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Internal structure of electron-beam filaments
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Electron beams of tW/cm? (~0.4 MeV) which are split into filaments are produced by an inductive generator
which transfers field energy to beam particles in 1-10-ns pulses. Target-damage analysis reveals the composite
internal structure of each filament as a sequence of concentric circles with a discontinuous pattern. The nonuniform
distribution of collectively accelerated positive ions within a filament contributes to resolve the filament structure
which propagates at a speed ~3c/4 and can cross unaffected a 10°-G magnetic field.

Data on filamentation of electron beams have
been provided so far by experimental':? and theo-
retical® work and by numerical simulations®* which
have stimulated our interest in the internal struc-
ture of these filaments. To generate electron
beams (EB) we use a plasma-focus discharge
(PF)® with different gases (H,, D,,*He; 20-KkV,
9-kJ capacitor bank). The transfer of the capaci-
tor energy to magnetic energy of the PF pinch oc-
curs in 2.2 us and from the pinch to electron and
ion beams by a sequence of pulses (1-10 pulses
can be observed in a single discharge) over a time
interval from <5 ns up to 200—400 ns (by Rogowski-
coil signals® from the beam current and by the
duration of the x-ray pulses from the beam
source).® The EBpulses have the same multi-
plicity as the peaks in the |dI/dt | signal from the
PF-electrode current I.> PF electrodes, beam-
drift chamber, dielectric pipe (P)~50-cm long to’
focus the EB, target, and Rogowski coils (RC) ar-
rangement are reported in Fig. 1(a). Data on the
highly collimated EB (and on the ion beam) along
the electrode axis and the energy spectrum have
been reported by previous papers.>” We are
concerned here only with the EB which is ejected
at 180° (i.e., in the rear direction from the same
discharge region—near the anode front end—and
at the same time as the ion beam emission at 0°)®
and with the ions which are collectively acceler-
ated by EB in the same direction as EB.

The EB has a broad energy spectrum, carries
=10% of the capacitor-bank energy, and the elec-
trons have energies from sS40 keV to several MeV.
This spectrum has some variations from shot to
shot as well as permanent features, specifically
a peak at about 300-400 keV in all well-formed
discharges® (i.e., a D, discharge with a neutron
yield per discharge n 2 0.57%, where 7=2x 10° is
the mean value of # over 10°~10° shots in 6 Torr
of D,; for other gases a similar definition of well-
formed discharge can be obtained in terms, e.g.,
of x-ray-energy-emission per shot). The EBpropa-
gates inside the hollow anode (the center elec-

trode, a pipe 15-cm long) and then in the drift
chamber (a pyrex pipe of 35-mm diameter) at the
rear end of the anode. By beam-induced damage
on targets we detect the filamentary structure of
the EB, the energy € ~107°-10"! J of each of the
~10°® filaments which form a beam pulse, the in-
ternal structure of each filament (filament diame-
ter D=1-300 pm), and a nonfilamentary com-
ponent of the same beam which is spatially uni-
form within a cross section of ~5-mm diameter.
Two hollow-anode configurations have been used:
(i) fully open and (ii) partially closed anode [Fig.
1(a)]. For configuration (ii) an RC coil which is
located downstream from the end of the focusing
pipe P gives a typical value of the net EB current
L, which is smaller by a factor ~10~! than the ty-
pical value [, ~1-10 kA for configuration (i) (the
signal from a RC upstream from the end of the
focusing pipe is always vanishingly small even
when the target damage indicates a very intense
beam). Target damage indicates that for (ii) with
P the beam is formed only by filaments; when [,
is small, current neutralization is achieved in the
self-pinched (filamentary) mode of propagation.
Tests with different values of ¢, indicate that the
high-energy component (>300 keV) of EB is gen-
erated near the electrode axis within a cylindrical
region of ~3-mm diameter. The charge carried by
this high-energy component was measured with
the Faraday-cup method for a single pulse of the
EB after a polystyrene (PST) target (375-um
thick) with the same result (4 Xx10™-10"3% C) as in
Ref. 5. By (i) each pulse of EB current /, has
rise time Af=1-10 ns to a peak value L, ~2-10
kA from RC signals; from this net value of 1, , we
have v/y S 0.6 where v is the number of beam
electrons per classical electron radius e*/mc? of
beam length, ¥ = (1 — #/c?)'/%;, the EB propagation
velocity is v=0.76c (c =light speed) and it is ob-
tained from the signals of two coils RC, and RC,
[Fig. 1(a)] encircling the drift chamber (distance
between coils L=150 or 300 cm).

Our measurements of the attenuation a of I,
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FIG. 1. (a) Schematic of PF and of EB drift chamber (filling gas and pressure, p =1-25 Torr, is the same in dis-
charge and drift chambers). A magnet (M;) provides a 7 cm long B-field region. L, <1-8 mm if B=0. I, signals for
configuration (i) (fully open anode, ¢;=34 mm) are 2—3 times higher than for configuration (ii) (partially-closed anode
by disk A with central ¢, =4-mm-diameter hole) without P. The support (C) of target (T') is either a floating plate or
grid. () Setting to measure variations of return current by ion absorption (0<d< 22 mm; x;+x,=3 cm; %> 6 mm).
(c) Setting with magnetic field (B||to Ty, 3 surfaces and L to EB).

by (i)—a=[, y(RC,) - I, 4y(RC;)] /1, 4(RC;), Where
I, 4(RC,, ;) is the current from RC, ; signals—
give a=0:25 on 150 cm and @ =0.5 on 300 cm at
p =6 Torr of H, when the conducting ring G (at a
distance 32 cm from the beam source) is not
grounded [Fig. 1(a)]. An attenuation higher by a
factor~2 (@ =0.90 over a distance of 300 cm) is
instead observed if G is at ground potential. In
this case the typical pulse current I, , (2-10 kA)
is, however, larger by a factor ~5 than in the
case of a floating G. Higher values of I, , and of
a over a fixed traveling length L and a longer tail
of each I, pulse for a grounded G suggest that a
floating G is charged by EB bombardment up to
some negative voltage Vg; V; then prevents elec-
trons with a kinetic energy <|eV;| from propa-
gating beyond G. Implications are (a) that these
low-energy electrons contribute a substantial
fraction of the beam net current and (b) that high-
energy electrons (kinetic energy >|eV;|) can
propagate with small attenuation and with a sub-

stantial neutralization of current. The value of &
increases with p and, for a grounded G, « is sys-
tematically higher in H, than in D, (by ~50% at 3
Torr, by s10% at 10 Torr; L=150 cm). It is
compatible with (a), (b), and a(H,) > a(D,) to con-
sider that the nonfilamentary component of EB
can condense into filaments during the propaga-
tion of the beam in the drift chamber. By this
process the high-current (nonfilamentary) com-
ponent is depleted by increasing the current-
neutralized (filamentary) component rather than
by scattering in the background gas.

Filament condensation from a diffuse beam com-
ponent, with a density increase by a factor 103—
10*, and a successive filament clustering are con-
sistent with observed variations of damage depth
and with the hierarchy of small-cavity clusters
with diameter from =0.5 um up to =300 um on a
target. We have used targets of plastic materials
(a polymethylmethacrilate (PMMA) 5-mm-thick
disk or a stack of one or more PST foils; each
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foil is 125-um thick), targets of a semiconductor
material—label B—with a high value of the sub-
limation heat %, (~90 kcal/g atom) and different
values of the distance L, (6 <L, <300 cm) of the
target from the beam source. Label B gives a
maximum of space resolution (better than 0.5 um)
of the filament internal structure and is conven-
ient for estimating €; PST is more suitable for
detecting charge effects and energy distribution
of collectively accelerated ions inside a filament.
The filament-induced damage is detected in the
form of rings, bubbles, or holes on targets of
plastic material (Fig. 2). Craters and surface

(a)

exfoliation of circular regions instead of bubbles

.are detected in label B (Fig. 3). To estimate the

filament energy € we determine the mass M (g
atom) of target material which is removed to form
a filament-induced cavity and we take € =M~ &.
¢ is a correction factor to account for the kinetic
energy of the atoms ejected from the target; the
value of &, 1< £<6, depends on the model adopted
for the blow-off process by which a crater is
formed (in our case £=3).

PST and label B targets complement each other
well. The filament-induced rings in Figs. 2(a)-
2(d) and correspondingly in Figs. 3(a)-3(c) and

(b)

FIG. 2. Optical microscope photographs of filament markings on PST by (ii), L;=50 cm, L, =3 mm, exposure to a
single discharge. (a) Note hole formed by pinched electrons at the center of large (D~ 4D) ring with spokes under sur-
face. (b) Same T showing discontinuous variation of ring width. (c) Surface-discharge pattern connecting rings. Outer
circle is a cylindrical cavity ~30 um below the target surface. (d) Deposited-ion bubble and ring with internal struc-
ture. (e) T surface is contaminated by positively charged (Cu, Zn oxides) dust 21 us after exposure to EB. Dust-free
(white) spots mark positive-charge deposition by EB (the dust is charged by photoionization before deposition on T).
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(b)

FIG. 3. Optical microscope photographs of filament markings on label B; L1 =50 cm, L,=8 mm, and B=0 for (a),
(), (c), and (e). (d) Damage on Ty, B=10° G; note one deep circular marking and shallow elongated damage pattern.

Circular markings only are observed also on Ty, T3. (e) Layered filament components determining ring-width change
in PST [Fig. 2()].

3(e) illustrate the different response of the two which is ruptured through the irradiated volume
materials by irradiation under similar conditions (the dendrite-length distribution corresponds to
(3 Torr, D, for Fig. 2, H, for Fig. 3). The non- the dominant value of the electron energy—~300-
filamentary component of the beam is detected by 400 keV).5 This beam component is depleted and

the formation of dendrites in a thick PMMA target the dominant value of the electron energy is
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- lowered for increasing values of L,. Dendrites
formation is not observed for L, 250 cm but dist-
tribution of the deposited charge and cross-sec-
tion contour of the nonfilamentary component of
the beam is still detectable on a PST target foil

for L, 2300 cm by the isochromatic pattern of the .

charge-induced stress in the foil.° We further
consider only the filamentary component which
tends to coalesce near the wall of the drift cham-
ber [ configuration (i)] for L,~300 cm. This near-
to-wall distribution of filaments is observed also
by the x-ray image on conveniently screened X-ray
films which have been used as targets in some
discharge. A filament with a relatively high-ener-
gy density 4e/7D* 2100 J/cm? (by target damage)
always penetrates the target surface by the ortho-
gonal direction also if it approaches the target
surface from an oblique direction. As an exam-
ple, Figs. 3(a) and 3(c) report the damage on a
orthogonal-to -P surface (B=0) at a distance L,

=8 mm from the end of P. The damage is located
10 mm outside the projection of the circular edge
of P on the target surface so that the filament tra-
jectory must have an inclination of at least ~45°

in the gap between P end and target surface. The
90° penetration, as is recorded by the circular
shape of the damage, and the nature of the fila-
ment-target interaction which produces it can be
easily understood if the filament head has a high
density of negative charge; in this case the ap-
proaching filament and the induced polarization
current on the target form a current system with
a minimum of magnetic energy when the filament
is orthogonal to the surface.

The filament-induced damage indicates that the
typical diameter D of a filament for configuration
(i) is usually smaller by a factor 22-3 than that
for configuration (ii) with a focusing pipe P. We
further report only data from this latter arrange-
ment (P diameter ¢;~ 7.8 mm) which give a more
detailed picture of the filament internal structure
(Figs. 2 and 3). Other important parameters
which affect D are m; and Z;e (my, Ze are the
mass and charge of the fully ionized atom of the
filling gas H, or D, or “*He). The distribution
within the interval D=1-300 um of the diameters
of the filament-induced rings (as in Figs. 2 and 3)
is peaked at D =D~ 30 um for H,, ~15 um for D,,
and ~10 um for “He fillings. This dependence of
D on eZ,,m, (and on the use of P) can be explained
by considering that ions are accelerated by beam
collective fields up to a maximum velocity v, <v
(in the laboratory frame of reference) in the same
direction as the electron-beam velocity v. For a
given eZ, ions with a smaller m ;! have a v,
smaller (and a |v; — v| larger) than that of ions
with larger m' and they can more effectively

achieve beam-charge neutralization than faster
ions. By disregarding radial compression of
ions, filaments can pinch to a smaller value of

D with a substantial increase of electron density
for larger values of |v; — v| of the background
ions. The observed dependence of D on the diam-
eter of P implies that P can effectively increase
the velocity of the accelerated ions. This is con-
sistently verified by target damage. The circular
cavity (~10-30-pm deep) at the border of a micro-
scopic ring (Fig. 2), its depth X under the target
surface, and the internal structure of each ring
can be observed by light reflection from the cavity
wall through the transparent PST and by adjusting
the microscope focal length on the chosen layer
under the target surface. By a systematic inspec-
tion of more than 100 targets we conclude that
each of these markings is produced by ion deposi-
tion when a beam filament crosses the target;

the A of a sharply defined cavity [Fig. 2(c)] indi-
cates that ions with higher energy (1-2 MeV) are
concentrated at the ring outer border and less
energetic ions (A\~5 um) are inside the ring.'°
The filament electrons continue to propagate by
further pinching after the ion deposition is com-
pleted and by forming a channel with diameter
<1-5 pm which punches its way through the target
(we follow with the microscope this filament pat-
tern—from the bombarded surface to the rear
surface of the target—for about 90% of all the
circular markings that we have examined). The
positive charge at a ring location reaches the peak
value over the time interval A~1/0.76¢c = 1 ns ( is the
filament length); nsbreakdown canthen occur between
the regionbelowthe PST target surface where the ions
are trapped and the plasma outside the surface!?;
breakdown along the target surface can etch a
positive Lichtenberg discharge pattern [Fig.
2(c)].”? An alternative (internal) process of
charge neutralization is depicted by the ring ra-
dial striations in Figs. 2(a) and 2(b) which form
the discharge pattern ~10 um under the target
surface between the central region of the ring
(positive voltage) and the outer ring border. We
can control this charge neutralization process by
replacing the target-supporting grid with a metal
plate for collecting the electrons immediately be-
hind the target. In this case surface-discharge
patterns as in Figs. 2(a), 2(b), and 2(c) are not
formed and ion-charge neutralization is achieved
by a breakdown through the whole thickness of the
target by a wiggling pattern which differs from the
straight propagation channel of a pinched electron
filament. Discharge patterns are not etched on a
label B target; € and the power-deposition €/A
are better assessed here than in PST targets (the
depth ~10 um of a crater as in the center of the
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ring in Fig. 3(b) corresponds to €/A~1 tW/cm?;
crater diameter 210 um when no ring pattern en-
circling the crater is formed). The dominant
mode of beam propagation (filaments) at a distance
L, =50 cm from the source has been analyzed also
. by using a 10°-G externally-applied magnetic field
B [Fig. 1(c)]. The shallow (s1-pm deep) elongated
markings on target T, [Fig. 3(d)] are produced by
filaments with 4€/1rD2 <100 J/cm? which are de-
flected by the magnetic field and hit obliquely the
target surface. With B (orthogonal to P and paral-
lel to T,, T,, and T, surfaces) this type of damage
is observed only on T,. Circular markings (S5-
10-pm deep) with a ringlike structure as in the
upper right side of Fig. 3(d) are instead observed
onT, T,, and T, with or without B. The absence
of detectable effects of B on these penetrating fila-
ments is consistent with filament current neutral-
ization. Charge-induced repulsion among pene-
trating filaments and other EB components can
dominate over the B-field force and can cause the
spread of the filaments in all directions at the end
of P if a high value of net charge density coexists
with current neutralization for each penetrating
filament. Neutralization current by collectively
accelerated ions within a filament is assessed by
tests with two coils, RC 1, before a 50-um-thick
Mylar target, and RC 2, after the target |Fig.
1(b)]. The detected current by RC 2 is higher by
a factor 4 +1 than the current by RC 1 (distance
between RC 1 and RC 2 is ~3 e¢m; calibration and
exchange of the coils by different shots have been
performed). Return current can also be carried
by counterstreaming electrons near the surface

of each filament (low-energy electrons bake on
the target surface a tenuous circular halo 2-10-
pm wide which encircles a deep marking). We
conclude that ion acceleration is most effective
within a filament and can be enhanced by the fila-
ment-formation process. The concentration of
positive ions in a filament is consistently indi-
cated by observation of the following. (A) The
discharge patterns which originate from a deep
ring-shaped marking, typical of a positive Lich-

temberg discharge [Fig. 2(c)] (the surface-dis-
charge arms are longer and more detailed than
by a relatively small and thick-limbed negative
Lichtemberg discharge).* (B) The distribution of
the dark contamination dust which leaves circular
white patches where positive charge is concen-
trated [Fig. 2(e)]. (C) The increasing value of the
EB net current I, , after a 50-um-thick Mylar
target with the arrangement of Fig. 1(b). The
formation of filamentary sheaths with sharp
boundaries is possible by a variety of plasma
conditions.!’® Further accretion of large filaments
and of filament clusters by the capture of a fila-
mentary-sheath fragment fits Fig. 3(e) and it
seems a viable mechanism for the growth of com-
posite filaments as it is the direct condensation

" from a diffuse beam. Our observations indicate

that the self-pinched mode of propagation by fila-
ments is not affected by hose and two-stream in-
stabilities. Ion acceleration within the volume or
at the surface of a filament can occur not only by
electron beams from plasma focus discharges as
(A), (B), and (C) indicate but also by other experi-
ments in which more conventional types of rela-
tivistic-beam generators are used (the observa-
tion by ion-pinhole camera imaging of localized
ion sources with linear dimension ~200 um has
been reported in the literature).!* The observed
B* decay of *N nuclei from 2C(d, n)'*N reactions
in our plastic targets is above noise level and we
estimate that usually the accelerated deuterons
with energy 21 MeV are less than 10'°. By in-
creasing the generator energy and by a convenient
focalization of filament clusters (rather than by
focalization of single particle beams), beam-
generating discharges can become a useful tool
for pellet implosion in a fusion program' as it
has been envisaged by other authors.®
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FIG. 2. Optical microscope photographs of filament markings on PST by (i), L{ =50 cm, L,=3 mm, exposure to a
single discharge. (a) Note hole formed by pinched electrons at the center of large (D~ 45) ring with spokes under sur-
face. (b) Same T showing discontinuous variation of ring width. (c) Surface-discharge pattern connecting rings. Outer
circle is a cylindrical cavity ~30 pm below the target surface. (d) Deposited-ion bubble and ring with internal struc-
ture. (e) T surface is contaminated by positively charged (Cu, Zn oxides) dust =1 s after exposure to EB. Dust-free
(white) spots mark positive-charge deposition by EB (the dust is charged by photoionization before deposition on T).



FIG. 3. Optical microscope photographs of filament markings on label B; L1=50 cm, L,=8 mm, and B=0 for (a),
), (e), and (e). (d) Damage on Ty, B= 10° G; note one deep circular marking and shallow elongated damage pattern.
Circular markings only are observed also on Ty, T3. (e) Layered filament components determining ring-width change
in PST [Fig. 2(b)l.



