
Chapter 11
Explosive Electron Emission
of Carbon-Based Cathodes,
and Applications

Georgiy N. Fursey

Abstract This chapter is devoted to the study of field electron (FEE) and explo-
sive electron (EEE) emissions from carbon nanoclusters and considers the prospects
of their use in the development and production of portable X-ray sources. It was
found earlier that the macroscopic fields that are necessary to excite the FEE and
the EEE from nanoclusters are 2–3 orders of magnitude less than those needed for
conventional metal and semiconductor emitters. Recent results, related to the study
of portable X-ray sources operating on the basis of explosive electron emission, are
highlighted. Particular portable X-ray devices, with an explosive emission cathode
made from carbon nanoclusters, are described.

11.1 Introduction

The main problem in developing portable X-ray devices stems from the necessity
to apply high voltages in order to accelerate electrons to the energies required for
producing bremsstrahlung, i.e., characteristic X-ray emission. This need for high
voltage requires high electric insulation strength for all components used in X-ray
devices. This can be difficult to achieve when high voltages are applied for long time
intervals.

The problem can be solved by applying the high voltage for a very short time of
the order of 10−9 to 10−7 s, i.e., by operating in the nanosecond pulsing range. The
idea of constructing nanosecond-range pulsed portable X-ray devices was proposed
by Tsukerman [1, 2]. In the nanosecond range, the physical linear size of a high-
voltage power source could be reduced by approximately an order of magnitude, and
correspondingly, the physical volume will be reduced by a factor of 10–100 times.
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For the X-ray image (radiogram) to be registered in the nanosecond range, one
needs to increase the electron flux generating the X-rays by about a million times,
and this is another problem to be solved. In conventional X-ray tubes these currents
are in the range 0.1–10 mA and the exposure times in X-ray diagnostics, in particular
in medicine, are of the order of 0.2–1 s. To obtain a sufficient number of X-ray quanta
in the nanosecond pulsing regime, one needs to increase the tube electron current
to hundreds of amperes. None of the older types of electron emission (including
thermionic emission) was able to provide such current values.

However, one can expect that the required emission current densities (and hence
currents) could be achieved by using field electron emission (FEE). It was precisely
this consideration that stimulated first Walter Dyke with coworkers [3–5], and later
Tsukerman, to use field emission to obtain short X-ray pulses for studying superfast
processes [6].

Tsukerman, guided by the obvious opportunities of the field emission, attempted
to develop a portable X-ray apparatus. It turned out, that in the devices of Dyke [4, 7],
and also those of Tsukerman [1, 6], the decisive role was played not by an ordinary
field emission mechanism, but by an absolutely new phenomenon that was given the
name of explosive electron emission (EEE) [8]. The discovery of EEE opened new
frontiers for the production of nanosecond X-ray devices.

It was clear that special conditions had to be established to ensure the repro-
ducibility of the EEE process [8, 9]. Deep understanding of how to exploit EEE
cathodes made possible the production of X-ray tubes with a satisfactory service life-
time. The significant majority of the pulsed nanosecond tubes use till now refractory
metal cathodes (Mo, W, etc.) [10–13].

Direct experiments have shown [14] that, during EEE, nanoscale and larger
(microscale) protrusions are formed on the metal cathode surface. The “large”
micrometer protrusions lead to basic erosion of the cathode surface, mass transfer in
the gap, particle deposition onto the anode, and many other detrimental phenomena
that affect the performance of X-ray sources.

Comparatively recently [9, 15, 16], it has been shown that carbon [8, 17] is a much
more promising material for EEE cathodes, particularly when in the form of carbon
nanoclusters. In many respects, they look to be much more promising devices than
metal emitters.

X-ray tubes with carbon cathodes possess a high resource, ensure higher precision
in the formation of the X-ray source and make possible the production of X-ray
devices with an electron beam of much broader energy range, i.e., with a broader
wavelength spectrum of X-ray emission than could be attained with metal cathodes.

During operation, carbon EEE cathodes produce much less contamination of the
anode and other components of an X-ray tube. By using EEE from carbon materials,
one can reduce the mass transfer by a factor of 10 or more. Further, in the context of
particulate contamination of the anode or the exit window in a through-target X-ray
tube, carbon (being a lighter material with small atomic number) absorbs a much
smaller fraction of X-rays than any metal.



11 Explosive Electron Emission of Carbon-Based Cathodes … 531

11.2 Experimental

11.2.1 Explosive Electron Emission (EEE)

Explosive electron emission (EEE) is a peculiar emission process that occurs when
nano-sized volumes of cathode substance explode in the combined presence of a
strong electrostatic surface field and the resulting high field-emission current density.

This phenomenon was discovered independently by two groups of researchers.
G.N. Fursey and his coworkers studied [18] the upper limiting FEE current density
and the physical mechanisms relating to vacuum breakdown and the cathode spot of a
vacuum arc. The other group, headed by Mesyats [19], studied the dynamics of light
emission during vacuum breakdown, using nanosecond resolution; these studies are
described in detail in several publications [20–22]. A model of EEE evolution was
suggested in [18] (also see [8, 9]), and was experimentally substantiated by Mesyats
and coworkers [19] (see also his book [20, p. 424]).

Figure 11.1 illustrates the transition from field emission (FEE) to explosive emis-
sion (EEE), and Fig. 11.2 schematically illustrates the formation of EEE centers
across the cathode surface.

Fig. 11.1 a Behavior of a
field emission current before
an explosion, for a single
pointed tungsten emitter.
Curves 1, 2, 3, 4, 5 and 6 are
oscillograms of the FEE
current as the voltage is
increased; “saturation” is the
transition to the saturation
stage; “explosion” is the
transition point to the EEE
(the build-up of electron
current at the instant of the
explosion is shown by a
dashed line). b Scheme
(model) of the transition
from field emission to
explosive emission for a
single point emitter
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Fig. 11.2 Initiation and
development of the explosive
electron emission process:
a evolution of the EEE
process according to the
Fursey’s model;
b diagrams 1, 2, 3 are
consecutive stages of the
EEE process in the direct
experiments on plasma
expansion, carried out by
Mesyats

Special experiments have been carried out, using paired voltage pulses of equal
amplitudes [23, 24], in order to determine the maximum frequency and minimum
duty cycle needed to carry out sequential switching of the EEE current pulses. Oscil-
lograms of the current pulses obtained at different duty cycles are shown in Fig. 11.3a.
It has been found that the minimum duty cycle at which one can obtain fully iden-
tical current pulses is in the range 200–500 ns, depending on the features of the EEE
cathode. Figure 11.3b shows the time dependence of the complete recovery of the
EEE process. By definition, the minimum duty cycle of EEE-cathode operation is
two successive nanosecond pulses [23, 24].

The process of EEE is quasi-stationary, in the sense that the conditions for EEE
at the emitter surface are self-reproducing. Micro-roughness on the cathode surface
is both the cause of and a result of EEE [9, 18]. In EEE, an important role is played
by a liquid phase on the cathode surface. This forms as a result of the explosion
of surface material and resultant heating. The liquid phase interacts with the strong
electric field and with the plasma generated by the EEE, and forms nonlinear surface
nano-waves: the ridges of these nano-waves then become new centers of EEE [14].
Solidification creates the micro-roughness that causes the next EEE event with the
next electric field pulse.

Carbon, in this respect, possesses unique properties. It has been found that during
EEE carbon also transforms into a liquid phase [14, 16, 22]. This implies that in the
epicenter of the explosion the pressure may be as high as 104 bar (109 Pa).
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Fig. 11.3 Experimental
determination of the
minimum duty cycle for
adjacent FEE pulses:
a dependence of the EEE
current amplitude on pulse
spacing; b graph illustrating
the recovery of the EEE
initial stage, depending on
the time interval between
pulses for a carbon
nano-cluster cathode. The
coefficient K = I2/I1 is the
ratio of FEE currents in the
second (I2) and first (I1)
pulses, U1 is the EEE
excitation voltage

An advantage of a carbon-based emitter is that it is much easier to retain the
nano-ridge relief on its surface, compared to metals. One can believe that, after an
explosion, nano-ridges solidify not because the local cathode regions are cooling,
but rather because of the pressure drop related to the process of plasma spreading.
Since the pressure drops much faster than the surface cools down, after the electric
field is switched off, it is possible to retain much smaller surface asperities with
carbon surfaces than with metal surfaces. This ensures more uniform emission from
the surface, and reduces the electric field strength required for excitation of EEE.
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Table 11.1 Threshold fields
Fon for onset of field
emission. For explanation of
symbols, see text

Fon-macro(C-modif.) ≈ 105–106 V/m

Fon-tip(C-modif.) ≈ 107–108 V/m

Fon-tip -FEE(metals) ≈ 3×109 V/m

11.2.2 Low Threshold Field and Explosive Electron Emission

In recent years one more property of carbon nanoclusters, nanotubes, and graphene
has been revealed. It has been established that the excitation threshold of field emis-
sion for these materials, particularly for nanotubes and graphene, is very low. For
instance, the fields at which the onset of field emission occurs were found to be
100–1000 times less than that for metals and semiconductors [9, 22, 25–30]. (For
further details, see Sect. 8.6 (p. 161) in [30].) A low FEE threshold has also been
detected for some other materials, for instance, diamond-like films [31].

The values of the different types of the electric field associated with the excitation
of field emission (for an onset current of 10−10 to 10−9 A) are compared in Table 11.1.

In Table 11.1, Fon-macro is the electrical field between the macroscopic electrodes
with a carbon cathode; Fon-tip is the electrical field taking into account the enhance-
ment produced by themicrotips;Fon-tip-FEE is the local surface electrical field required
for the excitation of FEE from metals.

As noted above, the main EEE excitation mechanism is the explosive destruction
of local cathode areas under the action of a field emission current of very high
density. Since the threshold voltage for field emission excitation is lower for the
carbon nanoclusters, it follows that EEE is also excited at lower voltages.

Thus, it seems that a highly important property of a carbon nano-cluster, certainly
in the context of EEE, is the formation of micro/nano-roughness (ridges) on the
cathode surface. These ridges have a nano-sized radius of curvature, and this causes
additional field enhancement and thus localization of emission into very small nano-
sized areas of the cathode. These features provide opportunities for the development
of low-voltage electron sources for EEE.

11.2.3 Development of the X-Ray Source

In the study described here, we consider two X-ray source types: a source with a
tungsten needle anode (Fig. 11.4a); and a through-target source with an anode in the
form of a tungsten layer coating the exit window (Fig. 11.4b).

As a cathode, we used various carbon nanoclusters, such as graphene, nanotubes,
and polyacrylonitrile (PAN) fiber. Both of the designs were realized first in a special
test chamber (Fig. 11.5), and then in the form of autonomous sealed–off X-ray tubes
(Fig. 11.7).
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Fig. 11.4 Pulsed X-ray sources. a Pulsed X-ray tube with a needle anode. b X-ray tube with
through-target anode

Fig. 11.5 Construction of
the experimental chamber: 1
= high-voltage bushing; 2 =
emitter; 3 = anode-grid; 4 =
vacuum pumping; 5 =
sorption pump; 6 = electron
collector; 7 = window for
photography; 8 = fluorescent
screen
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Fig. 11.6 Oscillogram of a
high-voltage (75 kV)
nanosecond pulse. Waveform
calibration is as follows:
along the horizontal axis
10 ns per division, along the
vertical axis 25 kV per
division

The experimental setup allows displacement of the cathode relative to the anode,
using the micrometer drive, thus changing the distance between the cathode and
anode. The exit window has been made of beryllium foil. A high voltage power
supply is provided with special nanosecond generators.

For a dynamical study of EEE evolution, we used a generator of double (paired)
nanosecond pulses [23]. We also used generators manufactured by FID Technology
[32, 33].

In our experiments, the pulse duration was varied from 10 to 80 ns, and the time
between double pulses from 2 to 700 ns. The pulse amplitude was in the range from
15 to 150 kV, and the pulse rise-time was 1–2 ns. A typical pulse waveform is shown
in Fig. 11.6. The vacuum level in the experiments was kept at 10−9 to 10−8 Torr
(10−7 to 10−6 Pa).

11.2.4 Autonomous X-Ray Tubes—Experimental Parameters
of the Tubes

On the basis of the preliminary studies, we have developed and constructed exper-
imental prototypes of autonomous sealed-off X-ray tubes (Fig. 11.7). As an anode,
we took a sharpened tungsten rod with a tip radius of 0.3 mm. The exit window was
made of Beryllium plate with a thickness of 400µm to 1mm, and the output window
of the same material had a diameter of 20 mm. Vacuum in the sealed-off tube was of
the order of 10−8 to 10−7 Torr (1.3 × 10−6 to 1.3 × 10−5 Pa).

The construction of our tubes was based on the standard X-ray tubes with an
anticathode [11, 34]. In these tubes, a conventionalmetallic cathode has been replaced
by a cathode made of carbon nanoclusters [17, 35].
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Fig. 11.7 X-ray tube with a
glass insulator

The electron current in the tube has been determined by means of a special
matching coaxial shunt induced in the circuit of reverse current, and also with an
oscilloscope. The electron current flowing in the diode is ultimately limited by space-
charge effects, and cannot exceed the Child-Langmuir limit. With metals, the shape
of a current pulse is determined by a (3/2) power law, which for a diodewith amoving
emission boundary [16] has the form

Ie(t0) ∼ U 3/2

√
me(d − Vpl t0)2

(11.1)

Here U is the voltage; d is the distance between the cathode and anode; V pl is the
velocity of plasma expansion; and Ie (t0) is the current in the cathode-anode gap.

Maximum currents in the tube vary, in accordance with the voltage, in the range
from 30 A at U = 20 kV, up to 200 A at U = 75 kV. The shape of the X-ray pulse
emission was determined with the aid of a photodiode.

11.3 Results and Discussion

11.3.1 Determination of the Focal Spot Size—Divergence
of the X-Ray Flux

The divergence of the X-ray beam depends on the configuration of the EEE cathode,
the geometry of the gap between the cathode and the anticathode, and the geometry
of the opaque (for the X-ray flux) exit section of the X-ray tube. In addition, the
divergence could be varied with the aid of a special external collimator.

In our case, for the tubeswith the pointed type anticathode, used in various applica-
tions, including medical ones, the divergence was about 60º. It allows the production
of panoramic images with a safety margin of 40 × 40 cm at a standard distance of
70 cm.
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Fig. 11.8 The scheme for the transfer and determination of the X-ray spot size: 1= an exit window
of the X-ray source; 2 = poly-capillary column; 3 = visualizer for the detection of X-ray spots; 4
= the rays outside of the observation angle

The size of the X-ray spot was measured with the use of a pinhole camera [34],
and in a series of experiments the poly-capillary Kumakhov pole [36] (see Fig. 11.8)
was also used. In our experiments with the pointed anticathode, the minimum size
of the X-ray spot was measured to be about 0.8 mm.

11.3.2 Portable X-Ray Apparatus

We have designed and produced a portable X-ray apparatus [9, 37], on the basis
of the X-ray tube with a carbon cathode of PAN fiber, as developed by our group.
The apparatus is shown in Fig. 11.9a, together with an anticathode. A photograph of
the X-ray tube is shown in Fig. 11.9b. The summary Table 11.2 contains the basic
parameters of the apparatus..

For the detection of X-ray radiation using the Radix apparatus, we explored three
detector types: X-ray film, memory plates, and digital flat-panel (FP) detectors, using
the indirect transformation of X-ray radiation with scintillators of sulfur oxide or
gadolinium. The FP detector approach was found to be the best. At present, this
type of detector is often used for digital X-ray receivers. The technology gets X-ray
photons to initially interact with a scintillator; the resulting light is then transformed
into an electrical signal.

For synchronization of this detector with the portable X-ray generation apparatus,
a control unit with two wireless transmission line channels has been designed. It also
has been used for the control of the detector: switching it off/on; controlling the
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Fig. 11.9 a The portable X-ray device, and b an X-ray image of our X-ray tube

Table 11.2 Parameters of the X-ray apparatus

Accelerating voltage 15–150 kV

Beam current 50–500 A

X-ray pulse duration 10 ns

Repetition rate up to 1000 Hz

Spot diameter 1 mm

Total weight 3 kg

regime of expectation of X-ray radiation; and managing the transfer of the digital
image to a workstation display.

Control of the whole system is fully integrated by means of a developed soft-
ware suite called “Radix Center”. This is able to operate the X-ray generator and
detectors, and carry out various supporting tasks, including pre- and post-treatment
of the images, calibration of the detector, and system optimization (for example, to
minimize the noise level and reduce the number of artifacts, such as faulty pixels).

Various X-ray images obtained with our portable apparatus are shown in
Figs. 11.10–11.16.
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Fig. 11.10 Radiograph of a human skull

Fig. 11.11 X-ray image of a human hand

Fig. 11.12 Inside of a briefcase
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Fig. 11.13 a Bird and b fish

Fig. 11.14 Circuit board

11.3.3 Opportunities for External Focusing of Pulsed X-Ray
Radiation

The main obstacle affecting the quality of our X-ray images is the comparatively
large size of the X-ray spot (1–2 mm). In pulsed X-ray tubes operated using EEE,
reduction of the spot by means of internal electromagnetic focusing is troublesome,
because of the small distance between cathode and anode. Amore attractive approach
is direct focusing of the X-ray radiation after exit from the X-ray tube. This seems
to be possible in principle, by using the poly-capillary X-ray optics proposed by
Kumakhov [38–40] (in particular, see pp. 170–182 in [38]). As shown in a number
of recent studies, the Kumakhov lens in principle allows X-ray focusing on a spot
with a diameter of less than 6 µm.
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Fig. 11.15 Automatic fuse

Fig. 11.16 The principle of
external focusing: 1 = head
part of X-ray tube; 2 =
poly-capillary half-lens; 3 =
visualizer; focal length F =
160 mm, and lens length L =
268 mm. Diameter of the
half-lens inlet is 11.3 mm.
Diameter of the half-lens
outlet is 6 mm

Efficient performance of these lenses has been achieved in a number of devices
with stationary X-ray sources.

This study, continuing our previous experiments, now reports attempts [41] to
apply this kind of optics to our powerful pulsed X-ray sources driven by EEE in the
nanosecond range.

The principle of external focusing rests on the phenomenon of total external
reflection. In the X-ray spectral range, the refractive index n < 1 because a vacuum
is optically the more dense medium. The reflection property is highest at glancing
angles of incidence. Figure 11.16 shows the principal scheme of focusing by the aid
of poly-capillary optics.

Some results of our studies are now given. Two experiments were carried out. In
the first we used the X-ray source (X-ray tube) with a pointed (needle) anticathode
(= anode). In this case, we managed to compress the X-ray spot by a factor of
approximately 2 (see Fig. 11.17a). In the second, the experiment was carried out
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Fig. 11.17 Results of X-ray
focusing with the aid of a
Kumakhov half-lens. a The
X-ray spot obtained with the
X-ray tube using a pointed
anti-cathode: 1 = the central
black spot is the original
X-ray spot; 2 = the focused
X-ray spot. b X-ray spot
obtained with the
through-target X-ray tube: 1
= dotted circle outlines the
original X-ray spot; 2 = the
focused X-ray spot

with the through-target X-ray tube. Here, the entry orifice of the external half-lens
was placed directly at the tube exit window. The diameter of the X-ray spot on the
window was 11 mm, and was approximately equal to the diameter of the entrance
to the capillary half-lens. On exit from the capillary half-lens, the spot diameter was
measured to be 0.5 mm (see Fig. 11.17b).

The results obtained from these experiments show that the external focusing of
pulsed X-ray sources seems to have considerable promise.

11.4 Summary and Conclusions

The results reported in the chapter can be summarized as follows:

1. We have briefly analyzed the mechanism of explosive electron emission (EEE)
from a viewpoint of contemporary understanding of this phenomenon.

2. The special features of EEE, when it occurs from carbon nanoclusters, have been
discussed.

3. X-ray tubes, developed on the basis of EEE from carbon nanoclusters, have been
thoroughly studied.

4. A new family of portable pulsed X-ray tubes has been proposed; these have
attractive potential applications.

5. It was shown, that the external focusing of X-ray radiation in pulse mode is
perspective.
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In conclusion, I would like to mention that the community of scientists engaged
in the development of portable X-ray instrumentation is quite numerous. I would
especially like to recognize the studies performed by Komyak, Mesyats, Peliks, and
Belkin [10, 13].
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