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Abstract—A simple semiempirical model of the electron beam
generated by a pulsed cold cathode electron gun has been devel-
oped. The model describes analytically the observed self-focusing
of the discharge and predicts the dynamical variation of the focal
distance, in good agreement with experiments. This effect plays
a major role in the determination of the effective duration of the
energy pulse. The model was used to conduct simple calculations
of energy thresholds for melting of solid materials, giving helpful
insight on ranges of operation of this kind of electron gun for its
application to material processing. A comparison with available
experimental data for Mg70Zn30 samples is given.

I. INTRODUCTION

GLOW discharges can generate powerful electron beams
without requiring heated cathodes. Several types of cold

cathode glow discharges have been utilized to produce pulsed
[1]–[4] as well as CW electron beams [5], [6]. The beams
produced by these discharges have been used for various
materials processing applications, including annealing [7]–[9],
thin film deposition [10]–[12], and the etching of diamond
films [13]. Recently, Mingoloet al. [14] applied a cold cathode
electron gun to the amorphization of Mg–Zn alloys. For the
latter application we have utilized a particularly simple type
of large cathode area pulsed discharge electron gun, that can
produce high-power density focused electron beams following
the secondary emission of electrons by ion bombardment of
the cathode surface [3], [14].

In this type of electron gun the electrons are accelerated
by the large electric field, typically several tens of kV/cm,
that exists in the cathode sheath region of the glow discharge,
adjacent to the cathode surface. At sufficiently high current
density the self-generated magnetic field alters the electron
trajectories, focusing the electron beam.

In this paper we report a semi-empirical model for the
electron beam generated by this pulsed cold cathode electron
gun, that allows us to describe the temporal and spatial
characteristics of the electron beam. We show that the beam
focuses at a distance from the cathode that depends on the
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Fig. 1. Schematic diagram of the electron gun. The chamber is evacuated
and filled with a mixture of He and O2. The sample is mounted on a translation
and rotation shaft and the cathode (7.5 cm in diameter) is made of aluminum
with an oxide layer at the surface that is mantained due to the O2 in the gas
atmosphere. For more details see Mingoloet al. [14].

glow discharge current and voltage. This self-focusing allows
one to vary the dose of energy given to a material sample
by simply adjusting the cathode-sample distance, at same
discharge conditions.

Moreover, the model predicts an evolution of the focusing
distance in time, as the current and voltage over the gun
vary with time. This dynamic change of the focusing distance
produces a rapid increase of the irradiated area in time, when
the initially irradiated area is sufficiently small. It is shown
that this effect allows one to obtain energy pulses much shorter
than either the current or voltage pulses.

Simple formulas are deduced to describe the evolution of
the energy flux delivered to the treated material, allowing to
estimate melting or vaporization thresholds. These estimations
are in good agreement with results from Mingoloet al. [14]
for Mg70Zn30.

II. M ODEL OF THE COLD CATHODE ELECTRON BEAM

The cold cathode electron gun we are considering is similar
to that developed by Ranea-Sandovalet al. [3] and used by
Mingolo et al. [14] for the production of amorphous surfaces.
This electron gun can produce high currents up to about 900 A
at accelerating voltages of about 65 kV, in pulses of 0.2–30s.

It essentially consists on an aluminum cathode of 7.5 cm
diameter enclosed in a dielectric shield (see Fig. 1). This
cathode is introduced in a low pressure environment (usually
an inert gas) and is connected to a high negative voltage
source. The dischage circuit is shown in Fig. 2. With the spark-
gap open, the high voltage source charges the capacitor

. When the spark-gap is triggered, the capacitor discharge
produces a pulsed high-voltage glow discharge, with well-
known characteristics [3], [14].
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Fig. 2. Discharge circuit for the electron beam generation. The 90 nF
capacitor, initially charged atVs, is discharged across the electron gun by
triggering the spark-gap (SG). T: Trigger pulse. The cathode voltage and
beam current are measured as described in [14].

A high electric space charge region, known as the cathode
sheath, develops close to the cathode. This region is character-
ized by a positive charge and a strong electric field. Practically,
all the discharge voltage drops in this region [15], producing
electric fields of several tens of kV/cm that accelerates ions
toward the cathode and electrons in the opposite direction
to form an electron beam. The electrons are emitted by the
cathode when it is bombarded by the accelerated ions and fast
neutral atoms. In order to obtain high current density pulses, it
is necessary for the cathode to have a high secondary electron
emission yield. Oxidized aluminum or magnesium cathodes
are usually employed [3], [14]. A small fraction (5–10%) of
O2 is usually incorporated to the inert gas (He) to maintain
cathode oxidation.

The negative glow region, appearing farther from the cath-
ode, occupies almost all the cathode-anode region (see [3]).

To conduct material processing studies the samples were
placed in the axis of the electron beam path, and held in good
electrical contact with ground, to minimize effects of space
charge on the sample surface. The energy flux impinging on
the sample surface can be modified by changing the initial
voltage of the discharge, the current, or the irradiated surface.
Changes in the discharge current are obtained by changing
He pressure. The irradiated area can be modified by changing
the anode-cathode distance, but depends also on the discharge
voltage and gas pressure. Irradiation was performed in single
shot mode, after five to ten stabilizing shots on a dummy target.
In the next sections, a simple semiempirical model for the time
and spatial behavior of the discharge will be presented.

A. Simple Model of the Temporal Evolution
of the Discharge Parameters

Ranea-Sandovalet al. [3] showed that this type of electron
gun can be operated on a wide range of voltages and currents,
with upper limit set by arc formation. For an aluminum
cathode in low pressure helium atmosphere also containing
approximately 10 mtorr of O2, they showed that the peak
current dependence on the initial discharge voltageand

Fig. 3. Experimental (symbols) and predicted glow discharge voltage drop
for (0.350�0.01) torr and (0.48�0.01) torr He pressure.a = 4:3 10

�3 in
units of kV, A, torr.

helium pressure is well described by

(1)

where is in A, in kV, in torr, and is a constant that
depends on the oxidation level of the cathode, on the repetition
rate of the discharge, on the O2 partial pressure, etc. Herein,
we show that this kind of simple relationships can also be used
to describe the temporal evolution of the discharge parameters,
in good agreement with experimental measurements. We will
assume that the relation (1) between the current and the
voltage drop holds for all times

(2)

The constant that is determined experimentally is the only
adjustable parameter in the analysis that follows.

The i–v characteristics of the electron beam glow discharge
(2) were used to solve the circuit shown in Fig. 2, neglecting
the triggered spark-gap resistivity, and the current flowing
through the 3 M resistor. Integration of the resulting dif-
ferential equation gives

(3)

where is the initial voltage drop over the electron gun, and
is the 25 resistor. The current can be then easily obtained

from expression (2). Good agreement with experimental curves
is obtained, as shown in Fig. 3, where the glow discharge
voltage drop measured over a 13 kresistor for two different
pressures is compared with the voltage drop calculated follow-
ing the previous discussion (and taking into account the 13 k
resistor). Note that the same value of in units
of kV, A, torr) allows to fit both curves.

As a final remark, note that for small operating pressures
( 0.3 torr), and typical values of the resistivity
of resistor can be neglected

(4)
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With this assumption the expressions that describe the evolu-
tion of the current and the voltage drop on the glow discharge
are greatly simplified

(5)

(6)

The parameter can be easily calculated from (1), by
measuring the initial glow discharge voltage and current, or
fitting expression (5) to a given experimental curve. An
experimentally simpler approach, only requiring the measure-
ment of the duration full-width–half maximum (FWHM)
of the voltage pulse, can be obtained from expression (5)

(7)

where is in in seconds, in kV, and in torr. The
above expressions are used in Section III to compute the time
dependence of the electron beam focusing distance, energy
density deposition, and melting threshold.

A. A Simple Model of the Spatial Shape of the Discharge

In the negative glow region, the electrical field is essentially
zero, there is no net charge, and the current is due to the
flux of energetic beam electrons. Considering this current is in
direction and assuming there exists rotational symmetry
on -axis, the generated magnetic field is in direction. The
radially inwards force exerted by the magnetic field over an
electron with velocity is In this way the
electron beam self-focuses by Lorentz force, in a way given
by the total current and the velocity of the electrons.

A simple model for this phenomenon can be developed, that
agrees adequately with existing experimental data. Suppose
that the electron beam occupies the region

(8)

where the cathode is assumed to be at is the radius
of the beam at distancefrom the cathode and is the anode-
cathode distance. Denote withthe total current and with
the electron energy. Let and be the electron mass and
charge, respectively, and the
vacuum magnetic permeability.

The electron velocity is given by
The nonrelativistic Newton equations for an electron initially
on the limit of the electron beam can be written

(9)

(10)

where the magnetic field was calculated
using the Amp̀ere theorem, the initial conditions are

(11)

where is the cathode radius, and is the initial velocity
(assumed to be normal to the cathode surface). The initial
value of the electron velocity (velocity of the electrons at
the cathode sheath-negative glow boundary) can be written
nonrelativistically as

(12)

where the energy is measured in MeV, MeV,
is the light velocity, and is the accelerating voltage. The main
assumptions here are that the whole voltage drop occurs in the
cathode sheath, a good approximation for this type of high
voltage glow discharges, and that the accelerated electrons
obtain all this energy . The effects of collisions
of the beam electrons with the gas atoms are neglected. The
latter approximation is justified by the fact that at the voltage
and pressure of interest, the collision mean–free paths are long
and the energy lost per collision is small compared with the
initial energy of the beam electrons.

An explicit form for the trajectory is obtained by
eliminating time between the expressions for and
given by the solutions of the Newton equations (9), (10). The
focusing distance is then obtained from the curve

Direct integration of (9) and (10) is difficult and leads
to too complex expressions. Instead, Newton equations have
been solved numerically, to obtain accurate results on the
spatial characteristics of the electron beam. Alternatively, by
expanding in Taylor series and replacing in (9), (10),
and (11), the following expressions are obtained:

(13)

(14)

Eliminating between these two equations gives

(15)

where is the cathode-focus distance

(16)

The value of given by this analytical expression is slightly
greater than the value obtained from the numerical computa-
tion. Fig. 4 shows the predicted variation of the electron beam
radius for a typical discharge.

Table I illustrates the good agreement between the ex-
perimental focalization distance results from [3], and the
corresponding values obtained with the present discharge
model. stands for the result obtained from (16), while

was obtained by numerically solving the Newton equa-
tions (9) and (10). Cathode radius: 3.75 cm.

Formula (16) shows an interesting competition phenom-
enon: as the discharge current diminishes, so it does the
magnetic field. As a result the force tending to collapse the
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Fig. 4. Calculated variation of the electron beam radius for a typical dis-
charge. The numerical solution (thick line) and the results of the Taylor
approximation (thin line) are shown. Voltage drop: 22.5 kV, current: 41 A,
R0 = 3:75 cm.

TABLE I
ELECTRON BEAM FOCUSING DISTANCE. EXPERIMENTAL

DATA FROM [3]. ANALYTICAL RESULTS FROMEXPRESSION

(16). NUMERICAL RESULTS OBTAINED BY SOLVING

NUMERICALLY NEWTON EQUATIONS (9) AND (10) WITH

INITIAL DATA (11). RADIUS OF THE CATHODE: 3.75 cm

electron beam is smaller and the focus should move away
from the cathode surface. On the other hand, as the current
diminishes, also the accelerating voltage and the initial electron
velocity are smaller, and consequently the focus should move
toward the cathode. From expressions (2) and (16), it is clear
that

(17)

In this way, we expect that the focus should move away as
the discharge evolves in time. This dynamical evolution of
the focalization distance is of significant interest, because if
the initially irradiated spot on the target is small enough, the
increase in the irradiated area as the beam defocuses is the
major determinant of the reduction in the energy flux pulse
width. An approximate analysis of these situations is given in
the next section.

III. SHORTENING OF THEENERGY PULSE

Under the assumptions of the preceding section, the total
beam energy impinging on the surface of a sample in the unit
time can be calculated as . Taking into account the
percentage of energy carried away by backscattered electrons
(reflectivity , the total energy incoming to the sample is

. The energy flux deposited into the material is

(18)

where is the area being irradiated at time, that can be
calculated from (15)

(19)

where is the cathode-sample distance.
Based on experimental observations we assume that the

energy flux inside the irradiated area is uniform for currents
less than 200 A. At higher currents, experiments show the
onset of a mini-beam with an extremely high current density
and very small radius. This regime has been well characterized
by Ranea-Sandovalet al. [3].

Let be the initial voltage drop and current, the
initial radius of the irradiated spot, and the cathode radius.
For a typical application to material processing, involving a
high-energy dose, we have

(20)

Mingolo et al. for instance, report amorphization of Mg70Zn30

for an irradiated spot of about 0.36 cm radius, the radius of
the cathode being 3.75 cm (this corresponds to ). It
is shown below that for this situation the characteristic time
for energy flux decay is much smaller than a characteristic
time for current or voltage decay and that it is given by a
characteristic time for irradiated area growth.

From (5) and (6), it is clear that a characteristic time for the
discharge of the capacitor through the glow discharge is

(21)

To simplify the analysis of the expression for it is
worth to adimensionalize the expressions for
Dimensionless variables are designated with a tilde. Voltage
drop and current are adimensionalized with Reescaling
times with expressions (5) and (6) are written in the simple
form

(22)

(23)

From expression (16), we get

(24)

where is the initial distance from the cathode to the focus.
Reescaling lengths with we have

(25)
The reescaled radius at the sample surface can be calculated
according to (15)

(26)
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Using that , we get

(27)

Rewriting (26)

(28)

In this way, we see that the radius of the irradiated spot
increases linearly in time, with a duplication time of

if (29)

The energy flux can now be expressed for as

(30)

The width FWHM of the energy flux pulse is then given by a
characteristic area duplication time

(31)

This shows that if the initial irradiated area is small enough,
the obtained energy flux pulse is much shorter than both the
current and voltage pulses.

For the cited Mingoloet al. [14] data an amorphous sample
was obtained for a pulse with kV, A,

s FWHM, cm For these parameters, and
a the model gives a duration of the energy pulse
of 1 s FWHM, much shorter than what was expected from
the current pulse duration.

IV. ESTIMATES OF THRESHOLDS FORMELTING

The thermal problem associated with the deposition of the
energy of this type of electron beam in the material is es-
sentially one-dimensional (1-D) because the thermal diffusion
length for a typical 20 s pulse is much smaller than typical
dimensions of the irradiated spot.

In the following it will be assumed that the penetration depth
of the incident electrons is also smaller than a typical thermal
diffusion length. In this situation, the melting threshold can be
estimated without a detailed picture of the energy deposition
process. This assumption is valid for heavy elements in
the whole range of energies (10–100 keV) and pulse width
durations (1–20 s) of interest for this type of electron beams,
but for light elements is only valid at relatively long pulses
and small energies. In aluminum, for instance, the penetration
depth of 20 keV electrons is about 1m and that of 100 keV
electrons is about 40 m [16]. For 1 s pulses, the typical
diffusion length is approximately 13m.

For a material irradiated with a constant energy flux of
duration the threshold energy flux for melting can be written
[17]

(32)

where and are the fusion and initial temperatures
respectively; is the thermal conductivity, the density, and

the specific heat.

In what follows the voltage thresholds for surface melting
are obtained as a function of the operating parameters
for and taking into account the predicted shortening
of the energy pulse.

Approximating the energy flux for by a “square”
pulse of intensity and width and
requiring that the approximate intensity be greater than the
threshold intensity given by (32), we arrive to the relationship
for the values of and voltage at the melting threshold
(denoted by , respectively)

(33)

The physical meaning of the threshold value is simple:
the initial radius must be smaller than in order to
achieve surface melting. Note that depends itself on so
further manipulations of expression (33) are needed in order
to isolate

The factor multiplying in the right side can be rec-
ognized as the initial voltage needed to achieve melting over
an area equal to the cathode area (i.e., if there were neither
focusing of the electron beam, nor reduction of the pulse
duration produced by the dynamical focusing). In this way,
we will denote this factor with

The calculation below can be made simpler and more mean-
ingful by introducing, for a given sample-cathode distance
coefficient and pressure the voltage drop necessary in
order to have the electron beam focused at

(34)

Now, we can write down the relationship between and
Rewriting expression (15) by putting the currentas a

function of the voltage we get

(35)

For small , we have

(36)

Rewriting (33) for small we can replace by arriving
to the following expression for the threshold value:

(37)

Written in terms of voltage thresholds, by using (36), we finally
get

(38)

Melting can then be achieved for a voltage range, of relative
width given by and absolute value given by .
Expression (38), combined with definitions of gives
also detailed information on the variation of the voltage range
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for surface melting with parametersand . It can be easily
seen that for small cathode-sample distances, or for small
values of the relative width of the available voltage range
for surface melting of the irradiated sample is greater.

We have applied formula (38) to the results of Mingoloet
al. for Mg70Zn30 amorphization. In these experiments amor-
phization is achieved for a 21 J pulse (22.5 kV initial voltage
drop, and 41 A peak current). Pulses of 10, 12, and 15
J (corresponding to initial voltages of 18, 18, and 20 kV,
respectively) did not produce amorphization.

According to the presented model, we get from (2)
in units kV, A. From the radius of the irradiated

area (0.36 cm) and the radius of the cathode used in these
experiments, a value of is obtained. For the above
parameters the expression (36) gives kV.

Thermal parameters for Mg70Zn30 are (see [14])

cm gK
K

(39)

The reflectivity is estimated in 0.14 for 20 keV electrons [16]
and does not depend too much on electron energy.

For these values, kV. Accordingly, we get

(40)

in close agreement with Mingoloet al. results.

V. CONCLUSIONS

A simple semi-empirical model of the evolution of the
spatio-temporal characteristics of the electron beam produced
by a cold cathode high-voltage glow discharge is described.
Simple analytical expressions are given that can be used to es-
timate the electron beam characteristics that are important for
high-energy density material processing, including irradiated
spot size, focal distance, energy density, and threshold energy
density for melting. The only adjustable parameter used in this
model can be determined with the simple measurement of the
voltage drop for a single shot (after a few stabilizing shots).

Comparison with helium glow discharge experiments show
that the model accurately describes the time evolution of the
discharge voltage and current, the self focusing of the electron
beam, and the threshold energy for melting.

Expressions (38), (33), and (34) of the threshold voltage
necessary for melting show that the sensitivity to voltage
variations is reduced at high discharge voltages and small
cathode to sample distances.

The model also shows that the dynamical evolution of
the focusing distance allows to work with effective energy
deposition pulses that are much shorter than those determined
by the evolution of current and voltage.
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