KeV, or the EV-creating pulse voltage ~ 2.5 KV.

In this case the electron plasma frequency inthe EV is
W, = (ne/€m)” = 56.4n"? = 4.6 x 10" rad/sec., 4

where m, is electron mass and €, is permittivity of free space. The w,, isameasure of space-charge force (or
defocusing) in the electron plasma. The characteristic time scale of any change in the EV, therefore, is
l/w,, ~10" 5.

The electron gyrofrequency on the surface of the EV in the magnetic field (see section C) established by the
moving EV is
., = eB/m, = 1.76 x 10" B rad/sec ~ 1.2 x 10" rad/sec . (5)

In the self-confinement of an electron cluster, the w , is a measure of the self-focusing magnetic force on an
electron fluid element.

The electron gyroradiusis
p.=v/w,=238x10°T" (eV)B' m, (6)

where T, is the electron temperature. We assume two temperatures: 7, =10 eVand 7, = 25 KeV. The T, =
10 eVisinitial temperature at which the EV's areformed, and possibly the temperature does not change much
during thelifetimeof theEV. The T, = 2.5KeV isan assumed final temperaturesin whichwe suppose that the
thermal equilibrium inthe EV isreached instantaneously with the increase of the directional kinetic energy
of the electrons. Substituting both valuesfor 7, in Eq. (6), we have

p, = 11x10° um (T,=10eV), (6a)
= 1.7 10 fum (T.= 25KeV).
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The electron DeBroglie length inthe EV is
K="h/mk,T,"7=276x10""T"@V)m, @)

where h is Planck constant (4/2 ), k,isBoltzman constant. Substituting the T, to Eq. (7) and comparing the
resultant X with the mean electron distance in the EV, we have

k=087A <g (T, =10 V), (72)
-55x102 A <a, (T =25KeV).

This means that the quantum effect needs to be considered in the low temperature situation, but at higher
temperatures (7, > 100 eV) the quantum effect can be neglected.

The thermal kinetic pressure corresponding to these temperaturesin the EV are respectively

p, = nk,T,=1.0x 10 Pascal = 1.0x 10" atm pressure, (T, =10eV),
= 2.6 x 10" Pascal = 2.6 x 10° atm pressure, (T, = 2.5KeV). (8)

The electron collision rate [7] in the EV may be estimated by

4
v = ne*InA

= =291%x10"2ninA T.% -1, 9
e 167 e m12 T3 ninA 7,7 (eV) sec 9)

Here weassumed the el ectron velocity distribution inthe EV isMaxwellian, andIn A isthe Coulomb logarithm.
Substituting the n and 7, and comparing the v, with the electron plasma frequency w,., we have

per

V,=12x10"/Sec >> w, (T, =10eV),
=31x10“/Sec << ®, (T,= 25KeV), (10)

where we assumed InA=20. This means that at the 7, = 10 e) the electron plasma in the EV is collision
dominant, but at 7, = 2.5 KeV it behaves like a collisionless plasma.

The energy relaxation time of the electron inthe EV, the 7%, may be roughly approximated by 1/,

TE ~ IV, (11)
Then from Eq. (9) we have

7, ~ 8.2x 10" sec (T,=10 eV),
~32x10" sec (T,=2.5KeV),

i.e., both valuesare far lessthan thelifetime of the EV (on the order of ananosecond, 70° sec). Thismeansthe
kinetic energy attained by the electron in the EV from the external field will be quickly thermalized and the
electron plasmain the EV can be seen as near Maxwellian.

The coupling parameter I" of a plasma defined by the ratio of nearest-neighbor Coulomb energy (&/4€,a) to
the characteristic thermal energy of a particle (k,T) is
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r-—©  -186x10°n"®7T."(eV). 12
4meykgT,a, - (8V) (12)
For the EV we have
' ~15 (T,=10eV),
~6x10% <<1 (T, =25Kel), (13)

i.e, a T,= 10 eV the electron plasmain the EV is strongly coupled and at T, =2.5 KeV it is weakly coupled.

In brief, we see that with T, = 10 eV the electron plasmain the EV is astrongly coupled, collision-dominant
guantum plasma, and with T, =2.5 KeV it isaweakly coupled collisionless classical plasma.

In the following we regard the EV as aweakly coupled collisionless classical plasma and treat the EV using
classical electrodynamics and plasma fluid descriptions.

C. THE ELECTRIC AND MAGNETIC FIELDS

We consider a spherical model of the EV. In view of the spherical symmetry, in this case the electromagnetic
fieldsof the EV can be approximated by amoving point charge model. From the well-known general equations
of thefields established by amoving point charge [8], theelectric and magnetic field of the moving EV may be
expressed by

E-_49 re+§r((v-e)e—v)+r—zex(ex\'/) (r<r,) (14)
3 r r r 2 r r ! 0
4negry | ¢ c
2
B = q S szxer+r_3\'/xer,(r<ro) (15)
4ne,ryl € c
and ]
e 3(v-e)e,-v ex(exv
E-_9 |Zr, (v-e)e, 4 (e,xV) , (r>r) (16)
e, | r2 cr? c?r
[vxe, wvxe
B-_4 Ly T, r>r,), 17
4ne, | c2r2 cdr ( o) (17)

wherer? =x2+ y?+ Z,e,=r/ |r| is unit vector, r,is theradiusof the spherical EV, v = 0 v/dt isthe acceleration,
and uniform electron charge distribution in the EV is assumed. We see clearly that the electric fields are
composed of both electrostatic and voltaic parts, and usually the latter is much smaller than former.

For simplicity, we assume the EV moves along the straight line, axis Z-direction, then the above equations can
be reduced to

" 2 U
-4 1+ cos8)r+ Y cos® e, - W, V2 e |, (r<n) (18)
aneyry ¢ c? ¢ c?
B - 4—‘7"’2 - [1 +C—er}sin6ezxe,, (r<ry) (19)
me,c2r,
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= 9 1+2cose+ﬂcose e - 2+ﬂ e r>r, 20
et | oosB)e - (e e (120 (20
B- —9v 1+ﬂ sinfBe,xe r>r, 21
4neoczr2[ cv =T (r>1o) (21)

where 0 isthe angle between r and Z-axis (in the direction of v ).

As atypical case, we now assume that the distance between an EV launcher and the target is/= 10.0 mm and

the applied pulse voltageisV = 2.5 KV. Then the acceleration of the EV is

v =eV/ml=4.4x10" m/sec’.

(22)

In this case we have vric? ~ vricv £ 1077« 1 in the near surface and inside of the EV, i.e. the effect of

acceleration onthe E and B fields are negligible and Egs. (18) - (21) can be reduced to

3v

E = Ls (1+%cose)e,—?ez o (r<ny)
4negyr,
B:#sineezxe,, (r<ry)
4me el
and
E = Lz (1+ﬂcose)e,—ﬂe, . (r>n)
ane,r c c
_ qv i
B - e czrzslnE) e, xe., (r>n).
0

The fields on the surface of the EV are given by

E- 9 (1+ycose)e,—ﬂez \
2
4neyr, c c
B-— 9" gnpenxe, .
2.2
4ne,cer

Substituting »,=0.5um,v =0.1c. and Eq. (2) for ¢ we have

E =-20%x10"((1+0.3 cosB)e,—ﬂez Vim, (r=r,)
c

B - 6.7x10°sin6 e, xe, Tesla. (r=r,)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

We see that thelocal fields established by the EV arevery strong and beyond any present laboratory upper limit.
The magnetic field (~10° Tesla) of the EV exceeds the highest laboratory field (~10* Tesla) produced by
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explosive techniques and approaches the field strength on the surface of some neutron star (~10” - 10° Tesla).
The super strong electric fields on the EV will ionize any materials on its path.

D. KINETIC ENERGY
The kinetic energy of an electron EV is

Wy =N,eV =88x10%eV =14x10%, (31)
where the applied voltage V= 2.5 KVis assumed.

For anuclear EV (capable of causing a nuclear reaction) where theion number N, ~ 10° N, the kinetic energy
isalmost the same as the electron EV without positive ions:

Wiy = (N, + ZN) eV =N,eV =Wy, N./N,~10% <1, (32)

where Z isatomic number of theion. Theionsin the EV will be attracted or drawn by the overwhelming

majority of electronsin the EV and attain the same velocity as electrons. The kinetic energy attained by theion
inthe EV thenis

1 2 M; 1 2 M;
EMiVe = #(Emeve) = Flev (33)

e e

W _
WEV -

where m,, M, isthe mass of electron and theion, v, is the electron velocity attained due to the applied voltage
V. The energy attained by asingleion using the same voltageis

W =ZeV (34)
Comparing Egs. (33) and (34) we have

ng_l;)//W(i)= M,. _ mpMi

Zm, Zm,m,

A
= 1836 — 35
: (35)

where 4 is atomic weight of theion and m,, is proton mass.

Thismeans the EV could act as arelatively simplemini-accel erator for accel erating positiveions. For example,
in the V' = 2.5 KV applied voltage, a proton (deuteron) will attain 2.5 KeV energy. However, the proton
(deuteron) in the EV could get 4.6 MeV (9.2 MelV)! This kinetic energy imparted to the positive ions is now
sufficient to overcomethe Coulomb barrier of the nucleus and producenuclear reactions. When alarge number
of EVsare produced and strike atarget, the nuclear reactionsrate can be quite high. Shoulderset a. [3] and Hal
Fox et a. [9] have proposed this nuclear acceleration mechanism as a possible explanation of the anomal ous
nuclear transmutation phenomena[10, 11, 12].

E. ELECTROSTATIC POTENTIAL ENERGY

How much energy is required to produce an electron cluster - EV? Also, what is the electrostatic potentia
energy of the EV? We consider a spherical EV with uniform electron density ». From Egs. (23), (25) the
electrostatic field established by the EV is

r ner
E = " 9 = 3e e, (r<r) (364)
€L, 0
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3
ner
L9 . "Neh

e

- ] (r>r) 36b
4me,r2 | 3eyr? ° (360)

The potential is
ner; ner?

V=-["E-dr= - , r<r, 37a)
f.,, 2¢, 6¢, ( o) (372)
3
ner,
= , r>ry). 37b
Seyr (r>r,) (37b)

Thus the potential difference from center to surface of the EV is

ner2
AV = V(r=0)-V(r=r) - — ° - _50x10°V (38)
€

0

with , = 0.5 pm and n = 6.6 x 10/ .

The electrostatic potential energy is

2
1 1 r2n o oprr o r2 .
W = — VdT = — °n2e2| — - —— | r2sin6drdbd
Es 2ff e 21;1 fo ()} [260 ] ¢

6€e,
4nn2e%r; 2
= n 0 = 3 q . (39)
15 ¢, 20meyr,
Substituting the given data of », and » to Eq. (39), we have
Wgs =33.0J=2.1x 10" MeV.
Or the corresponding potential energy density is
2
Wes = Weg/2M 2 = 29" - g4x10®um® . (40)
3 8om2e,ry

Thisisanincredible, unimaginable energy combination. If theEV were*" blasted” and thispotential energy were
completely transformed to kinetic energy, then each electron in the EV would have

W, =Wy /N,=néri/5 €,=96x 101 J = 6.0 x 102MeV (41)

which corresponding to electron temperature ~ 10 K. That would be ~10? to 10° times higher than the
temperature in the core of the hydrogen bomb explosion, a supernova explosion or in a“white dwarf.”
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For a nuclear EV in which N,/N, ~10°, the electrostatic potential energy is almost the same as the expression
Eq. (39) (assuming ion distribution in the EV isuniform). If the nuclear EV were *blasted” (such as blasting
atarget anode), each electronwould have almost the same amount of energy, as shown by Eq. (41), andeachion
would have

W.,=M,v./2=M W,/m,=1836 A W, (42)
=1.1x10°A MeV

where A isthe atomic weight of positiveionsand assuming theionswould be carried or drawn by the expanding
electrons. Even if the EV with 1 um diameter expands to only a 10% increase in diameter of the EV (on
impacting the target), accordingto Eq. (39) about 9% of the potential energy will transform to kinetic energy of
the electrons and ions, and each ion would receive an average kinetic energy of W, ~ 10° A MeV. Thismay be
the main source of the nuclear effects of the EV.

The electrostatic expansion force in the EV, from Eq. (39), could be estimated by

ow, 3g2
frg = ——28 = 29~ 43
&8 ar 20me,r? “3

and the expansion pressure on the surfaceis

3g2 =nzezro2

gom%e,r;,  19€

Pes = flss/"""ro2 = (44)

=2.1x10" pasca = 2.0 x 10'* atm pressure.
Thisis higher than any known pressure created in scientific laboratories.
We see from above that, in some respect, the EV can be seen as a mini super-projectile. When it arrives at a
target, it will be exploded, and produce nuclear reactions (nuclear EV case), and release a large amount of
potential energy to the target.
F. IS EV SPHERICAL OR TOROIDAL?

How can the super strong electric repulsive force in the EV be balanced by another force? And which model
isthe most likely to explain this phenomena, the spherical or the toroidal model ?

To solve the problem, we begin with the non-neutral plasma macroscopic fluid equations [13]:

the continuity equation

a . =
v (nu) = 0 (45)

and the momentum equation (or force balance equation)

n(%+u-V)p=—V-ﬁ+ne(E+uxB), (46)

where n is electron density, u electron fluid velocity, p mean momentum, and P thermal pressure tensor. The
Egs. (44) and (45) areto be supplemented by Maxwell’s equations for the self-consistent evolutionof E and B.
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0

V~E:E, VXE = = —— | (473)
€ t
VxB=uoenu+lE, V-B=0. (47b)
c? ot

We are mainly interested in the possibility of the existence of collective state of the electron cluster. For this
task we need an equilibrium solution to the Egs. (45) - (47). Carrying out an equilibrium analysis of the
equations by setting d/d¢ = 0, we have

V:(nyuy) = 0, (48)
(Ug* V) Py = Nye(Ey + Uy* By) (49
and
_ M€ _
V'Eo—e—, VXEO—O, (50a)
0

1]
o

VxBy = ypenyu,, V-B, , (500)

wheren,=n,(r),u,= u, ), p, =p, (), E,=E,(r), and B, = B, (r) arethemacroscopic equilibrium quantities.
Notice that wedropped thethermal pressure-gradient term V - P in theforce balance equation (46). The reason
isthat the thermal kinetic pressure (Eq. 8) isnegligibly smaller than the electrostatic pressure (Eq. (44)) in the
EV. Withthe equilibrium equations (48) - (50), we now consider the possibilities of equilibriuminthe spherical
and toroidal model of the EV respectively. For simplicity, we will drop the subscript “0” on the equilibrium
guantitiesin the following equations.

First consider the spherical model of the EV. We can reasonably assume that the fields E and B in the
equilibrium equationsare given by Egs. (23) and (24), and theterm (u - V) p (acentrifugal force) in Eq. (49) is
negligible compared with electric force neE. Inthiscase, Eq. (49) becomes

ne(E+uxB)=0. (51)

Thisequation meansthat theelectricrepulsiveforcein theEV isbalanced by the magnetic forcewhichiscaused
by the perpendicular (to magnetic field B) motion

u =(EXB) /B (52)

and the parallel motionu, = E+ B / B*> of the electron fluid, corresponding to the currents j, = neu, and
Jjs=neu, respectively. Noticethat the perpendicular motion u, of Eq. (52) is just the E x B drift velocity
of theelectron (Fig 1). Thisresultisreasonable. For the EV electron plasma, wehavefrom Egs. (12), (13), (23),
and (24) that
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dB B - 1 0B, . -
= |~3p,=~103%B<«B and |— =|~vB/w_v~10°B<«B.
I, 571730, < Tl oo <
This means that the electron motion in the EV may be approximated by £
electron guiding center motion. The physical mechanism isalso clear. We l{
know that the expansion force caused by the thermal pressure of a

=]

plasmain amagnetic field B can be balanced by the magnetic force caused =
by the diamagnetic drift motion of the plasmafluid element, u=-V p x B \Q_Q_Q_Q_QQQ;

/ B’ (p = nkT'), which results from the gyromotion of the plasma particle

around the magnetic field, as shown in Fig. 1, and the density and/or Fig. 1 (T B

temperature gradient. Inthe EV case, theradial electrostatic repulsiveforce The electron motion inthe crossed

is balanced by the magnetic force caused by the E x B / B’ drift motion of  ejectric and magnetic fields. The

the electron fluid element. electron gyrate about the magnetic
field lines, accompanied by a drift.

Weknow from Eq. (24) that the magnetic fieldin thespherical EV isaround ~ 1"e drift velocityis v =E x B/ 8.

the axis Z, i.e. around the sphere. The parallel motion of the electron fluid does not change the shape of the EV

sphere. However, the perpendicular motion will tend to change the shape of the sphere. Substituting Egs. (23)
and (24) to (52), we have

c? (ﬂ
vsinB| ¢

L

sin’6 -cosB)e,+e,|. (53)

Weseethat theu, varieswithangle 0, but not along thecircle. Thisprocesswill instantaneously (in about 1072
s) lead to deformation of the spherical cluster to an oblate spheroid and the most likely result will be that the
spherewill evolvetoatoroidal shape. Wewill seein thefollowing paragraphsthat inthetoroidal configuration
the electron cluster and electromagnetic field will self-consistently be confined each other and there is no
possibility to deform to any other shape which has better equilibrium properties. However, the toroid may
disrupt to smaller toroidal groups or become self-destroyed by various instabilities.

Now we consider atoroidial model of theEV. We assumethe EV isatoroidal electron plasmaloop with minor
radius ¢ and mgjor radius R, confined by atoroidal magneticfield B, (see Fig. 2). Inthe EV thetoroidal field
actually is established by the movingelectron cluster itself. We assumethat the diameter of thetoroidal EV, the
2R, isthe same value as the diameter of the spherical EV, i.e. 2R = 2r,=d = 1um. In this case, the toroidal
magnetic field B, can be roughly approximated by themagnetic field of thespherical EV, Eq. (28), averaging
over the surface of the spherical EV, i.e.

2neryv
|Bo|=Llf"3in9de= v___ . of _2n8RV _ 42x1057 (54
4me,c2r; Mo 2m2e,c2r?  3me,c?  3me,c?

whereR =R, + a.

Asan approximation, thetoroidal electron loop canbe simplified by treating it asaninfinitely long (21tR, >27q)
cylindrical column of electrons. Wefurther assumethat the B, isuniformalong the axis of thecolumn. We now
select acylindrical coordinate consistent with the column and assume all of the equilibrium parametersin the
Steady state (0ot = 0) are axi-symmetric and uniform in the Z-direction, i.e. n ) = n (v) e, ,
u(r) =ug(r) eg+ u. (r) e.and c/dz = du/dz= 0. The azimuthal current Jo(r) = neu(r) eg generaly induces
an axial self-magnetic field B () and the axial current J_ (r) = neu_ (r) e. generally induces azimuthal self-
magnetic field Byr). Thusthetotal magnetic fieldisB(r) = Bg(r) eg+ (B, + B. (1) ) e, .

The equilibrium equation (49) now becomes aradial force balance equation
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2
_ Bmeue

= e[Er+uzBe+u0 (BO+BZ)]' (55)
r

where B(r) = (1 - o’ (r)/c’)¥? and the self-generated fields E,, B, and B, are determined from the Maxwell
equations

19 _ e

T E(’Er(r)) = e n{(r), (56a)
22 (rBy () = wpen (i, (1, (56b)
28,00 =~ uoen(us (1. (560)

The solutions of the Maxwell Eg. (56) are

E(r) = if’n(r)rdr, (57a)
€orJ0
B, (r) = “Lre "n(ryu,(ryrdr, (57b)
0
B,(r) = -poef“’n(r) Uy (r)dr. (57¢)

Substituting Egs. (57) to (55), we have [13]

2 _ +uoe B + e? r _uzz(r)
B(r)w,e(r)—wcew,e(r)(1 2 fn(r)rw,e(r)dr] 2fon(r)[1 - ]rdr (58)

o U1 €oM,r 2
where w, (r) isthe equilibrium angular velocity of an electron fluid element
W, (r) =uo(r)/r (59)

and w,, = eB/m, isthe non-relativistic cyclotron frequency (Eg. (12)). We seethat the rotation of the electron
plasmais afundamental characteristics for self-confinement of the EV.

The physical meaning of the force balance equation (55) is obvious. The term on the left side of the Eq. (55),
B m,u2/r, isacentrifuga force. Thus, Eq. (55) means that the ombined electrostatic and centrifugal forces
on an electron fluid element are balanced by the inward magnetic force. The magnetic force is caused by the
diamagnetic drift motion of theelectronfluid element, E x B/B? drift and m u ¢’/r e, x B/B’ drift, i.e. therotation
of the electron fluid around the symmetric axis. Therefore, for a moving toroidal electron cluster, a self-
consistent equilibrium is possible, thus, the toroidal EV can exist.
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Ken Shoulders [14] has for several years been aware of the probabletoroidal nature of high-density electron
clusters and has explicitly dealt with the likely nature of their formation.

We consider a simplified case: a non-relativistic electron plasma column with uniform density profile and
u’/c? < 1,uB, < E and B, < B,. Inthissituation the radial force balance equation (58) reducesto

02 - W0, + w,z,e= 0. (60)

N | =

Solving the Eq. (60) for w,, gives two equilibrium rotational velocities of the electron column

2
12 (1- 2%ey

2
wce

= pE =1
W, = W = 200,

(61)

where o', (w,,) corresponds to afast (slow) rotation of the electron fluid. Inthe uniform density profile the
rotational velocityw® , or @', are constant, i.e. theelectron fluid will make arigid rotation around the symmetric
axis. Using Eq. (54) we have w,, = eB,/m, = 7.4 x 10" rad/sec. Substituting the w. and Eq. (4) for w,, tothe
Eq. (61) gives 2w, /w.* = 0.77, w",, = 0.74 w,, = 5.5x 10" rad/sec and w",, = 0.26 w,, = 1.9 x 10 rad/sec.
(With relativistic treatment, we will have w* ,~ 10* rad/sec.) These are super high speed rotations.

We note especialy from Eq. (61) that when 20)2,)@/ @’ ., > 1, the rotation velocity w,, becomesimaginary, that
istheradial equilibrium does not exist. This means a necessary condition for existence of equilibrium EV is

2w°, /W, =2nm,/ B} <1 (62a)
or
B,2(2nm,/ €)"” (62b)

Substituting Eq. (54) for B, to the Eq. (62b) will give radial equilibrium criteria or EV criteria:

nd>V’ > 18 ™ c’m,/ [, €’ (63a)
> 4.5 x 10* meter/sec’
or
nWd? > 9Wc’mz / M, €’ (63b)
>2.1 x 10°* meter/sec? ,

where d = 2R isthe dimension of the EV, v is directional velocity and W is the corresponding kinetic energy
(in units of eV) of the EV electron.

This criteria tells us that the electron density », directional velocity v (or kinetic energy ) and the size of the
EV, the d, arerelated to each other in comprising a equilibriumEV. Or in other words, the EV could exist at
various combinations of #, v (or W) and d in accordance with this criteria.

As atestfor the criteria, let’s examine K. Shoulders' EV data[2]. Withn =6.6x 10 m*andv =0.1¢c= 3 x
10" m/sec, the criteria (63) givesd > 0.87 um. Thisis closeto the size range that Shoulders measured.
Therefore, agreement between this theory and experimental datais excellent.

According to thecriteria, let's estimatethe EV size at low directional energy, W =(10 to 100) eV situation. If
we assume the electron density is still # = 6.6 x 10”° m™, then the criteria (63) gives d > (13to 4) um,
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correspondingto electron number (5.9 x 10**to 5.6 x 10*%) inthe EV. Thatis, equilibriumin larger dimension
EVsis possible, aslong asthe EV is formed and launched. However, some of the EV's could be broken up into
smaller ones through instabilities. In the double layer, near surface and crack regions of a hydrated metal
cathode, a number of large EV's could be produced and may have an important rolein nuclear transmutation.
A large EV may contain or transport alarger number of positive nuclear ionsand thereby the nuclear reactions
rate may beincreased.

At low electron density, for example n ~ 3 x 10?°m (~ air density), and the directional energy on the order of
room temperatureenergy, W~ 0.025eV, thecriteriagivesd > 5 cm. Thisisthesizerangeof ball-lightning. The
ball-lightning may be ahuge EV.

Now we consider a more general case where density n(r) isnot uniform. In this case the Eq. (54) reducesto

2
mfe—wcewre+e—2f’n(r)rdr =0. (64)
e,m,r?Jo

The solution of the Eg. (64) is
4e2

+
W, = W(r) = .
€o M, W5, r?

Wge|1-(1- forn(r)rdr)”z . (65)

N =

We see that, in generd, the equilibrium angular velocity of the electron fluid is not constant, but varies with
radius of the column, i.e. there exists a shear in the angular velocity profile.

The angular velocity shear has animportant effect on theinstability of electron plasma. Thediocotron instability
[13, 15] is one of the most ubiquitous instabilitiesin low density electron plasmaswith shear in flow velocity.
In the relatively low density region with w,,” / w,, < 1 inthe EV, such instability could be developed. This
instability islikely one of the reasons that a large EV may be broken up into several smaller EV’s.

In the above, we considered asimplified case, i.e. v’ /¢’ < 1, u, Bg< E,, and B, < B,. Inamore general case,
these restrictions should be removed and thetoroidal effect must be included. This general caseis beyond the
scope of this paper.

cathode

Fig. 2 A Toroidal model of the EV. The combined radial electrostatic force — neE(r)e, and the centrifugal force
nm, ug/r e, on the electron fluid element are balanced by the inward magnetic force neug (B, + B,) e, and neu, Bge, ,
through the high speed angular rotation of the element.

According tothe above discussion, weimagine atoroidal EV asshownin Fig. 2. Theelectron plasmaismainly
confined by the toroidal magneticfield B, which isestablished by the directional motion of the electronsin the
applied potential difference. Theradial electrostatic force nek, and centrifugale force m, u¢/r on theelectron
fluid element is balanced by inward magnetic force which is caused by Ex B / B’ drift
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2
m.u ) ) . , L . .
and —°® e, x B/B2 drift motion of the electronfluid element. Meanwhile, directional accel eration motion of
r

the electron cluster, nonuniform electron density profile, and diamagnetic pressure gradient drift, — Vp x
B/ B’ etc., may cause thetoroidal component of theplasmaflow velocity u,, or current /., and poloidal magnetic
field Bg. Theinside current./, could contribute to confine outside electrons, and the outside magnetic field B¢
contribute to confine the inside current. Thus, electron plasma, electric and magnetic fields and currents etc.,
may self-consistently be formed as a self-sustained, closed-equilibrium system.

G. RADIATION

Electromagnetic radiation fromthe EV can be expressed approximately by usingthe accelerated point charge
when the observation distance isfar larger than the EV size. The energy transported by electromagnetic field
is determined by the Poynting vector S = (E X B)/ b,. The electromagnetic field far from the moving EV, can
be expressed by the Egs. (16) and (17). Thus, the Poynting vector can be calculated as

s q%le x v o _ _G2V7sin?8 (66)
16m2e,c3r2 '~ 16mle,cir2

where 0 is the angle between the direction of the acceleration and the direction to the observation point. And
the power transported acrossasmall surface As=rdQ e, is dP =S -ds or

292 ain2
ﬁzqume, (67)
dQ  16n2¢,c®

where dQis the solid angle subtended by the surface AS. The total power emitted into all directionsis given
by

252
p- (2 9P Gned6d - _av 68
f;) fo dQO ¢ sneocs ( )

which isknown as Larmor’s formula.

Let’s estimatethe power of radiation of the EV. Substituting the Eq. (22) for v andthe Eq. (2) for ¢ to Eq. (68),
we have electromagnetic radiation power P = 0.13 watt.

It is well known that an electron gyrating in a magnetic field B, e, emits cyclotron radiation. How is this
spontaneous emission affected by the electron motion in the crossed electric and magnetic fields, like E(r) e,
and B, e, intheEV? Davidson et a. [16] have shown that in the crossed E, (r) e. and B, e, fieldsthe orbit of the
electron perpendicular to e, in the laboratory frame will become biharmonic, with two rotational frequencies
w* and w,, definedin Eq. (61). The energy radiated per unit frequency interval per unit solid angleisgiven
by [16]

1 d¥  _ e?wT |[sin?(Q'T2) O (V2 02
TdwdQ 8n?c® | (Q'T/2)? (w,-w,)?

n(w) =
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L Sin2(QT2)  Wn

(Q T2 (w0, -0,)?

(V2 + w2 r?)

20,0, sin(Q* T/2) sin (Q T/2)
(0,—0,)? (Q*T/2)(Q"T/2)

x (vf+m;w;er2)cos[wn}, (69)

where T = L/v. isthe length of timethat the electron is in theinteraction region; k.is the wave number and £2*
is defined by
* =0 — kzuz - wtre . (70)

We see that the electron cyclotron emission spectrum 1(w) has two maxima located at 2*=0and £2-=0, or
equivalently
2
1 1(1 - 2wPe )1/2
®

+
W=KV, =W, =

® . (71)

ce

N|=

ce

For 2w,’ / w,’ - 0, the Eq. (71) gives w*,, » w, and w,,~ 0. Asthe2 w’, / W’ increase, *,, shifts
downward and w', shifts upward. Therefore, from measuring the cyclotron emission from the EV, we may
determinetheparameter 2  */ w,’or n/B,’. If weknow n (or B ), then wecan determine thevalueof B, (or n)
for the EV.

H. CONCLUSIONS

In thispaper, we have analyzed the macroscopic equilibrium propertiesfor amoving electroncluster (EV) based
on the electron plasma fluid description. We have shown that the self-consistent equilibrium is possible only
in the toroidal system, that isthe EV is a toroidal electron vortex.

We further deduced anecessary condition or criteriain whichan EV could exist. The criteriaindicate that the
EV could exist at various combinations of the el ectron density, the directional velocity (or energy), and thesize
of the EV.

From thetheory and results shownin this paper, we could imaginethe EV processas follows. A large number
of electrons are locally emitted in avery shorttime, < 1/w,,. Inthe sametime scale, adirectional motion of a
cluster of electronsare produced by adirectional electric field. Attheformation, the shape of theelectron cluster
may bespherical, ellipsoidal or spheroidal but will almost instantaneously be adjusted to atoroidal shape by the
force balance requirement (Eg. (55)). A toroidal EV satisfying the criteria (Eq. (63)) will be formed. During
the subsequent motion of the EV, along with theincrease of thedirectional velocity, the electron density and the
size of the EV will be changed or alarge EV could be broken up into two or more smaller EV's inaccordance
with the equilibrium criteria, or destroyed by instabilities.

As a non-neutral electron plasma, it is expected that the various el ectrostatic and electromagnetic instabilities
will occur inthe EV. Therefore, an EV is not expected to exist in afield-free region. The presence of some
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dielectricinterface, low density plasma, or wave-guide support etc. will greatly enhance the stability of the EV.
These important problems are the subject for a future paper.
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