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Abstract

High-intensity pulsed ion beam (HIPIB) technology is developed as an advanced manufacturing method for components
with improved wear, corrosion and/or fatigue performance, etc. Robust HIPIB equipment with stable repetitive operation,
long-lifetime, and easy maintenance are desired for industrial applications, on which stability of ion beam parameters is
critical to achieve consistent result of reproducibility. Here, magnetically insulated ion diodes (MIDs) as ion source
with durable graphite anode are investigated in a simple self-magnetic field configuration under repetitive operation.
Influence of background pressure on ion beam generation and transportation is emphasized since ion beam sources
were intrinsically a vacuum-based system. Comparative experiments were conducted on two types of HIPIB
equipment, that is, TEMP-6 and TEMP-4M, differing in vacuum packages where turbo-molecular pump or oil
diffusion pump was used. Both the HIPIB equipments are operated on a bipolar pulse mode, that is, a first negative
pulse of 150-200 kV with pulse duration 450-500 ns to generate anode plasma on explosive electron emission, and a
second positive pulse of 200-250 kV with 120 ns to accelerate the ions. Ion beam energy density up to 8 J/cm? is
achievable using MIDs of geometrical focusing configuration, and the total energy, energy density distribution along
cross-section, deflection and divergence, and charge neutralization of the ion beams are assessed under background
pressures in a wide range of two orders of magnitude, that is, 1-100 mPa. No appreciable change in the parameters is
observed up to 50 mPa, and merely a slight increase in the beam deflection from about +£3 mm to about +£4 mm at the
focal point over 50 mPa. The stability of ion beam at the varied pressure is mainly facilitated by the higher pressure up
to several Pa in anode—cathode gap during plasma generation and good neutralizing effect for ion beam transportation.

Keywords: background pressure; explosive electron emission; high-intensity pulsed ion beam; magnetically insulated ion
diode; self-magnetic field

1. INTRODUCTION et al., 1996; Renk et al., 2010; Zhu et al., 2011; Chernov
et al.,, 2014; Lei, et al., 2016). Particularly, high-intensity
pulsed ion beams (HIPIB) developed in last two decades,
possess some unique advantages over laser and electron
beams, such as energy deposition of the highest efficiency
up to 100% without beam reflection on treated surfaces fre-
quently encountered for laser and electron beams, as well
as higher specific energy density per unit volume due to
the deposited energy concentrating in a thin surface layer
within a few micrometers tailorable by the ion kinetic
energy and ion species (Bystritski & Didenko, 1989; Rej

Intense particle beams, including high-power pulsed laser,
ion, and electron beams offer the possibility of surface mod-
ification of components based on extreme thermal and me-
chanical loads to produce non-equilibrium microstructures
and compound phases with fine grains in the surface layers
otherwise unobtainable by traditional processing methods,
especially for some hard-to-be manufactured alloys with im-
proved wear, corrosion, and fatigue performance, etc. (Davis
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et al., 1997; Renk et al., 2004; Remnev et al., 2014). Due
to the high efficiency of ion beam—matter interaction, signif-
icant coupled thermal and mechanical loads could be ob-
tained under HIPIB irradiation at a beam power/energy
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density output per pulse of 1-2 order lower than that of laser
and electron beams. Typical HIPIB parameters for surface
modification of components are in the range of energy den-
sity 1-10J/cm® under ion accelerating voltage of
100-400 kV in pulse duration typically of 10 ns—1 ps, caus-
ing intense heating and cooling at a rate of higher than
10° K /s in the near-surface layers of 0.1-10 um of irradiated
materials. For instance, ion beam shock processing is thus
obtainable in a non-confinement regime at a moderate
power density of 10’—10® W /cm?, resulting in surface hard-
ening /strengthening down to a subsurface layer of hundreds
micrometers for metallic and ceramic components under the
HIPIB irradiation (Lei et al., 2009; Zhu et al., 2014). In ad-
dition, HIPIB output at a higher power/energy density is ap-
plicable for high-rate deposition of functional thin films by
ablation of solid targets at room temperature (Suematsu
et al., 2002; Zhu et al., 2008). Therefore, the HIPIB technol-
ogy for surface modification relies on microstructures and/or
compounds far from equilibrium states due to strongly cou-
pled thermal and dynamic effects under the beam—material
interactions, greatly distinguished from conventional ion im-
plantation technique mainly based on alloying and doping
effects.

Magnetically insulated ion diodes (MIDs) have been in-
tensively investigated since the last three decades and are
still recognized as the most efficient type of high-power
ion source for high-intensity pulsed ion beam generation
(Bystritski & Didenko, 1989; Rej et al.,, 1993; Werner
et al., 2001; Zhu et al., 2002). Note that, for HIPIB practical
applications, it is necessary to provide high reproducibility of
its parameters on the irradiated targets. Stability of HIPIB pa-
rameters in a series of repetitive pulses is involved with not
only the amplitude and shape of accelerating voltage pulse
from pulsed power sources applied to ion diodes, but also
the ion beam energy distribution along axis and cross-section
direction upon ion beam transportation and propagation in
vacuum. It is well known that, conventional ion implanter
with ion current up to mA range is commonly operated
under a low background pressure of 1 mPa order with long
mean free path for ion transportation to achieve high-current
implantation of reproducible parameters for surface modifi-
cation of materials (Lei et al., 2002). The HIPIB source of
ion diodes is also intrinsically vacuum-based system, never-
theless, it could be extended to a wider application if it is
robust and tolerant under low or medium vacuum conditions
of the background gaseous pressures due to variations in pro-
cessing conditions such as degradation of ion source material
itself, gaseous release from either ion source material or pro-
cessed components, or introducing reactive gases puff into
the processing chamber during HIPIB irradiation for materi-
als processing. Thanks to the short pulse high-current dis-
charge process of HIPIB generation as well as its unique
modification principle of high-energy density ion—matter in-
teraction other than that of alloying element incorporation
highlighted in conventional ion implantation, it is feasible
for the HIPIB technology to utilize discharge and transport
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at a higher background pressure. It was reported in some pre-
vious studies that a large flux of energetic neutrals in the ion
beam may be produced by MIDs (Pointon 1989; Pushkarev
et al., 2015). The neutrals are generated through charge ex-
change processes between the ions and background gas mol-
ecules in anode—cathode (A—K) gap. The charge exchange in
an ion diode is actually beneficial to overcoming the limita-
tion of space-charge effects in the A—K gap for intense ion
beam extraction. And the energetic neutrals of the complex
beam also contribute significantly to enhancement in the
HIPIB energy density. As a result, the energy density per
shot could be enhanced by a factor of 25-30 as compared
with the space-charge-limited value (one-dimensional Child-
e—Langmuir limit) (Pushkarev et al., 2015). Moreover, the
standard deviation of HIPIB energy density in a series of
pulses does not exceed 11%, whereas the corresponding var-
iation of ion current density was 20-30% (Pushkarev et al.,
2014). The improved stability of energy density from pulse
to pulse is thought to be associated with the generated ener-
getic neutrals from the charge exchange between accelerated
ions and background gas molecules.

However, it was reported that the volt—ampere characteris-
tics of ion diode and ion beam energy did not depend on the
background pressure within the range of 2.6—1300 mPa (Ste-
panov et al., 2008), where an annular MID with a dielectric
anode in a B, magnetic field was operated at diode voltage
of 400 kV and pulse duration of 60 ns. It was also found
that, the pressure in the vacuum chamber increased at the ex-
pense of decomposition and/or decontamination of the di-
electric material on anode surface, and the amplitude of
pressure increase varied within a range 27-133 mPa during
a series of repetitive pulses. The pressure within A—K gap
is estimated to be up to 100 Pa during a pulse, taking into ac-
count the volume of diode chamber of 0.25 m3, the effective
anode surface area of 200 cm? and the A—K gap distance of
1 cm. Therefore, in that case, the background pressure in
diode chamber between pulses up to 1300 mPa could have
a negligible influence on operating mode of the ion diode.
Nevertheless, some unfavorable phenomenon, for example,
breakdown of coils powered with pulsed voltage of
5-10 kV for generating a magnetic field or surface flashover
in chamber wall, occurred more frequently as the chamber
pressure increased, causing unstable operation of the diode
system. On the other hand, change of background pressure
in diode chamber also affects HIPIB transportation to a
target. The ion beam transportation process was studied pre-
viously for ion diodes of different types (Olson 1982), and it
was shown that MIDs have a maximal HIPIB divergence of
1°—4° (ratio of HIPIB spot radius at half-height to the dis-
tance from the diode), unobtainable in reflex diodes and
pinch diodes. When an ion beam is injected into neutral
gas, the gas will be ionized and stripped to some equilibrium
charges, and a portion of the ions in the HIPIB will lose their
kinetic energy due to induced electric fields and inelastic col-
lisions, creating a plasma distribution that facilitates neutral-
ization of the ion beam. In the self-pinched mode, the ion
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beam ionizes the gas and creates a highly conductive plasma
channel during the initial period of the beam pulse. Self-
pinched transport of intense ion beams in low-pressure back-
ground gases was also studied for ion-driven inertial confine-
ment fusion using numerical simulations, where the
self-pinched transport of intense proton beams of MeV
range produced on Gamble II (1.5 MeV, 100 kA, 3 cm
radius) is expected to occur at gas pressures 4—10 Pa of He
or 0.4-1.3 Pa of Ar (Rose et al., 1999).

Despite many researches were carried out to study influ-
ence of background gases pressure in diode chamber on
HIPIB generation and transportation, there are no experimen-
tal investigations on MIDs with self-magnetic insulation. Es-
pecially, it is still not practical to define optimum pressure of
residual gases in diode chamber of HIPIB equipment for sur-
face engineering applications where the moderate kinetic
energy of ions is preferably in hundreds keV for more effec-
tive depositing of the beam energy in the top surface layer of
processed components. In recent studies, stability of HIPIB
generation in a series of pulses for strip ion diodes of self-
magnetic insulation mode are presented at a low pressure
in diode chamber about 10 mPa (Pushkarev et al., 2014).
In this study, influence of background pressures varied in
the two order of magnitude of 1-100 mPa on ion beam char-
acteristics is comparatively studied for self-magnetic field
MID with graphite anode on two HIPIB sources differed in
vacuum system, toward a general understanding of stability
of HIPIB parameters at varying background pressures for
HIPIB technological equipment development.

2. EXPERIMENTAL

2.1. HIPIB equipment

HIPIB generation from MIDs with self-magnetic insulation
were carried out on two ion accelerators, TEMP-6 (Zhu
et al.,, 2002) and TEMP-4M (Pushkarev et al.,, 2013),
having similar pulsed power design of a microsecond
pulsed voltage generator (Marx generator) and a nanosecond
pulsed voltage generator (double coaxial pulse forming line,
PFL). During operation, the PFL is charged by Marx gener-
ator, and then a bipolar pulse is output from the PFL through
impedance-matched transmission line to the MIDs, where the
first negative pulse with peak voltage of 150-200 kV lasting
480-500 ns for explosive emission plasma formation and the
second positive one of 200-250 kV with pulse duration of
120 ns for HIPIB extraction. In order to enhance electrical
efficiency, the charging inductor in previous PFL design
(Zhu et al., 2002) has been removed to eliminate current leak-
age through it. As a result, the energy delivery from the PFL
to the diode is increased by a factor of 1.5 that in turn stabi-
lizes to some extent the anode plasma formation process.
Moreover, to improve the statistical stability of PFL output
for the bipolar pulse with an accurate delay time, the PFL
gas switches previously operated in self-breakdown of N,
and SF¢ mixtures at a pressure range within 1.5-3.0 atm
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(Zhu et al., 2002) have been modified with a passive external
triggering circuit connecting from the output switch to the re-
verse switch (the main spark gap) of PFL, by which the reverse
switch is externally started by a triggering pulse transformed
from a voltage divider near the output switch during output
of rising front of the first negative pulse., the delay time of bi-
polar pulse, that is, duration of the first negative pulse in the
present case, can be precisely controlled with a jitter no
more than +10 ns predefined by the length of coaxial cable in
the passive triggering circuit connecting the two PFL switches.
In this newly upgraded PFL setup, the gas switches can be filled
with pure N, at a higher pressure up to 6 atm, and an optimal
delay time of 480-500 ns is determined for the present study.

2.2. Characterization of accelerator and HIPIB
parameters

The diode voltage was measured with a voltage divider installed
on the impedance-matched transmission line between the PFL
output switch and the diode unit, and the diode current was
measured using a Rogowski coil just behind the transmission
line. Electrical signals from the sensors were recorded with a
Tektronix DPO 2024B oscilloscope (200 MHz, 1 x 10° sam-
pling/s). The diode units and typical waveforms of diode volt-
age and current are presented in Figure 1. The anode is made
from graphite having a focusing curvature of 15 cm.

HIPIB total energy and energy density distribution in
cross-section were measured by employing an infrared (IR)
diagnostic method (Pushkarev et al., 2015). This method en-
ables the beam energy measurement of high spatial resolu-
tion (1 mm) and high sensitivity (0.01-0.02J/cm?). A
typical thermal imprint recorded by the IR camera 100 ms
after one pulse irradiation onto a stainless steel target (thickness
of 0.1 mm) is illustrated in Figure 2, together with energy den-
sity distribution along the ion beam cross-section vertical and
horizontal lines indicated in the thermal imprint. The thermal
imprint of the beam was recorded through a barium fluoride
(BaF,) window, located on the flange of the diode chamber.
This method was calibrated before measurement since the
BaF, window has incomplete transmission in spectral range
of 7-14 um for the IR camera used in this study.

The energy density measurement experiments have been
carried out in two setups, that is, with/without attenuation
of an ion beam. In the attenuation setup, two grids made
from stainless steel with a transparency of 60% each are
placed respectively on the positions of 5 and 10 cm down-
stream from the A-K gap, producing a total attenuation
value being 36% of original ion beam energy density. In
two setups, A—K gap and accelerating voltage for HIPIB gen-
eration are kept unchanged. The background pressure of ion
diode chamber is adjusted in a range of 1-100 mPa by con-
trolling the opening of vacuum valves in the main chamber of
the HIPIB equipment, where TEMP-6 is composed of me-
chanical pump and turbo-molecular pump, and TEMP-4M
has mechanical pump and oil diffusion pump without a
nitric trap. Therefore, the major residual gaseous species in
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Fig. 1. Ion diodes of self-magnetic field insulation in two accelerators and typical waveforms of accelerating voltage and total diode
current: (a) MID in TEMP-4M, (b) MID in TEMP-6, (c) waveforms of voltage and current.
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Fig. 2. Infrared (IR) diagnostic method: (a) typical IR image of the ion beam spot imprint on a thin foil metal target, (b) the beam energy
density distribution along the cross-section vertical and horizontal lines indicated in (a).

TEMP-6 are nitrogen and oxygen molecules, while
TEMP-4M has residual oil vapor in addition to the residual
nitrogen and oxygen molecules. Ion beam total energy,
energy density distribution in cross-section, ion beam deflec-
tion and divergence, and ion beam charge neutralization are
analyzed with respect to variations in background pressure.

3. INFLUENCE OF VACUUM CONDITIONS ON
HIPIB PARAMETERS

3.1. HIPIB energy density and total energy

Figure 3 shows the HIPIB total energy and energy density in
focus point of ion beam are presented in series of shots with a
continuous change in background pressure in diode chamber.
A stainless steel foil target (thickness of 0.1 mm) was placed
at the focus with a distance of 15 cm to the cathode. In this
series of experiments, the HIPIB energy density has been
measured directly without attenuation of ion beam in a
series of pulses and a polynomic curve is fitted to show the
changing tendency of ion beam energy density. Figure 4
shows the HIPIB total energy and energy density vs. back-
ground pressure in series of shots measured with ion beam
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attention scheme by using two grids placed in front of the
ion diode. In this case, the ion beam energy can be more ac-
curately evaluated as a result of no surface ablation.

The maximum HIPIB energy density measurement by IR
diagnostics is limited by evaporation of a target material
(Davis et al., 1997). For a stainless steel target, the upper
limit of energy density measurable by IR-diagnostics is
3.5-417]/ cm?. It is found that, after attenuation of an ion
beam by two grids the target was heated up to a temperature
slightly lower than that of target irradiated by ion beam without
attenuation. Therefore, the HIPIB energy density and total
energy without grids on the cathode can be estimated by
taking into account a correction factor K =2.8 for the two
grids that led to a final transparency of 36%. Figure 5 shows
the results of statistical measurements of HIPIB energy and
energy density at a background pressure of 3—5 mPa in diode
chamber. Variation of HIPIB energy and energy density at the
constant pressure is about 6% (standard deviation), comparable
with that of a series of pulses with varied background pressure
within 1-100 mPa. Therefore, it is revealed that, insignificant de-
crease in HIPIB energy density with background pressure
growth in the diode chamber confirmed by both modes of
energy density measurements of with/without attenuation.
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Fig. 3. Shot-to-shot variation in the HIPIB energy density and total energy vs. background pressure in a series of pulses measured directly

that led to an underestimated value due to surface ablation on the target: (a) energy density, (b) total energy.
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Fig. 4. Shot-to-shot variation in the HIPIB energy density and total energy vs. background pressure in a series of pulses with measurement
scheme of attenuation: (a) energy density vs. pressure, (b) total energy vs. pressure.

3.2. HIPIB deflection

To evaluate the influence of vacuum conditions on HIPIB
transportation, ion beam deflection was recorded to monitor
the movement of ion beam spot center (i.e., the point of the
maximum energy density on the IR image) on the target in
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Fig. 5. Shot-to-shot variation in HIPIB energy density and full energy at a
background pressure of 3—5 mPa.
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focus in a series of pulses. Three holes in diameter of 3 mm
were made on the stainless steel foil target (Fig. 2), for position-
ing the ion beam center movement. Figure 6 shows deviation of
ion beam center position with respect to change of background
pressure in diode chamber, where the beam center position
denotes the distance between the HIPIB spot center and one
of the three holes along vertical direction.

Moreover, the HIPIB deflection at a constant vacuum was
assessed for comparison purpose. Figure 7 presents the result
of HIPIB deflection at the high-energy density output of
7-8 J/cm?, at a background pressure of 3-5 mPa in diode
chamber. In this case, both vertical and horizontal move-
ments were counted. It is shown that, moving of the HIPIB
spot has little change in series of pulses as the background
pressure in diode chamber is varied within 1-100 mPa. At
a constant vacuum condition of 3-5 mPa, moving of the
ion beam spot in series of pulses is no more than =3 mm,
and at a background pressure higher than 50 mPa, a slight in-
crease in the beam deflection was observed, not exceeding
+4 mm. The slight increase could be attributed to increased
probability of surface breakdown of the insulator and/or the
breakdown of the residual gas in the diode chamber at the
pressure higher than 50 mPa. In some cases, abnormal
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and

discharge could occur, such as a bright glow on the surface of
the polymeric insulator leaving breakdown traces on the sur-
face, and the corresponding total current increases abruptly.

3.3. HIPIB divergence

The HIPIB transportation characteristics were also assessed
by the distribution of beam energy density in the focal
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plane. It is found that, variation in background pressure
within 1-100 mPa has little influence on the HIPIB energy
density profile in the focal plane, merely leading to slight ex-
pansion of ion beam cross-section and variation in the peak
value of energy density is indistinguishable (Fig. 8). To com-
pare the divergence of HIPIB energy density distribution at
different background pressure in the chamber, the horizontal
cross-section is chosen on the right hole of the target (Fig. 2).
Figure 9 shows the results of ion beam divergence, defined as
the ratio of the beam radius at half-height to the distance from
the diode, in a series of pulses. Change of HIPIB divergence
in a series of pulses has been approximated by using a
straight line at least-squares method. The divergence in
series of pulses was about 5.6° = 8%, being independent
on the background pressure in diode chamber.

3.4. HIPIB full charge

It is known that a strong electric field established in intense
ion beams can causes their scattering along the length of
ion propagation (Bystritski & Didenko, 1989). Therefore,
ion beam scattering may be mitigated or eliminated by
reducing the beam-generated electric field through mixing
low-energy electrons into the ion beams, that is, charge
neutralization of ion beam. To evaluate the ion beam
charge neutralization effect, we employed a charge collector
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Fig. 8. Profiles of HIPIB energy density in the focal plane along the two directions: (a) vertical direction; (b) horizontal direction,

respectively, at the different background pressures in diode chamber.
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tion vs. background pressure in diode chamber, at low HIPIB energy density
regime (3-4 7/ cm?).

without using magnetic field and voltage bias to receive both
ions and electrons of neutralized beam. The diameter of the
collector was 8 mm and the diameter of the entrance hole
was 4 mm. The charge collector was located at the focus,
15 cm downstream from the diode. The waveforms of accel-
erating voltage, ion current density and neutralized beam
current density are shown in Figure 10, respectively.

Ion current density was measured using a magnetically in-
sulated Faraday cup (B=0.4T) for cutoff of electrons.
Time-of-flight analysis of the HIPIB composition is per-
formed on the measured ion current density (Figure 10). In
the space-charge-limited mode, taking into account expan-
sion of anode plasma, the ion current density can be de-
scribed as follow according to the Child—Langmuir relation
(Langmuir, 1913):

593

where dj is the initial A—K gap, g, the absolute permittivity of
vacuum, v the plasma expansion rate, m the ion mass, z the
ion charge, #, the time in a bipolar pulse and at the
moment the polarity on the potential electrode reverses #, =
500 ns (Fig. 10), and K amplification coefficient of ion
current density over the Child—Langmuir limit.

Note that, the calculated values of ion current density on
Eq. (1) have been increased for illustration considering the
effect of HIPIB focusing on the ion current density enhance-
ment. The enhancement factor is constant during pulse of ac-
celerating voltage and estimated to be of a value of Ky =2
for protons and K¢ = 40 for C™ ions, respectively. According
to the results of ion beam space-charge compensation mea-
surements, the concentration of neutralizing electrons in the
focus exceeds the ion concentration by a factor of 1.1-1.2.
The electrons energy does not exceed 50 keV. Figure 11
shows the charge density of HIPIB vs. background pressure
in diode chamber in a series of pulses, calculated by integrat-
ing the neutralized beam current density at 550 ns <t <
750 ns (Fig. 10). Increase in background pressure in diode
chamber slightly enhances the negative charge of electrons,
and thus it is indicated that the variation of pressure will not
essentially alter the process of HIPIB charge neutralization.

3.5. Change of residual gas in diode chamber

Some comparative experiments on influence of vacuum con-
ditions on HIPIB generation and transportation were carried
out on accelerator TEMP-4M. Figure 12 shows the photo-
graph of the focusing diode and HIPIB thermal imprint re-
corded on the target in the focal plane with a distance of
14 cm from the diode.

Figure 13 shows the results of statistical measurements of
total diode current and HIPIB energy density at a background
pressure of about 10 mPa in diode chamber, respectively.
The pulse repetition frequency was six pulses per minute
for total current measurement, and one pulse in 2 min for
HIPIB energy density. The standard deviation of the
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Fig. 10. Waveforms of the accelerating voltage (second pulse), ion current
density, and neutralized beam current density that is measured by a charge
collector covered with a 10 um Al foil, and calculated ion current density
of protons and carbon ions is also presented.
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Fig. 12. Photograph of the MID on TEMP-4M and infrared (IR) image for
energy density measurement: (a) strip focusing diode with attenuation metal
mesh installed at the output of the focusing diode, 5 cm downstream from the
cathode; (b) an IR image of the beam on a target at focus point, 14 cm down-
stream from the diode.

energy density was 6—7% and at the same time the variation
in total current was 2-3%. Figure 14 presents the results of
ion beam deflection in a focal plane in a series of pulses at
the background pressure of about 10 mPa. Moving of the

a) 5o ~ - : :

w
o

Current (kA)
%] [5] E
o o o

-

o
T
1

40

0 L
0 10

20 30
Pulse number

50

Fig. 13. Shot-to-shot variation in diode current and HIPIB energy density at a background pressure of about 10 mPa:

current, (b) the beam energy density at the focal point.
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HIPIB center in a focal plane did not exceed =3 mm, with
a standard deviation of 1.3 mm in the vertical direction and
0.6 mm in the horizontal direction.

4. DISCUSSION

On the experimental data presented in this study, the effect of
the background pressure on the stability of HIPIB parameters
can be dealt with by concerning the ion beam generation
(anode plasma generation) and transportation. The ion
beam generation in the MIDs with self-magnetic insulation
in the bipolar pulse mode is largely defined by processes
in A-K gap during variation in the background pressure. It
is estimated that, before anode surface explosive emission
during the negative pulse, the adsorption of residual gas
onto anode and cathode surface may lead to a superficial den-
sity at least of 10'°~10'® cm™? even merely considering sev-
eral monolayers of residual gas molecules adsorbed on
(diameter of molecules N, and O, = 3 A). These molecules
are readily desorbed by explosive plasma formation at the
anode and cathode surface. At explosive emission, plasma
expansion rate (and corresponding speed gas layer expan-
sion) is about 1-2 cm/ps during the first negative pulse
with a duration of 400-500 ns, and thus the density of neutral
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Fig. 14. Shot-to-shot variation in HIPIB deflection at the focal point under a background pressure of about 10 mPa: (a) energy density
profile, (b) the ion beam deflection in both horizontal and vertical directions.
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molecules within A—K gap during HIPIB generation (the
second pulsed) could rise to 10'°~10'® cm ™ corresponding
to a transient pressure of 0.3-3 Pa. Therefore, it is reasonable
that increasing of background pressure in diode chamber (be-
tween pulses) to 100 mPa has little influence on the operation
process of the self-magnetic field MID. It is implied that the
background pressure up to 1Pa order will not alter the
plasma generation process in the A—K gap, assuming that
no surface breakdown could happen in the vacuum chamber
with increasing the pressure.

As for ion beam propagation in the vacuum chamber, it is
found that moving of HIPIB spot center in series of pulses
does not exceed =3 mm at the considerable change of back-
ground pressure within 1-50 mPa. As the background pres-
sure increased to a value higher than 50 mPa, it seems that
a slight increase in the ion beam deflection may occur and
does not exceed =4 mm up to 90 mPa. The main mechanism
for observed threshold background pressure could be occur-
rence of breakdown on the surface of the insulator in the
diode chamber and/or the breakdown of the residual gas in
the diode chamber at the pressure higher than 50 mPa.
During experiments, the bright glow was observed with en-
hanced probability of surface breakdown in the diode cham-
ber. In this case, the total diode current increased abruptly.

Moreover, for effective ion beam transportation, one needs
to apply neutralization to create and to transport high-flux ion
beams. A high ion concentration of 10'°~10"* jons cm™> in
the HIPIB may lead to a change in potential up to hundreds of
kilovolts. As a result, the corresponding electric field causes
the scattering of intense ion beam along its length (Bystritski
& Didenko, 1989). For elimination of ion beam scattering
one needs to reduce the beam-generated electric field by
mixing low-energy electrons with the ions. The electrons
should be supplied to the ion beam volume during its trans-
portation after extracted from the A—K gap. The executed re-
searches have shown that the increase in background pressure
in diode chamber poorly change the HIPIB charging neutral-
ization. In the ion diode acceleration of ions occurs between a
layer of anode plasma and a layer of drifting electrons near a
cathode surface. In the investigated diodes the drift layer
thickness is 0.3—0.5 mm at A-K gap 8-9 mm, and the elec-
tron concentration in the drifting area is (3—5)-1014 cm
(Pushkarev & Pak 2015). In this case, electron energy does
not exceed 50keV. With an ion current density of
100200 A/cm? and accelerating voltage of 250 kV, the
ion concentration in HIPIB does not exceed 5-10'2cm™>
(Pushkarev et al., 2013). These ions pass through a thick
layer of drifting low-energy electrons, which provides effec-
tive neutralization of the HIPIB. In summary, it is indicated
that, the self-magnetic field MIDs are robust for ion beam
generation and transportation at relatively wider range of
vacuum condition in 1-100 mPa, and possibly higher if the
electrical insulation in the diode system could be optimized.
It is also partly proved by similar experimental phenomena
on TEMP-4 M with different residual species with oil-vapor
vacuum pump without a nitric trap, since the operation
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principle and anode material are the same as those on accel-
erator TEMP-6.

5. CONCLUSIONS

(1) HIPIB generation in the MIDs with self-magnetic
field insulation using graphite anode has been investi-
gated by controlling the residual gas pressure from 3 to
90 mPa in the diode chamber. Stable operation of the
self-magnetic MIDs with repetitive ion beam output is
ensured under the varied background gas pressure
within 1-100 mPa.

(2) During plasma formation at anode and cathode occurs
desorption of adsorbed molecules layer, the pressure
in A-K gap increase up to 0.3-3 Pa. Therefore, the
background pressure in diode chamber (between
pulses) up to 1Pa could not affect the working
mode of the ion diode. However, slight increase in
the ion beam deflection is observed at a pressure
higher than 50 mPa. It is attributed to surface break-
down on the surface of the insulator and/or the break-
down of the residual gas in the diode chamber.

(3) Itis found that, the ion diodes with self-magnetic field
insulation may work at a moderate or even low
vacuum condition if the breakdown in the diode
system could be eliminated by optimized insulation
design. Therefore, stable ion beam generation is feasi-
ble by using inexpensive and simple vacuum equip-
ment for HIPIB generation; and moreover, the ion
diodes with graphite anode as ion supply have long
lifetime more than 10° pulses with relatively stable
HIPIB generation, making their perspective for vari-
ous technological applications.
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