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The basic generation parameters for a collective electron-packet state that is catalyzed by an elec-
tromagnetic localized wave are considered. Cancellation of the large Coulomb forces required to
achieve this electron-packet state is shown to be possible with a properly designed electromagnetic field
configuration that is intense and applied over an ultrafast time scale. Experimental realization possibili-

ties are discussed.

PACS number(s): 52.40.Db, 03.40.Kf

I. INTRODUCTION

The possibility of the existence of an essentially single
species plasma state represented by a stable packet of
charged particles moving collectively through space-time
was examined previously in Ref. [1], hereafter referenced
as I. The model in I treated a warm electron plasma as a
fluid and self-consistently incorporated all of the elec-
tromagnetic fields. The collective electron-packet state
(EPS) was catalyzed by an electromagnetic localized wave
(ELW). Condensation to this state was shown to occur
on a very short time scale (femtosecond) and on a very
small distance (micrometer) scale. However, a number of
issues, particularly those associated with the ability of the
ELW to overcome the resulting Coulomb forces in the
EPS have been raised (see, for instance, Ref. [2]).
Nonetheless, it appeared in I that the theoretical model
satisfactorily reproduced EPS parameters that agreed
with experimental observations [3]. It will be shown in
this paper that the Coulomb and ELW-generated forces
can form an equilibrium state and, hence, that the pre-
dicted characteristics of the localized EPS are realizable
physically. The requisite experimental parameters will be
explored, and the potential experimental validation of the
models will be discussed.

II. THE ELECTRON-PACKET STATE SOLUTION

The localized EPS is modeled with the coupled
Maxwell and warm electron plasma fluid equations. In
particular, if the local electron density is # and the local
velocity of this electron fluid is v, then one has the warm
plasma equations

9,n+V-(nv)=0 (continuity equation) , (1a)
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3v+(v-V)v=-L(E+vXB)——Vp
m mn

(momentum equation) , (1b)
p =nkT (equation of state) , (1c)

and Maxwell’s equations
VXB=pynqv+euud,E , (2a)
VXE=-—9,B, (2b)
v.E=2L (2¢)

€o

V-B=0. (2d)

The free-space permittivity and permeability are respec-
tively €, and p, and satisfy eyo=c “. The particle
current is J=nqv. The presence of the scalar pressure
term p in the momentum equation is synonymous with a
warm plasma model (essentially a free-electron ideal gas);
closure of the plasma equation system is achieved with
the equation of state, Eq. (1c), the temperature being tak-
en to be constant locally. Note that any equation of state
in which the pressure p is simply a function of the elec-
tron density n will lead to the same results below. The
present choice appears to be an adequate representation
of the physical system under consideration. A two fluid
ion-electron plasma model was also considered in I and
was shown to promote the evolution of the electron plas-
ma result treated below.

In I it was demonstrated that an ELW for the joint
plasma-fluid and electromagnetic field system, Egs. (1)
and (2), occurs. First, it was shown that this system of
equations yields the divergence-free quantity

Q=vxv+-1B, 3)
m
which satisfies the relation
9,Q=VX(vXQ), (4)
and hence is preserved along the flow defined by the ve-
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locity field v. This means that Q=0 for all time along
this flow if the system is prepared initially with that
value. This result is independent of the form of the pres-
sure term as long as p < f(n); i.e., if the pressure can be
written as a simple function of the density. Next, the
electric scalar and magnetic vector potentials in the
Lorentz gauge were introduced. The resulting canonical
momentum II=mv-+gq A is such that VXII=mQ, and
hence that I =#V1,1) being a scalar field whose gradient
leads to the local momentum field IT through a constant
of proportionality which we set equal to #, Planck’s con-
stant, over 27. Consequently, the velocity and the vector
potential are related as

v=—" A+l yy, (5)
m m

the velocity satisfying a slight generalization of the
London equations: VXv=—(¢g/m)B and 9,v
+V(iv2)=(q/m)E—(1/nm)Vp. Finally, the equation
for the vector potential is obtained in the Klein-Gordon
form,

2

(4]
3L —V+—2 |A=——Lvy, (6)
c

c

# 9
q

where the plasma frequency w} =ng”/e;m. The behavior
of the charge density is now described by the relation

Lpn=—vv=2v.a-tyry, )
dr m m
where the convective derivative d =3, +v-V.
Incompressible and compressible solutions of these
nonlinear equation sets were considered in I based upon
known Klein-Gordon LW solutions [4-6]. For discus-
sion purposes, we will consider the compressible (¥=0)
solution here; the incompressible (¥7<0) solution can be
obtained as in I with the appropriate gauge transforma-
tion. The resulting equation set is

2

[0)
aﬁ,—v2+c—‘2’ A=0, (8a)
v=—(qg/m)A, (8b)
ilnn = —g—V' A . (8¢)
dr m

Even though the vector potential equation has been re-
duced to a homogeneous Klein-Gordon form, this system
is highly coupled and nonlinear due to the presence of n
in the plasma frequency w, term. General solution
schemes for this case include iteration and linearization.
For example, an iterative solution was obtained in I if we
take n~ny, giving the local plasma frequency
w2o=nyq’/€gm. The desired azimuthally symmetric

p
zeroth order LW solution is

A~ A A2, (9a)

where A, is a constant to be determined below and the
Klein-Gordon solution is
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A=e —iBy*(1+v2 /P z—(c? /v, )t]

Xjo(2ByV p?+7Hz —vgt ), (9b)

the wave number parameter 3 being given by the expres-
sion

, U/

v e

-
c

v
— g
=y—=

c

w,0 2
B=y £ ) \/n()
€ome

c

1)
=[1.879x10—7—ci\/n0 (m™ 7.

(10)

This solution represents an oscillatory phase term times
an envelope which moves at the speed v,. The phase
term, which travels at superluminal speeds, has little
effect on the motion of the particles; it oscillates at such a
high rate that the particles cannot respond to it. Thus
the envelope is responsible for the behavior of the packet;
the envelope variations then need only be considered to
obtain the corresponding EL'W field structures.

III. CANCELLATION OF THE COULOMB FORCES

The physical implications of the ELW-based EPS are
considered in this section. First the specific parameter
regime of interest is bounded. Next the cancellation of
the Coulomb forces is developed. This treatment leads to
the parameters that would be needed to physically realize
the ELW-catalyzed EPS.

As shown in I, the vector potential solution (9) results
in an ELW which causes a displacement current that can
be made to be on the same order in magnitude as the par-
ticle current. This means the collective effect of interest
here occurs on a very short time scale. In particular, the
particle and displacement currents are comparable if the
time scale for change, At, is on the same order as the in-
verse of the plasma frequency. The time scale for the
desired effect is then At~21r/wp0=1/[56.4\/n0]. Fur-
thermore, the localized vector potential defined by (9)
moves along the z axis with a local group speed v, <c,
and its center occurs at z =v,t. For the experimentally
observed speeds [3], the local group speed v, ~0.1c and
hence y ~1. The degree of localization of the particle
and electromagnetic wave packets is determined from the
spherical Bessel function term. The location of the first
zero of j, occurs at a distance d, either along the trans-
verse, p, or longitudinal, y(z—v,t), coordinate, given by
the expression

d=-"="25.¢ (11)

We take the EPS radius equal to d. The number of elec-
trons in the EPS is then N, =ny(4wd 3/3). Consequently,
the EPS radius is directly proportional to the EPS parti-
cle number, i.e.,
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v 2 presence of the prescribed ELW, an EPS may be generat-
d=3.416X10"15 '_g_ ) N,~3.416 X 10_17Ne . (12) ed. Note that if N,=2.0X 10!, the EPS particle density
¢ no=1.50X10% is less because its radius d =6.83 um is

Assuming that the number of electrons in the EPS
is equal to the claimed experimental value [3],
N,=2.0X10'%, the EPS radius d =0.683 um. This cor-
responds to an electron density n,=1.497X10%® and
hence to a plasma frequency ,o=6.901X10". The time
scale for the desired effect is then on the order of
At~9.11X107 195 ~1.0 fs. Thus, if the electron plasma
is formed on this time scale with sufficient density in the

. vz —uv,t
e'"3,A(p~0,z~v,t+5/y)~ |2Byv, £

since j{(x)~x /3 for x <<1. Similarly the z derivative is

2
ei"aZA(p~0,z~Ugt+§/‘y)z——(2‘33 Yoe. (3b)
This also means that near the packet’s center

0t ~—(1/v,)d,. Correspondingly, the transverse spatial
derivative is

e”’apA(p~8,z =uv,t)

~ | =28y £712Br8) | (p=8,2=v0)
1, 2
=T (233 L. (13¢)

Note that the spatial derivative is negative ahead of the
pulse center where z >v,¢ so that £>0 and positive
behind it where z <v,? so that £<0. Also note that the
size of the longitudinal and transverse derivatives differs
by a factor of ¢ as one would expect from relativistic con-
siderations.

The solution to Eq. (8c) gives the density of charges in
the plasma:

n =ngyexp R (14)

9 .
+-L [ drv-A

where .L is a flow line of the flow defined by v. Since
V- A= A4,0,A, the electron charge density along the flow
is approximately

n =ngyexp -—(e/m)AodeTazAJ
eA
=ngexp | —2 9 ia,A
mu, ¥y
8 edo , , 2}
~ngexp | ———B Y|, (15)
3 my,

) 2
T 0re) (p~0z~vu+em~+ B o

larger. This would lead to a slower creation time
At~9.11X107%s ~10.0 fs.

Consider now the time and spatial derivatives of the
LW solution (9) near the packet enter, yz=yv,¢t+§ and
p~96, where § <<1 and {<<1. As discussed above, the
time derivative near the EPS center along the axis of
propagation is governed by its envelope behavior. Intro-
ducing the parameters 17=B1/2(1+vg2/c2) and
E=[p*+yiz —vgt)z]l/ 2, this time derivative is approxi-
mately

(13a)

which is highly localized near the EPS and ELW centers
as it should be. Thus the electron charge density n will
be very small in comparison to n, everywhere except
near the flow lines connected to the initial peaks of the
EPS.

The Coulomb force field of one electron in the packet
is (at least to first order) a linear superposition of all of
the forces arising from pairwise interactions. This force
field is linear and repulsive; its components have the ap-
proximate magnitudes [7]

1 Ne?

F T2 dmed /2
Coulomb, z ,}/2 4mey(d /2 )2

1 [no(4md3/3)]1e?  4nge’d
=— > = >, (l6a)
¥ 4mey(d /2) 3y%e,
3 dynge’d
FCoulomb,pzy FCoulomb,z=_——— ’ (16b)

3¢

where the radius of the packet d has been taken to define
the number of electrons and d /2 has been taken to be the
average distance between the charges within the EPS.
For equilibrium to occur within the EPS this force must
be balanced by an attractive force arising from the ELW.

The electromagnetic field generated by the localized
wave is given by the following expressions. The magnetic
induction field is transverse to the direction of propaga-
tion and has the form

B=VX A=—4,3,A8 . (17a)

With (8b) the electric field [note the sign typographical
error in Eq. (25b) of I] becomes
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E=c? [dt[VXB— ¢ [dt | WX B+ue "L A
1) pongvl=c? [ Bo
1 @ho
=c24, [dr{(3,3,A)p+ | ——3,(p3,A)+—5~
p c
=c24, [dr{(3,8,A)p+[}A—dLAR} . (17b)
It has both longitudinal and transverse components. The total force arising from the ELW is thus
Fiw=qE+qvXB=—¢E,2—e[E,—v,By]p
=—ec?d, [dt[32A—BLATE —er[ 2 [ dr 3,9 A+vgapA]ﬁ. (18)
Consequently, with Egs. (13) one finds that the ELW-induced fores have approximately the following amplitudes.
Longitudinal component.
Fry,~—ec®d, [dtd, ‘—-l—az — Lo |a=—ecra, |- Lo, Lo, (A
Vg ¢ y c
2 2 2
el A~ Sy } _@2By), sgn(g)
Vg Vg 3
T
— —S—eywpvosgn(g) . (19a)
Transverse component.
2
c = c _
Frw,~—ed, ——Zfdt 3,8,A+0,d,A | =+edo |~ |3,A
2 2 2
ety ]| e,
+e v Y apA e v Y l 3 ) 0
g [
T
=_?ewp0A0 . (19b)
[
These expressions indicate that the longitudinal force is  For the assumed EPS parameters (N,=2.0X 10'°,

along the —Z direction ahead of the packet center and
along the +Z direction behind it; hence the ELW force is
opposite to the Coulomb force in these locations. Simi-
larly, the transverse off-axis force is in the —p direction;
hence it is also attractive and opposite to the Coulomb
force.

To compare the Coulomb and ELW force fields, the
magnitude of the constant 4, must be estimated. For
the EPS to exist, the ELW force associated with the vec-
tor potential in the region of the EPS must be of sufficient
magnitude to cancel the Coulomb forces there. The mag-
nitude of the vector potential in the EPS region is ap-
proximately

1Ien| )I Ho No€Y% | 4w .5
Ay~ P~ | g
° fff Ir—rl 47 d 3
_ Mo Neevg
47 d
=Lponoev,d?

N,v
=1.602X10‘26——;—g . (20)

vg=0. le, and d =0.683 um), the vector potential con-
stant 4,=0.0141 Wb/m.

We can now compare the Coulomb and ELW forces
directly. One has

FLW,Z _ (7T/3)e’}/£0poA0
FCoulomb,z (4n0e2d )/( 3‘}/260)
_ w3 9QpoVd _
=T =Ty~ 1
4 02 8 Y ’ (21a)
Frwpe |_ (m/3)ewpoAg
FCoulomb,p (4‘)/71062(1 )/(360)
7 1 Ppo¥ed _ 72 1
=T e T 1
sy e —gpTl, e

which implies that the Coulomb and ELW forces are in
balance within the EPS. The very large spatial and tem-
poral variations within the ELW result in sufficiently
large, attractive force components that compensate for
the equally large and repulsive Coulomb force com-
ponents existing within the EPS. In analogy with the
basic BCS superconductivity concept of a Cooper pair,
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which results from the presence of a phonon background
field, the ELW acts to provide the collective restoring
force that catalyzes and maintains the EPS state.

We note from (21) that it appears that, if the packet ve-
locity, and hence ¥ were to increase substantially, the
EPS would begin to collapse in the z direction due to the
ELW force and would expand dramatically in the p
direction due to the Coulomb force. Thus any external
forces on the EPS should cause it to break up in direc-
tions transverse to its direction of propagation.

Finally, the side of the ELW’s electric field that would
be required to achieve this balance is now readily estimat-
ed. Since E~ —9, A, this critical field value

2877 d _oV N,
|E|c,itzi—%7’—)—yug5 4p~2.369X 1075~
2

nod .

v
=9.923X in7? [—f

(22)
For the assumed EPS parameters this means |E|,
=1.02X10"? V/m = 1.02 MV/um. Consequently, since
the intensity and the electric field amplitude are related
as I=E?/2V/ py/€y, the corresponding critical intensity
would be I ;, =1.38 X 10! W/m?=1.38 X 10" W/cm?.

IV. EXPERIMENTAL REALIZATION OF THE EPS

It has been shown above that an EPS can result if an
ELW is excited in a free-electron gas. Because of the sta-
bility exhibited by the general class of localized wave
solutions, particularly to experimental uncertainties [8,9],
it is anticipated that an excitation field with the rise time
and spatial localization demanded by the ELW will be
sufficient to excite the EPS. The rise time and distance
scales are such that at v, =0. 1c the electrons move only
0.006 37d for the time At. Thus the electrons cannot run
out of the local potential well formed by the propagating
ELW,; hence the charges in the plasma should be cap-
tured by the electromagnetic forces generated in the cen-
tral region of the ELW. This means that because of the
extremely short rise times the EPS formation must occur
fast enough so that the Coulomb forces do not have the
time to prevent it.

The EPS should stably propagate in space as far as the
ELW does. This coherence region would be over the ex-
tended Rayleigh distance associated with an ultrafast
pulsed beam [10]. For the indicated femtosecond time
scales, the effective wavelength [10] of the pulsed-laser
system would be approximately A4~ 150 nm so that
from a circular aperture having an R ~5 pum radius a
Rayleigh distance of mR2/A4~500 um could be
achieved. It then would be possible to measure experi-
mentally the resulting ELW-EPS structures and
behaviors. Moreover, this distance suggests several in-
teresting applications including micrometer-sized free-
electron or Smith-Purcell lasers driven by a stream of
EPS’s.

Several laser systems are becoming available that could
achieve the ELW and EPS intensity, distance, and time
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operating conditions. In particular, there are many sys-
tems whose intensity levels surpass 10'®* W/cm? and that
can be focused to micrometer-sized dimensions. More-
over, designed ultrafast-pulse focal enhancements [11,12]
could readily surpass the necessary intensities with lower
power systems. Pulse designs yielding a 20-fold enhance-
ment in the focal plane intensity would boost an I ~10'®
W/cm? system above the EPS threshold value 1.
Nonetheless, the requisite rise time of the ELW pulse,
~1.0 fs, is an order of magnitude shorter than those as-
sociated with most currently available systems. This
would be particularly true for a focal enhancement sys-
tem that would require pulse shaping in the subfem-
tosecond regime. Fortunately, ultrafast (attosecond)
pulsed-laser systems with these characteristics are
currently under development. One could envision in the
near future an ultrafast pulsed-laser—lens system tailored
to develop the necessary ELW field distribution as it
propagates into an electron plasma to form the EPS.
This is but one of many potential effects that could be
studied with future subfemtosecond pulsed-laser systems.

The ultrafast time discharge plasma experimental work
[3] by Shoulders and his co-workers can now be evaluated
further. Their extremely rapid switching process has to
conspire properly with an equally fast or faster emission
process to achieve their so-called EV (electrum validum
or electromagnetic vortex). The plasma evolution events
would have to include the formation of a combined
electron-ion localized state initially which would then
transform itself quickly into the related EPS as described
in I. An average EV was reported [2,3] to contain
on the order of 2.0X10' electrons in a d~1.5 um
radium sphere. This gives ny~1.41X10%’; hence @pg
=2.12X10" and Ar=2.95 fs. The corresponding EPS
critical field strength is then E;~2.11X10!! V/m.
This value appears to be quite different from the electric
field strengths obtained from the reported experimental
parameters.

The typical EV operating parameters were reported to
be a 10.0 kV voltage applied over a 100 um distance for
an electric field strength of 1.0X 108 V/m. This is a fac-
tor of 2000 times smaller than the calculated E_j;, for the
theoretical ELW-EPS system. The EPS formation corre-
sponding to the EV would require a voltage discharge
event having a 200.0 kV peak field applied over a 1.0 um
distance on a femtosecond time scale. These theoretical
parameters do not seem to be compatible with the EV ex-
perimental ones. However, note that the various EV
sources appear to be configured like micrometer-sized
Marshall (electron) guns [3] in which the observed break-
down and EV evolution processes actually deal with fine
filaments that form in the breakdown region. This means
that the effective distances over which the local field
strengths are applied are in fact considerably smaller
than the anode-cathode separation distance. Taking the
effective interaction distance to be a filament size ~0.1
um, one has |E|~10"" V/m at a 10.0 kV voltage
strength. This would put the experimental parameters in
line with the ELW-EPS theoretical values. Yet another
possibility is the fact that EV’s are frequently generated
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with tip-sharpened electrodes. If the electrodes were fa-
bricated with micromachining techniques, their tips
could have points sharpened to within 1000 A=0.1 um,
easily smaller than the indicated EV size. If such a
cathode were positioned within a tip separation distance
from the anode (~0.1 um), one would again obtain an
electric field strength on the order of |E| ~10!' V/m with
an applied voltage of 10.0 kV. Hence the conditions for
an ELW-EPS are possible, in principle, even in the origi-
nal EV experiments.

Other ELW-EPS solutions of the electromagnetic plas-
ma system (1) and (2) are possible and may conform
better to the EV experimental values. The EV may even
be formed by an entirely different electromagnetic pro-
cess. Nonetheless, the claim that EV formation will be
associated with an extremely fast, intense discharge event
still seems very plausible.

Unfortunately, as noted in I, many of the EV experi-
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mental data are extremely difficult to measure. Exact
quantitative numbers for speeds, packet sizes, and their
electron densities still do not appear to have been ob-
tained since I appeared. This still leaves the claimed EV
observations open to a variety of explanations. More ex-
tensive experiments continue to be badly needed.
Nonetheless, the possibilities remain intriguing, particu-
larly in view of the present calculations that predict the
existence of an equilibrium ELW-EPS configuration.
Pulsed-laser-induced plasma experiments that could pro-
vide the requisite ELW-EPS generation characteristics
are nearly available. Improved ultrafast, ultrasmall
discharge experiments could be designed and performed
with current technologies. The ramifications of an EV or
a stable ELW-EPS configuration remain startling and
could lead to a number of very practical devices if future
efforts confirm their existence and quantify their opera-
tional parameters.
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