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Electron beams with energies ≥ 100 keV offer attractive possibilities to modify metallic surfaces. Numerous
experiments with the electron accelerators GESA I and II showed excellent results regarding the improvement
of mechanical properties and the enhancement of the corrosion resistance of the treated materials. The next
step leads to further technological adaptation of the process that especially was focused on the adaptation of
the electron beam to the surface geometry. For the treatment of the outer surface of tubes the electron beam
facility GESA IV with a radial converged electron beam was designed. In first experiments unexpected electrical
short-circuiting after different time periods occurred. Two major reasons could be identified: excessive plasma
formation at the cathode and target plasma formation. The latter can be controlled by vacuum conditions and
surface cleaning of the target, the first by controlling the duration of plasma formation at the cathode.

PACS numbers: 07.68.+m, 29.25.Bx, 41.75.Ak

1. Introduction

Electron beams with energies ≥ 100 keV offer attrac-
tive possibilities to modify metallic surfaces. Numerous
experiments with the electron accelerator GESA I and II
[1, 2] show excellent results regarding the improvement
of the mechanical property and the enhancement of the
corrosion resistance of the treated materials [3–6]. Es-
pecially surface alloying of Al into steels to increase the
steel compatibility with liquid lead alloys was successfully
demonstrated [6]. One application of this surface alloyed
steels is their use as fuel cladding materials in nuclear
reactors [6]. The next step leads to further technological
adaptation of the process that especially was focused on
the adaptation of the electron beam to the surface geom-
etry. For the treatment of the outer surface of tubes the
electron beam facility GESA IV with a radial converged
electron beam was designed. First experiments with the
new facility showed unexpected short-circuiting. This re-
duces the energy transferred to the target to values not
sufficient for the envisaged process. Therefore, detailed
investigation of the processes applying high speed cam-
era diagnostics was performed. The results and possible
measures to overcome the problems will be addressed in
this paper.

2. GESA IV facility and diagnostics

The GESA IV (Fig. 1b) has as a specific peculiarity
a radial converging e-accelerator for treatment of outer
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Fig. 1. (a) Scheme of GESA IV facility, (b) photo of
GESA IV.

tube surfaces. Like the GESA I and II facilities [1, 2]
the electron beam is generated by a multipoint explosive
emission cathode operated in triode scheme (Fig. 1a).

The radius of the cathode made of multi carbon fibres
is 140 mm, the radius of the grid made of axial stretched
wires with a transparency of 92% is 100 mm and the
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diameter of the target that acts here as anode is defined
by the application to 8.6 mm.

The plasma formation is studied using a high speed
framing and streak camera (DiCam Pro by PCO Imag-
ing). In first experiments the cathode area creates only a
half cylinder, which allows an easier studying of the cath-
ode and anode processes. These were observed from the
unequipped lower side. Later experiments use the fully
equipped cathode and the plasma formation is observed
along the axis. In all experiments current and voltage of
cathode, grid and target were measured.

The pressure in the working chamber was varied be-
tween 2.5×10−5 and 3×10−6 mbar and the grid cathode
voltage ration was changed varying the resistor R1, R2
and the capacitor C1 (Fig. 1a). The values of R1, R2
and C1 chosen for most experiments are: R1 = 34 Ω,
R2 = 564 Ω and C1 = 50 nF or 100 nF.

3. Experimental results

Current, voltage and framing pictures of cathode and
anode are monitored for all pulses to investigate the early
short-circuiting of the pulses. All experimental data can
be subdivided into two types.

Type 1 is characterized by a rising current right after
the beginning of the pulse (Fig. 2) accompanied by exces-
sive plasma formation at the cathode (see the streak pho-
tograph) and by relatively early short-circuiting (pulse
length < 20 µs).

Fig. 2. Streak photograph and measured electrical sig-
nals of type 1 pulse with excessive plasma formation.

The large gap between grid voltage and cathode volt-
age favours highly active cathode plasma formation re-
sulting in a disturbed balance between plasma pressure
and the electrostatic pressure. The plasma front starts
to move in the direction of the grid. This results in a
further increase of current and finally to an impedance
collapse.

Type 2 is characterized by a relatively flat and gently
inclined current leading to longer pulses. Here the short-
-circuiting is a result of inhomogeneities of the current
density at the target that leads to local increased gas des-
orption, ionisation and plasma formation (Fig. 3a). The
geometry of the GESA IV favours a third reason for un-
controlled electrical breakdown; short-circuiting between
the vacuum chamber and the grid by plasma formation

at the chamber wall due to electrons leaving the cathode–
anode space along the target axis (Fig. 3b). The upper
framing picture is taken after about 15 µs and shows only
little plasma. The lower one represents the time after the
short circuiting (≈ 21 µs) and clearly shows the plasma
formed between the grid and the inner wall. Note that
the grid current changes polarity before breakdown.

Fig. 3. (a) Type 2 pulse with plasma formation at the
anode; (b) framing photograph and measured electri-
cal signals of grid inner wall breakdown; lines indicate
trigger time for framing picture (above ≈ 15 µs, below
≈ 21 µs).

4. Measures against short-circuiting

Changes in the Marx generator and using different
vacuum conditions were investigated to overcome the
first two types of pulse shortening. The capacitor C1
was varied form 50 nF to 100 nF and the resistors R1
and R2 were selected to the values given after numer-
ous tests and simulations using PsPice. The simulation
with C1 = 50 nF matches almost perfectly the measured
values in the experiment (Fig. 5).

By changing the capacitor 1 from 50 to 100 nF the
time until the grid potential reaches the cathode potential
(∆U = 0) can be varied (Fig. 4).

The shorter this interval the smaller is the plasma for-
mation and therefore the e-beam current hitting the tar-
get is reduced. Control of excessive plasma formation was
achieved by reduced plasma formation due to changed
electrical setup.

The control of anode or target plasma formation was
investigated by changing the vacuum conditions and ap-
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Fig. 4. Measured electrical signals: (a) C1 = 50 nF,
(b) C2 = 100 nF, (c) ∆U .

plying several pre-pulses in short time distance. The re-
duction of pressure from 2×10−5 mbar to 3×10−6 mbar
leads to a significant increase in pulse duration from 25
to 60 µs. Formation of target plasma was drastically re-
duced in the low pressure regime. However, the surface
state of the target (anode) is important to reach suffi-
ciently long pulse durations. Two to three pre-pulses in
a distance of about 30 s each were necessary to clean up
the surface sufficiently.

5. Summary and conclusions

The excessive generation of cathode plasma can be con-
trolled by controlling the grid potential. This results in
lower beam currents and therefore in more stable pulses.

Fig. 5. Cathode Uk and grid voltage Ug and their dif-
ference: (a) simulation PsPice, (b) experimental values.

In addition to that a reduction in working pressure
allows to delay or even prohibits the anode plasma for-
mation. A clean surface of the target is required in any
case.
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