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ABSTRACT

Spectroscopic analysis of spherical glow discharge fusion device was carried out using
hydrogen gas. Effects of the discharge current and cathode voltage on spectrum profiles
of hydrogen Balmar lines were measured. The profiles of all hydrogen lines were broadened
with the cathode voltage. From the relationship between the maximum broadening width
and the cathode voltage, it was indicated that the broadening was caused by the Doppler
effect. From the spatial distribution of emission intensity, it was found that plasma core
size became larger with discharge current and smaller with cathode voltage.

I. Introduction
Spherically convergent beam fusion (SCBF) is a scheme for accelerating deuterium ions,

which are generated between electrodes by a glow discharge, toward the spherical center
and giving rise to fusion reactions. As the SCBF device is very simple and compact unlike
other fusion devices, it is applicable to a portable neutron source.

In 1994, G. H. Miley et al. confirmed a steady-state D-D neutron production over 106 s"1

using a simple fusion device1). However, the detailed mechanism of SCBF has not been
made clear yet. In this report, the visible emission from the device was investigated using
hydrogen discharge.

II. Experimental setup
The schematic of an experimental SCBF device is illustrated in Fig.l. The device

consists of 45 cm diameter, 31 cm high stainless steel cylindrical chamber and a spherical
mesh-type anode of 30 cm diameter. A spherical grid cathode of 7 cm diameter located
at the center of the anode is connected to a 0-60 kV, 0-20 mA constant current dc power
supply through a ballast resistor of 1 kfi and a stabilization capacitor of 0.15 //F. The
cylindrical chamber is evacuated by a turbo-molecular pump and a base pressure of 10~5
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Fig.l. Schematic of an experimental device
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Fig.2. Schematic of an optical measurement system

Fig.3. Photograph of a discharge plasma
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Fig.4. Emission spectrum of hydrogen discharge
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Fig.5. Profiles of H^ line spectra at discharge currents of 4.0-16.0 mA
with a fixed cathode voltage of 10.0 kV

Torr is achieved. The system is maintained at a constant pressure of 1-15 mTorr by
feeding hydrogen gas through a leak valve.

A schematic of an optical measurement system is illustrated in Fig.2. The visible and
ultraviolet lights emitted from the SCBF device are focused by a lens (/=100 mm, D=bO
mm) on an end of optical fiber and guided to a spectrometer. The spectrometer is a
Czerny-Turner type and the resolution is 0.0270 nm. A spectrum intensity is measured
with a photomultiplier. The spatial resolution in the direction of optical axis is low
(~ 10 cm) because the distance from the spherical center to the lens, which is made as
short as possible, is rather long and the acceptance angle of the fiber is small. Therefore,
the detected intensity is integrated over the device in the direction of optical axis.

III. Experimental results and discussion
Figure 3 shows a photograph of a hydrogen discharge plasma. The remarkable feature

of the SCBF called " Star Mode " J), the formation of a bright plasma core inside the
grid-type cathode and the some beams of light through each hole of the grid cathode, is
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Fig.7. Maximum shift and kinetic energy vs. cathode voltage

at a constant current of 10 mA

observed. An emission spectrum of a hydrogen discharge from 200 nm to 770 nm is shown
in Fig.4. From this figure, strong hydrogen Balmar lines are observed and Up line (486.133
nm) has the largest intensity. Therefore, H^ line is used in the following spectroscopic
measurements.

Profiles of H3 line spectrum at discharge currents of 4.0-16.0 mA with a fixed cathode
voltage of 10.0 kV are shown in Fig.5. The remarkable broadening of spectrum which
has secondary peaks on both sides of the central peak is observed, and all other hydrogen
lines are also broadened similarly. As shown in Fig.5, emission intensity increases with
discharge current and the profiles are much the same.

Profiles of Up line spectrum at cathode voltages of 7.5-15.0 kV with a fixed discharge
current of 10.0 mA are also shown in Fig.6. Emission intensity of the central peak is nearly
constant. However, intensity of the side spreads decreases and the maximum broadening
width increases with increasing cathode voltage. The relationship between the maximum
shift and cathode voltage is shown in Fig.7. Here, the maximum shift is defined as half
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Fig.9. Effective accelerating voltage vs. cathode voltage

the maximum broadening width of the profile. Assuming that the side spread is caused
by Doppler shift, the shifted wavelength is given by the following expression,

A —
c (1)

where Ao is the wavelength of unper turbed line, v is the velocity of ion, c is the velocity
of light in vacuum. Using Eq. ( l ) , the kinetic energies are calculated from the data of
maximum shift as shown in Fig.7. The curves in Fig.7 are derived from experimental
results by using least-square fittings of the data . It seems that kinetic energy is ap-
proximately proportional to cathode voltage. Hence the shift is expressed as a function
of square root of cathode voltage. To discuss this result further, the floating potential
profiles are measured with an electrostatic probe. The probe has an electrode, which is
made of 1.0 mm diameter, 1.0 mm long copper wire, and is inserted through a grid hole
of the cathode. The results is shown in Fig.8, which shows tha t the floating potential
decreases remarkably around the cathode and is nearly constant well inside and outside
the cathode. Figure 9 shows the relationship between effective accelerating voltage and
cathode voltage. Here, the effective accelerating voltages Veg is defined as the effective
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with a fixed cathode voltage of 10.0 kV

Table 1. HWHM vs. discharge currents at a constant voltage of 10.0 kV

Discharge current

5.0 mA
10.0 mA
15.0 mA

HWHM

12.5 mm
13.6 mm
13.8 mm

potential difference between the floating potential inside and outside of the cathode as
shown in Fig.8. Veg is 20 percent lower than cathode voltage as shown in Fig.9. Com-
pared with Fig.7, it seems that the side spread is caused by the Doppler effect because
Veg corresponds to the kinetic energies.

The spatial distribution of Up line intensity at discharge currents of 5.0-15.0 mA with a
fixed cathode voltage of 10.0 kV are shown in Fig. 10. The spatial distribution is measured
from 0 mm to 50 mm in the lateral direction. Partial decreases of emission intensity in
Fig. 10 indicate the shade of the grid cathode wire. Table 1 shows half width at half
maximum(HWHM) of emission intensity at discharge currents of 5.0 15.0 mA with a
fixed cathode voltage of 10.0 kV. From the results of HWHM, it is found that plasma core
becomes larger with discharge current. The spatial distribution of H^ line intensity at
cathode voltages of 5.0-15.0 kV with a fixed discharge current of 10.0 mA are also shown
in Fig. 11. It is found that plasma core becomes smaller with cathode voltage as tabulated
in Table 2.

IV. Conclusion
The visible emission from the SCBF device was measured using spectroscopic method.

Strong emission lines of hydrogen were observed, and all hydrogen lines were broadened
remarkably. The broadening of the profile was independent on discharge current and
depended on cathode voltage. The side spread of spectrum was caused by the Doppler
effect. Plasma core size became larger with discharge current and smaller with cathode
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Fig. 11. Emission intensity vs. lateral positions at cathode voltages of 5.0-15.0 kV
with a fixed discharge current of 10.0 mA

Table.2. HWHM vs. cathode voltage at a constant current of 10.0 mA

Cathode voltage

5.0 kV
10.0 kV
15.0 kV

HWHM

15.5 mm
13.6 mm
12.6 mm

voltage.
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ABSTRACT

NOX in the oxygen mixed NO(=200ppm)/N2 gas was removed efficiently with a synergistic
effect of oxidization by the pulse electron beam and the photocatalyst (TiC>2 containing
several % of water of crystallization). The photocatalyst was activated mainly by the plasma
and radicals produced by the electron beam rather than UV light from the diode. NOX removal
efficiency in the oxygen 5% mixed NO(=200ppm)/N2 gas was as high as 1010 nmol/J at
removal ratio 83%. Without any radiation on the photocatalyst, NOX was gradually decreased
to 22.6% of the initial NOX after 28 mm in the oxygen 20% mixed NO(=200ppm)/N2 gas.
Concentration of NO? was below a few ppm during all process and it was expected that NO2
was immediately oxidized to HNO3 on the photocatalyst after NO was oxidized to NO2.

1. Introduction
Recently, dry processes for flue gas treatment using gas discharge have been investigated

and its potentiality has been demonstrated.1"1-* However, improvement of energy efficiency for
these gas treatment devices operating by electrical power is still a key issue to develop a
practical gas treatment device. Several achievements were reported in improvement of energy
efficiency by radical shower or shorten the discharge voltage pulse/' ^ New approach to this
subject is to use catalyst with the gas discharge. 6'7-1 The maximum removal efficiency for the
flue gas weight using non-thermal plasma combined with the Cu-ZSM-5 or three way
catalysis was 100 J/g. Very recently, photocatalyst (TiO?) was used with the surface discharge
in gas discharge treatment device.8'9) It is reported that the photocatalyst was driven by the
discharge plasma and significant improvement of the performance of NOX removal adding
hydrogen peroxide.8) Energy consumption for NOX removal in the unit of the ratio of input
energy to gas mass flow achieved was 125 J/g at removal rate 92% with 1000 ppm of H7O2.

On the other hand, gas treatment device using pulse intense electron beam injection has
been investigated for a candidate of gas treatment method having many advantages and an
efficient removal of NOX, VOCs and CS2 by pulse intense electron beam injection was
demonstrated. I0~b) Recently, flue gas treatment by pulsed relativistic electron beam having
energy of 2 MeV or 8 MeV has been studied.14) Up to now, effects on the NOX removal by the
pulse electron beam injection co-operation with the photocatalyst (T1O2) have not yet been
tested. The photocatalyst has a merit that can be operated as an oxidation catalyst at room
temperature in the presence of molecular oxygen in contrast with that nearly
all-heterogeneous catalyst function at elevated temperatures. On the other hand, NOX

adsorption on surface of T1O2 with water of crystallization without any radiation was
observed by Nishikata et al.1"-1 Same amount of NO and NO2 was simultaneously removed in
this process.

In this paper, it is reported that high efficiency of NOX removal is achieved by the pulse

- 6 8 -



electron beam injection combined with the photocatalyst ("anatase" TiO2).

2. Experimental apparatus and procedure
Experimental apparatus of NOX removal using pulse electron beam combined with

photocatalyst is shown in Fig.l. The pulse electron beam of about 95keV, 120 A, 900ns was
produced by a electron beam diode having an active plasma cathode and a stainless anode
similar to that developed ourselves.16) The electron beam was injected through holes of the
stainless anode and an alummized PET film of 25 /i m thickness into atmospheric pressure
NO(=200ppm)/N2 gas or oxygen mixed NO(=200ppm)/N2 gas. The pulse electron beam was
injected in a rate of one shot in 10-15 s. The electron beam energy injected in one pulse
measured by a Faraday cup was 4.8 J to 3.7 J depending on the experimental conditions, when
the stored energy m the Marx generator was 10.9 J. A gas chamber of 16 cm internal diameter
and 27 cm of length was made of stainless steel tube and its capacity was 6.2 1. The inner wall
of the gas chamber and surface of a gas mixer were covered by a photocatalyst sheet of 0.5
mm thickness. The sheet was prepared by Fuji Electric Co., Ltd. by rolling down a mixture of
70% of hydrous TiO2powder( ST-01 made by Ishihara Industry Co., Ltd.) and 30% of Teflon
powder. NO(=200ppm)/N2 gas and O2 were introduced into the gas chamber by measuring
partial pressure with a mercury manometer and the gas mixture was prepared by three strokes
of the gas mixer and waiting for three minutes of diffusion time. NOX(=NO2+NO) or NO was
measured using the NOX-O2 gas analyzer(NOA-7000 made by Shimadzu Co., Ltd.)
introducing N2 from opposite side of the gas chamber after the same process as the
preparation of the mixture gas.

Active Plasma
Cathode

Mercury manometer

Gas Mixer

Aluminized
PET Film

TiO2

Stainless Steel
Anode

0 10 cm

Fig.l. Experimental apparatus.

3. Experimental results and discussion
3-1. Observation of light from the electron beam diode and the plasma
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Open shutter photograph taken from the side of electron beam diode shows that the electron
beam produced plasma and radicals are radially expanded and contacted with the chamber
wall. The light from the electron beam diode including plasma light produced by electron
beam was measured by a pin-photo diode with a quartz window placed in the front of the
electron beam diode. Temporal shape of signal was composed of a large peak with 500 ns
pulse width from the start of electron beam pulse followed by comparatively small signal until
the end of the electron beam pulse. It is expected that X-ray, UV and visible light from the
diode, the plasma and radicals irradiate on the surface of the photocatalyst sheet on the
chamber wall.

3-2. NOX removal in NO(=200ppm)/N2 gas by the pulse
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Fig.2. Temporal change of NOX, NO2 and NO concentrations and NOX

concentration after electron beam injection at 10 min in
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Fig.3. The removal ratio and the NOX removal efficiency in
NO(=200ppm)/N2 gas depending on the injected electron beam energy.

electron beam with photocatalyst
Temporal change of NOX, NO?,

NO concentrations and NOX

concentration after electron beam
injection in NO(=200ppm)/N2 gas
at 10 min were shown in Fig.2.
NO2 was not detected and NO=
NOX was only slightly decreased
after 28min. NOX decreased by the
electron beam injection into the gas
chamber at 10 min. In Fig.3, the
removal ratio and the removal
efficiency depending on the total
injected electron beam energy were
shown. The total injected electron
beam energy of 19 J is
corresponding to four electron
beam shots. NOX of 40% was
removed by the electron beam
injection of 38 J and the energy
efficiency was 540 nmol/J at this
removal ratio. This value can be
compared with the efficiency 400
nmol/J at same removal ratio
without the photocatalyst by
injecting same electron beam in
the same gas chamber. Removal
process in this case is reduction of
NO by N radicals in the gas phase
and it is collected that reduction
reaction is enhanced by the
photocatalyst excited by the
plasma collision and UV
irradiation. However, the
improvement of the energy
efficiency of NOX removal was not
so high enough.
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5-3. NOX removal in oxygen mixed NO(=200ppm)/N2 gas without any radiation
Temporal change of NOX, NO2, NO concentrations in the oxygen 5% mixed

NO(=200ppm)/N2 gas and in the oxygen 20% mixed NO(=200ppm)/N2 gas were shown in
Fig.4 and Fig. 5, respectively. One
of significant character of NOX

removal is that NO2 is below a few
ppm (2.6 ppm) in the process. In
our previous experiment,13) we
observed that 50% of NO2 and NO
at 25 min after mixing 20% of
oxygen to NO(=200ppm)/N2 gas
without decreasing
NOX(=NO+NO2), when the
photocatalyst was not used in dry
conditions. We have also observed
that NO2 of 22ppm for NOX of
lOOppm was remained in the gas
chamber at 10 min after gas
mixing in the case, which the inner
wall was covered by a wet cloth.

Without any radiation on the
photocatalyst, NOX was gradually
decreased to 22.6% of the initial
value after 28 min in the -oxygen
20% mixed NO(=200ppm)/N2 gas
and 52% in oxygen 5% mixed
NO(=200ppm)/N2 gas. A
tendency to saturate absorption
capability was also observed. It is
clear that NO2 is strongly
absorbed by the photocatalyst
without any radiation. Similar
NOX removal without any
radiation was observed by
Nisbikata et al using the same
photocatalyst sheet.1:>) They
proposed the mechanism of NOX

removal that NOX was dissolved
into the water adsorbed on TiO2

and NO+NO2+H2O -» 2HNO2.
This shows a possibility to use the
photocatalyst (TiO2) for the NOX

removal without the light source.

0 5 10 15

Time [min]

Fig.4. Temporal change of NOX, NO2 and NO concentrations
and NOX concentration after electron beam injection at 10 min
in the oxygen 5% mixed NO(=200ppm)/N2 gas.

-NO I] -N(T]
150 ,-

10 15
Time [min]

20 25 30

Fig. 5. Temporal change of NOX, NO2 and NO concentrations and
NOX concentrations after electron beam injection at 10 min in the
oxygen 20% mixed NO(=200ppm)/N2 gas.

3-4. NOX removal in oxygen mixed NO(=200ppm)/N2 gas by the pulse electron beam
irradiation with the photocatalyst

Change of NOX concentration after electron beam injection in the oxygen 5% mixed
NO(=200ppm)/N2 gas at 10 min and in the oxygen 20% mixed NO(=200ppm)/N2 gas were
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also shown in Fig.4 and Fig.5, respectively.
In Fig.4, NOX was removed by the consequence of the pulse electron beam injection into

the gas mixture at lOmin. In Fig.5, NOX was removed by the electron beam injection at 10
min and 6, 13 and 18 min after the preparation of gas mixture. The removal ratio and the
removal efficiency depending on the injected electron beam energy at 10 min in both cases
were shown in Fig.6. NOX removal efficiency in the oxygen 5% mixed NO(=200ppm)/N2 gas

was as high as 1200 nmol/J at
the removal ratio 25% and
1007 nmol/J at large removal
ratio of 83%. In the oxygen
20% mixed
NO(=200ppm)/N2 gas, largest
efficiency of 1006 nmol/J by
two pulse of the electron
beam injection was obtained
at the removal ratio 62% and
13 min. The largest efficiency
of 872 nmol/J at the removal
ratio 80% by three beam
pulse was obtained at 13 min.
These efficiencies can be
compared with our previous
results described in Ref.13.
When oxygen of 20% was

>
o

0 5 10 15 20 25 30
Injected electron beam energy [J]

35'

Fig.6. The removal ratio and the NOX removal efficiency in oxygen
mixed NO(=200ppm)/N2 gas depending on the injected electron
beam energy at 10 min.

mixed to NO(=200ppm)/N2

gas, NO was oxidized to NO2

resulting in NO=NO2 at 24
min after the mixing without changing NOX(=NO+NO2). The pulse electron beam injection
clearly promoted the oxidization of NO and its efficiency was about 200 nmol/J. When the
pulse electron beam was injected into the same gas in the gas chamber, which internal surface
was covered by a wet cloth, NOX was removed with total efficiency of 570 nmol/J at removal
ratio 40% by formation of HNO3 with OH radical in the gas phase and by dissolving NO2 into
the water in the wet cloth at the wall. However, the removal efficiency by the electron beam
injection only was 150-200 nmol/J. The NOX removal efficiency was increased 4-6 times
compared with these efficiency by using the photocatalyst sheet.

Above-mentioned efficiency was estimated by dividing the removed amount of NOX in
[nmol] unit by the injected electron beam energy [J]. The efficiency for the stored energy in
the Marx generator (10.9J) was about 350-380 nmol/J at the removal ratio 70 to 80%.

In spite of difficulty on direct comparison of efficiency with other NOX removal
experiment used the catalyst, we will try to compare the results described in Ref. 7 using the
Cu-ZSM-5 and three-way catalyst and Ref. 9 using the photocatalyst(TiO2) with our result
converting the unit [J/g] to [nmol/J]. In both experiment, the energy efficiency is the ratio of
input energy including discharge power and energy loss in the power source to gas mass flow.
The efficiency about 100 J/g converted to the efficiency about 120 nmol/J in our unit. Our
efficiency was three times higher than that but they removed NOX in flowing gas in contrast
with our treatment of the stagnated gas in the gas chamber.

The light from the electron beam diode were measured by the pin-photo diode when Mylar
film of 200 ii m thickness was added to the aluminized PET film to prevent the electron beam
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injection in the gas chamber. The waveform and peak height of the light signal were almost
the same as that for the case without the Mylar film on the contrary the pulse electron beam
signal was decreased to less than 1/10. A small attenuation of UV light by the Mylar film of
200 u m thickness was examined using another surface flashover light source. When the
electron beam diode was operated in this conditions, NOX was not removed at all. This means
that the photocatalyst is activated by the plasma, radicals and plasma light rather than UV
light from the electron beam diode. Activated TiO? induced chemical reaction of oxidization
producing active radicals (OH, 0, O~), which OH came from the water of crystallization and
O from mixed Oi, on T1O2 catalyst. These radicals effectively oxidized NO and NO? forming
HNO3 and keeping it on the surface of the photocatalyst.

4. Conclusion
NOX removal by the pulse electron beam in combination with the photocatalyst was

examined. Removal efficiency of NOX in oxygen mixed NO(=200ppm)/N2 gas was highly
enhanced by the synergistic effect of oxidization with the pulse electron beam and the
photocatalyst (T1O2). The photocatalyst was activated by the bombardment by the plasma,
radicals and plasma light rather than UV light from the electron beam diode.
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ABSTRACT

Treatment of NOX has been demonstrated using an intense, pulsed, relativistic electron
beam (IREB). The short (20 cm long) and elongate (180 cm long) chamber are filled
with N2-balanced NO or N2/O2-balanced NO gas mixture with the pressure of 120
kPa, and are irradiated by the IREB energy of 2 MeV with the pulse width of 50 ns
(full width at half maximum). With the initial NO concentration of 100 ppm in N2-
balanced NO gas mixture filled in the elongate chamber, ~ 95 % of NOX is removed
by firing 10 shots of IREB. We have obtained NOX removal efficiency of 20-200
nmol/J. Removal of NOX by the IREB has been also simulated by a numerical
calculation code in N2/O2-balanced NO gas mixture filled in the short chamber.

1. Introduction

The flue gases produced by the electric
power plants, ironworks and diesel engines
have caused serious environmental
problems in the earth. For example, a
large amount of NOX may result in the acid
rain or the photochemical smog. The
injection of an intense, pulsed, relativistic
electron beam (IREB) into a flue gas is
expected to be effective for pollutant
removal. In the removal of NOX by IREB,
NOX reacts with the radicals, such as O, N,
OH, HO2 and so on. The radicals are
formed by the collision of the electrons
with the atoms or molecules. The IREB is
able to produce a lot of radicals
simultaneously due to the short pulse width
and high current density. It is reported
that the removal efficiency of NOX can be
improved by utilizing a pulsed electron
beam.1"3) The electrons of IREB have

large kinetic energy, resulting in long
range in the gas. The range of IREB at 2
MeV is calculated to be ~ 8.6 m in an
atmosphere. Therefore, the IREB
irradiation is believed to be a promising
candidate for NOX removal in the elongate
chimney at electric power plants and in the
tunnels for automobiles.

We have succeeded in the
demonstration of NOX removal by IREB of
the beam energy of the order of MeV. In
this study, the dependence of removal of
NOX on the length of reaction chamber, the
flue gas composition and the initial
concentration of NOX have been
investigated using a pulsed power
generator, "ETIGO-III" (8 MV, 5 kA, 50
ns). Removal of NOX by the IREB has
been also simulated by a numerical
calculation code.
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2. Experimental Setup
Figure 1 shows the schematic

diagram of the IREB generator,
"ETIGO-m". It consists of a Marx
generator, a pulse forming line, and
induction acceleration cells in four stage.
The output voltage of the pulse forming
line is 670 kV, which is fed to the four
cells. Three amorphous cores are
installed in each cell, producing
approximately 2 MV per cell (670 kV x
3). The electron beam with the energy
up to 2 MeV is generated by an electron-
beam diode set at the first acceleration
cell. The field emission diode with a
hollow cathode is used to generate the
electron beam. The inner and outer
diameters of the cathode are 59.5 mm
and 60 mm, respectively. This electron
beam is accelerated by each acceleration
cell, and the maximum energy of the
IREB increases up to 8 MeV.

Figure 2 shows the cross-sectional
view of flue gas reaction chamber. The
IREB generated by "ETIGO-ffl" is
injected into the reaction chamber
through a window. The window
consists of a titanium foil with a
thickness of 40 \im and a honeycomb
flange with an optical transparency of ~
50 %. The kinetic-energy loss of the
IREB through the titanium foil is
estimated to be ~ 26 keV. The length,
diameter and volume of the reaction
chamber are summarized in Table I.
The reaction chamber is evacuated up to
10 Pa by a rotary vacuum pump. In this
experiment, N2-balanced NO or N2/O2-
balanced NO gas mixture with the total
pressure of 120 kPa have been used to
simulate the flue gas. To confine the
IREB in the elongate chamber, an
external magnetic field is applied along
the chamber axis. The concentrations of
NOX (= NO + NO2) and NO are
measured by a controlled potential-
electrolysis gas analyzer (testo Co., Ltd.,
GSV-350) after mixing up the gas.

Induction IJnac
Amorphous Core Accelerating Gap

• ir 111 1 B X I EUctro. Bt.m

Transmission Lines

Marx Generator Pulse Forming Line

Pulsed Power Generator

Fig. 1 Schematic diagram of "ETIGO-ffl".

(a) Short type.

Accriwatton Gap Call

r r
(b) Elongate type.

Fig. 2 Schematic of reaction chambers.

Table I Dimensions of reaction chambers.

Short type Elongate type

Length

Diameter

Volume

200 mm

259.4 mm

10.6 £

1800 mm

97.4 mm

13.4 £
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3. Results and Discussion

3.1 Propagation of IREB in reaction chamber

Figure 3 shows the typical time
evolution of the IREB diode voltage and
IREB current, where the IREB current is
measured by a Faraday cup placed close to
the window in the reaction chamber. The
peak IREB current is observed to be ~ 600
A and ~ 2200 A on the short and elongate
chamber with the beam voltage of 2 MV,
respectively. The pulse width of the IREB
current is approximately 60-80 ns
(FWHM).

Figure 4 shows the peak IREB current
distribution along the chamber axis in the
reaction chamber. The reaction chamber
is filled with an atmospheric gas. In the
short chamber, the IREB maintains a
current of 600 A in the absence of external

fa 1000
u

Fig. 3

100
Time, t (ns)

200

Typical time evolution of
voltage and current of "ETIGO-
IE". (a) IREB diode voltage,
(b) IREB current in short
chamber, and (c) IREB current
in elongate chamber.

magnetic field. On the other hand, in the
elongate chamber, the IREB current is
reduced with decreasing the magnetic field
at z ~ 1600 mm. The injected IREB
energy into the chamber is estimated to be
~ 60 J and ~ 280 J on the short and
elongate chamber, respectively.

Window
0 42 84 126 168

IREB

<£ 600

^ 400

200
3

o

• «r

. i , r
0 50 100 150

Position, z[mmj

(a) Short chamber.

U

3

2.0

1.0

ft

-

—i

i i i i i i i .

\

• 1

1
1 "

I -

0.5

0.4

0.3

0.2

0.1

500 1000 1500

03

Q

I
Position, z ( mm)

(b) Elongate chamber.

Fig. 4 IREB peak current after passing
through window in reaction
chamber. Magnetic flux density
on chamber axis is also
presented in (b).

- 7 6 -



3.2 Experimental and numerical results of flue

Figure 5 shows the NOX concentration
as a function of IREB shots for the initial
NO concentration of 100 ppm in N2/O2-
balanced NO gas mixture at the short
chamber. The gas composition is N2:02
= 8:2. Some NO is oxidized by ambient
O2 without firing the IREB, and the NO
concentration equilibrates to ~ 62 ppm. It
is found that NO is removed by the
irradiation of IREB. Until the third shot
of IREB, NO2 is generated by the
irradiation of IREB because of high NO
concentration. The NO2 concentration
decreases in proportion to the number of
IREB shots after the third shot of IREB
when the reduction of NO may exceed the
generation of NO.

We have developed a numerical
calculation code for the flue gas treatment
by pulsed IREB. This code consists of
rate equations for the chemical reactions
during and after the IREB irradiation.
The chemical reactions and rate constants
are summarized in Table II. The number
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Fig. 5 NOX concentration as a function of
number of IREB shots for initial
NO concentration of 100 ppm in
N2/O2-balanced NO gas mixture.
• : NO, A: NO2. Numerical
results are shown by broken line
(NO) and solid line (NO2).

gas treatment by IREB in short chamber

density of electrons is estimated from the
experimentally obtained IREB current (see
Fig. 3(b)). The calculated concentrations
of NO2 and NO are presented in Fig. 5 as a
solid and broken line, respectively. It is
found that the numerical results well agree
with experimental one in the NO2
concentration. We see small deviation in
the calculated concentration of NO from
the experimental one because the rate
constant of 2NO2 —• 2NO + O2 is uncertain.

Table II Chemical reactions and rate
constants.

During IREB irradiation

Reactions Rates Ref.

N + NO -> N2 + O

N + NO2 -> 2NO

O + NO + N2 -> NO2 + N2

N + N + N2 -<• N2 + N2

O + O + N2 -* O2 + N2

NO + O3 -»• NO2 + O

N + NO2 -> N2O + O

O + O2 -> O3

N + O2 - • NO + O

N + O3 -> NO + O2

N2O + O -> N2 + O2

N + O + N2 — NO + N2

2NO + O2 -> 2NO2

N2 + O -> N + NO

O + NO2 -»NO + O2

NO2 + O3 -> NO3 + O2

O + NO2 + N2 - • NO3 + N2

NO3 + O — NO2 + O2

5.9xlO-ucm3/s 4)

9.0xl0-12cm3/s 4)

9.0xl0-32cm6/s 5)

4.0*10-33cm6/s 5)

8.0xl0-33cm6/s 5)

1.8xlO-14cm3/s 5)

3.0xl0-12cm3/s 5)

1.0xl0-14cm3/s 5)

1.0*10-I6cm3/s 5)

1.0xl0-16cm3/s 5)

4.9x10-" cm3/s 5)

3.9xlO-32cm6/s 5)

3.8xlO-38cm6/s 5)

7.0xl0-12cm3/s 5)

6.5xlO"12cm3/s 5)

3.0xl0-17cm3/s 5)

9.0xl0-32cm6/s 5)

3.0x10"" cm3/s 6)

2.7xlO-19cm2* 7)

3.7xlO"19cm2* 7)

After IREB irradiation

Reactions Rates Ref.

2NO + O2 -> 2NO2

2NO2 -> 2NO + O2

3.8xl0-38cm6/s 5)

5.8xlO-19cm3/s 8)

•: Cross section, Ref.: Reference

- 7 7 -



3.3 Comparison of treatment properties
between short and elongate chamber

Figure 6 shows the NOX concentration
as a function of IREB shots for the initial
NO concentration of 100 ppm in N2-
balanced NO gas mixture for the short
and elongate chamber. It is found that ~
95 % of NOX is removed by the IREB
irradiation of 30 shots in the short
chamber in spite of the absence of O2. It
is clear from Figs. 3 and 4 that the IREB
current in the elongate chamber is ~ 3
times higher than that in the short
chamber. Therefore, in the elongate
chamber, ~ 95 % of NOX is removed by
the IREB irradiation of 10 shots.

3.4 Flue gas treatment by IREB in
elongate chamber

Figure 7 shows the NOX removal
efficiency (s) as a function of the number
of IREB shots for the initial NO
concentration of 100 and 900 ppm in N2-
balanced NO gas mixture at the elongate
chamber. Here, s is defined by the ratio
of the NOX removal amount over the
injected IREB energy into the chamber.
It is found that e increases from ~ 70
nmol/J to ~ 200 nmol/J if the initial
concentration of NO is increased from
100 ppm to 900 ppm, respectively. It
may be understood by that the O radical,
which originates from NO and useful for
treatment of the flue gas, will increase
the number density at the high initial NO
concentration.

Figure 8 shows the NOX concentration
as a function of IREB shots for the
various initial NO concentration in
N2/O2-balanced NO gas mixture at the
elongate chamber. The gas composition
is N 2 : 0 2 = 8:2. The NO2 is generated
by the irradiation of IREB into the
atmosphere (See Fig. 8(a)). It is found
that NOX is successfully removed if the
initial NO concentration is less than 200
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ppm. In this gas mixture, the oxidation
of NO by ambient O2 is dominant in
comparison with the reduction of NO by
IREB (See Fig. 9). In the high initial
NO concentration, therefore, NOX is
hardly treated by the irradiation of IREB.

4. Conclusions
Treatment of the flue gas has been

successfully demonstrated using pulsed
IREB. The following results can be
drawn from the present investigation.
1) We have developed a numerical

calculation code for the flue gas
treatment. The numerical results
well agree with experimental one in
the short chamber filled with N2/O2-
balanced NO gas mixture.

2) With the initial NO concentration of
100 ppm in N2-balanced NO gas
mixture filled in the elongate
chamber, ~ 95 % of NOX is removed
by firing 10 shots of IREB.

3) The NOX removal efficiency of 20-
200 nmol/J is obtained at the
elongate chamber.
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NOx Decomposition Utilizing Pulsed Discharge in Porous Honeycomb

Ceramics

S. Ibuka, T. Nakamura, T. Murakami, H. Kondo, K. Yasuoka and S. Ishii

Tokyo Institute of Technology, 2-12-1 O-okayama, Meguro-ku, Tokyo, 152-8552, JAPAN

ABSTRACT

Pulsed discharges in porous honeycomb ceramics of alumina were investigated to
discuss the feasibility of a new type non-thermal plasma reactor for decomposition of
air pollutants. Using rod-cylinder electrodes configuration with a PET sheet as an
insulator, the barrier discharge type reactor was fabricated with the honeycomb
ceramics. A fast framing image converter camera was used to observe the temporal
development of discharges. The uniform discharges in the honeycomb ceramics were
successfully obtained by a high voltage pulse generator utilizing a fast Sl-thyristor.
NO removal experiment in N2 was carried out with the reactor. The results suggest
that the surface condition of the ceramics greatly influence the NO removal
characteristic. The NO removal efficiency of the reactor is estimated to be 295
eV/molecule at the maximum NO removal rate.

I. Introduction
Non-thermal plasma produced by a pulsed power generator has attracted the attention of

researchers for air pollution control. Although many kinds of reactors have been proposed, no
clear conclusion is obtained on the most suitable one for the pollution control. A key factor in
the selection of the reactor is the energy efficiency for decomposing the pollutants. To achieve
a breakthrough leading to high decomposition efficiency, we proposed to utilize a fast pulsed
discharge in honeycomb ceramics. The honeycomb ceramics are one of the most common
carrier materials to support various catalytic processes because of their large surface area that
is highly active for chemical reactions. There is a possibility that the non-thermal plasma
produced by the fast pulsed discharge enhances the chemical reactions on the ceramics
surface. To establish highly efficient decomposition of the pollutant gases, not only the
volume reaction in the non-thermal plasma but also the surface reaction on the ceramics
surface should be utilized simultaneously.

II. Structure of honeycomb ceramics reactors
We prepared three types of discharge reactors with/without the honeycomb ceramics as

shown in Fig. 1. In this paper, reactor of each structure shall be called (a) surface discharge
type, (b) coaxial type, (c) glass tube type, as illustrated in Fig. 1.

For (a) surface discharge type, the honeycomb ceramics for the flue filter of small
incinerator was cut into the 15mm thickness, and electrode was installed on the cut section.
According to our previous reports^1 ̂ 2^3', the electric field concentration near the anode
electrodes is necessary to obtain uniform surface streamer discharges. In order to promote the
electric field concentration, asymmetric electrode configuration of the stainless steel mesh
cathode and the tungsten wire anode electrodes was utilized. In the case of surface discharge
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(a) surface discharge type

anode
(W wire <t> 0.3mm)

honeycomb ceramics
(cordierite)

\
cathode

(stainless 30mcsh/inch)

(b)coaxial type

anode cathode (Cu sheet)
(02mmSUSrod) PET sheet

03mm
honeycomb ceramics (porous alumina)

(c) glass tube type

Pylex glass

anode / /
<2>2mmSUSrod / / \ \

cathode (Cu sheet)
\

ZZJ

Fig.l Schematics of the reactors.

type reactor, the discharge develops in parallel to the direction of the gas flow.
In the case of (b) coaxial type reactor, honeycomb ceramics of the lotus root shape, called

monolith type, for the solid-liquid separation filter was used. This ceramics was made from
porous alumina with great number of micron seize holes as shown in Fig.2[4]. In addition, the
inner surface of the monolith ceramics was specially treated to create micropore layer of
several tens of nm. The stainless rod electrodes were inserted to the axial holes as anode
electrodes. The copper sheet electrode was installed on the outer surface of the monolith
ceramics and was grounded. In order to change the electric field distribution of the reactor
inside, the number of the anode rod electrodes could be varied. To suppress the generation of
arc discharges, the barrier discharge configuration was adopted inserting the PET sheet
between the copper sheet electrode and the ceramics. It was noted that (c) glass tube type
reactor using Pyrex glass tube (26mm of inner and 30mm of outer diameter) alternative to the
monolith ceramics was also prepared to clarify the effect of the ceramics.
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Fig.2 The porous honeycomb ceramics.
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Fig. 3 Experimental apparatus
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refference image
of electrodes

exposure time

time [50ns/div]

Fig.4 photograph of the discharge of the surface discharge type reactor.

III. Experimental apparatus
Fig.3 shows the set up of the experimental apparatus. A high voltage pulse generator

utilizing a fast Sl-thyristor and a ferromagnetic step up transformer produces high voltage
pulses with 40kV amplitude and 200ns pulse width. The generator can be used with the
repetition rate of up to 2kHz. An image converter camera (IMACON468) was used for
observation of the discharge phenomena. For gas decomposition experiments, NO of the
nitrogen dilution was used. The NO initial concentration and the gas flow rate were set to be
200ppm and Islpm, respectively, by mass flow controllers. All the experiments were carried
out under room temperature and atmospheric pressure. A NOx analyzer was utilized for the
mesurement of NO and NO2 concentration.

IV. Pulsed discharges in the honeycomb ceramics
(a) Surface discharge type reactor

Fig.4 shows the photograph of the discharge taken by the image converter camera.
Uniform discharges, which were considered to be surface streamers, in each cell of the
honeycomb ceramics were obtained. However, according to our previous results, it became
clear that the following problems prevented the effective utilization of the ceramics surface.

(1) The size of the reactive plasma was limited by the electrode separation (about 15mm).
(2) The electrode construction becomes complexity, and it is difficult to form the uniform

plasma.

(b) Coaxial type reactor
Fig. 5 shows the photograph of repetitive discharges with the repetition rate of 800Hz taken

by the image converter camera. Exposure time of each frame was set to be 50ns and the gate
timing was illustrated with voltage and current waveform in Fig.5. First of all, the discharge
appeared near the stainless rod electrodes, and it developed to the outer cells of the ceramics.
Intense light emission was observed after the voltage peak. The uniform discharges were
successfully obtained around outer cells of the ceramics. According to the reference [5], the
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time (100ns/div)

position of the ceramics

Fig. 5 photograph of the discharge of the surface discharge type reactor.

* > electrode

<—> vacant cell

u -10 0 10
displacement from the center (mm)

Fig.6 Calculated electric field distribution in the coaxial type reactor.

discharge arises only in the small region near the anode electrodes. However, in this
experiment, uniform discharge was observed even in the outer cells of the honeycomb
ceramics.

The discharges in the vacant cells were caused by the effect of increasing the field intensity.
To investigate the electric field distribution, the numerical analysis of electric field in the lotus
shape honeycomb ceramics was carried out. Fig.6 shows the electric field distribution in the
case of the applied voltage of 30kV. In Fig.6, the relative dieletctric constant of the ceramics
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Fig.7 NOx decomposition characteristics of the coaxial type reactor.

was varied from 1 to 30. Generally, higher dielectric constant is advantageous for the
discharge formation because the electric field increases in the vacant cells. However, in Fig.6,
the lower field intensity is obtained in the outer cells when the dielectric constant is higher
value. This is because the electric field concentration near the rod electrode was promoted
excessively. Consequently, it is advantageous to use material with the relative dielectric
constant of about 9 from 4 in order to obtain uniform discharge. However, the detailed
analysis of the effect of the electric field concentration is necessary because the electric field
distribution in the honeycomb ceramics depends on not only the dielectric constant but also
the electrode configuration and the reactor shape.

V. NOx decomposition experiment
(a) Characteristics of the coaxial type reactor

The NOx decomposition characteristics of the coaxial type reactor are shown in Fig.7. The
reactions in the NO of the nitrogen dilution are considered to progress through the following
processes. At first, the nitrogen radical is created in dissociation of nitrogen by the electron
collision.

N2 + e -> 2N + e (1)
Then the radical-molecule reactions occur.

NO + N -» N2 + O (2)
NO + O + N 2 ^ NO2 + N2 (3)
O + NO2 -»• NO + O2 (4)

The reduction of NO mainly bases the reductive reaction (2), and the O radical produced by
this reaction contributes generation of NO2. The effect of the reaction (4) increases, when the
NO concentration becomes lower. Consequently, the concentrations of NO and NO2 saturate
to be certain value.
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(b) Comparison with the surface discharge type reactor
Fig.8 shows the NO decomposition rate for the injected electric power into the discharge.

In the case of the coaxial type rector, the largest NO decomposition rate of 82% was obtained
for comparatively low injected electric power. According to this result, it can be said that the
coaxial type reactor utilizing the porous honeycomb ceramics improves the characteristics of
NO decomposition in comparison with the surface discharge type reactor.
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Fig. 10 Comparison of the two types of the reactors.

(c) Effect of the surface condition
As it is mentioned above, not only the volume reaction in the honeycomb ceramics but

also the surface discharge on the ceramics can play the important role of the NO
decomposition in the case of coaxial type reactor. To clarify the effect of the surface discharge,
we examined two types of the porous honeycomb ceramics. One had the micropore layer of
several tens of nm on the inner surface produced by the special surface treatment, the other
did not have. The result of the gas decomposition characteristic using the two kinds of
ceramics is showed in Fig.9. The improvement of the gas decomposition characteristic was
confirmed in the case of the ceramics with the micropore layer. This result indicates that the
surface condition greatly influences the discharge characteristics. According to this result, the
improvement of the NO decomposition characteristics seems to be possible sufficiently by
controlling the surface condition of the ceramics.

(d) Comparison with the glass tube type reactor
To clarify the effect of the honeycomb ceramics, the comparison experiment with the glass

tube type reactor was carried out. Because of the difficulty of assimilating the experimental
condition between the two types of reactors, the experimental conditions were set to be as
followings. (l)The size of the reactors was set to be almost the same. (2)The NO
decomposition characteristics were only investigated under the condition in which the
uniform discharges were obtained. Fig. 10 shows the experimental results comparing the two
types of the reactors. In the case of the coaxial reactor using the porous honeycomb ceramics,
the NO2 formation is suppressed drastically, even though the NO decomposition efficiency
remained lower value. Although detailed investigation on this phenomenon is required,
possible explanation is as followings.

In the case of the coaxial type reactor using the porous ceramics, chemical reactions on the
ceramics surface affect the gas decomposition characteristics. In literature [6] and [7], the
radical reactions on the ceramics surface are reported. In the paper of [6], the light emission
from the excited state of NO molecule was observed from the discharge in pure nitrogen
atmosphere. This phenomenon was explained by the reactions of O radical adsorbed in SiO2
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as followings.
e + N2 -> N + N + e (5)
N + O(SiO2) -> NO + SiO2 (6)
e + NO -» N O * ^ NO + /*v (7)

NO was produced by the reaction of absorbed O radical and N radical generated by electron
collision. Since the porous ceramics has superior absorptive characteristics, the adsorption
phenomena of such O radical may have happened in our experiment. Consequently, NO2

generation could be possibly suppressed by the adsorption of O radicals. In the literature [7],
it is explained that adsorbed O radical becomes oxygen through the recombination reaction.
Though such phenomenon is able to arise even in the glass tube type reactor, the large surface
area of the honeycomb ceramics promotes the surface reactions and makes difference in the
NO2 yield.

(e) Effect of the number of the anode rod electrodes
Fig. 11 shows the experimental results of the NO decomposition with the reactor using

twelve anode rod electrodes. The NO decomposition characteristic was improved to almost
the same performance of the glass tube type reactor in comparison with the case of six rod
electrodes. This can be explained by the increase of the electric field intensity caused by
narrowing of the electrode separation. The results indicated the possibility of improving the
NO decomposition efficiency raising the applied voltage to the reactor.

(f) Discussion on the energy efficiency
The energy efficiency for the NO decomposition rate of the each types of the discharge

reactor is showed in Fig. 12. The energy efficiency was evaluated as the energy required for
decomposing a NO molecule (eV/molecule). In the case of the coaxial type reactor with
twelve anode rod electrodes, the energy efficiency of 294.5(eV/molecule) was obtained at the
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maximum NO decomposition rate of 84%. The reported value of the energy efficiency is form
250 to 500 (eV/molecule) as it was showed in the hatched region of Fig. 12 [ ][9]. The
efficiency of the reactor of our proposing remains to be in this range.

VI. Summary and conclusions
The coaxial type reactor using the porous honeycomb ceramics, which was not utilized for

discharge applications so far, was proposed and the generation of the uniform discharge in
atmospheric pressure required for gas decomposition applications was successfully obtained.
Comparing with our conventional rector of surface discharge type, the new reactor drastically
improved the NO decomposition characteristics. According to the experimental results of NO
decomposition, the surface condition of the ceramics had remarkable effect on the
characteristics of the reactor utilizing the porous honeycomb ceramics. This effect can be
advantageous point of the reactor, because there is large possibility to improve energy
efficiency of NO decomposition utilizing the control of the surface conditions. Moreover, the
utilization of the surface chemical reactions, namely combined use of catalysts, may realize
drastic improvement of the efficiency. It can be possible to conclude that the application to the
gas decomposition is practicable for electrical discharge method using the porous honeycomb
ceramics.
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ABSTRACT

Recently, nitric monoxide (NO) has began to be widely used in medical treatments of

acute respiratory distress syndrome (ARDS), relaxation of blood vessels to treat high blood

pressure and mitigate against the difficulty of breathing as NO is an endothelium derived

relaxing factor (EDRF). Currently a gas cylinder of N2 mixed with a high concentration of

NO is used for medical treatment in a hospital setting. This arrangement is potentially risky

due to the possibility of accidental leak of NO from the cylinder. The presence of NO in air

leads to the formation of nitric dioxide (NO2), which is toxic to the lungs. Therefore an on site

generation of NO would be very desirable for patients with ARDS and other related illnesses.

We have recently reported on the production of NO using a pulsed arc discharge. In the

present work the discharge reactor was made simpler and smaller. NO was generated using a

pulsed arc discharge in dry air and in mixtures of oxygen and nitrogen. Before a further

treatment of the produced mixture of gases by passing it over a heated molybdenum converter,

Maxim concentrations of NO of 455 ppm (parts per million) and NO2 of 138 ppm were

obtained. NO2, ozone (O3) and solid particles of brass estimated from the electrodes by the

action of the arc discharge, must be emitted from the gas before inhalation. NO2 produced in

the discharge was decomposed to NO by passing it over a heated molybdenum. The

concentration of O3 was found to be zero as determined by UV absorption measurements. The

density of the brass particles, which had diameters over 0.3 urn, was less than 1.39 |u.g/L. A

filter could readily capture and thus remove the brass particles. The composition of the gas
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mixture after treatment with an arc discharge followed by exposure to heated molybdenum

was 540 ppm of NO, 48 ppm of NO2 and the balance N2 at 0.1 MPa and 300 ± 3 K.

I. Introduction

For medical treatment, inhaled nitric oxide (iNO) has been used since NO was

identified as an effective treatment involving endothelium-derived relaxing factor (EDRF) in

1987^. Currently iNO is being widely used as a cure for acute respiratory distress syndrome

(ARDS), acute lung injury, persistent pulmonary hypertension of the newborn and other

related illnesses2' 3\ iNO is also used in surgery and heart transplantation4). Extensive medical

research and development have been carried out on inhalation systems to be used by

patient5'8\ However all current inhalation systems have a common feature in which a gas

cylinder of N2 is mixed with a high concentration of NO. The concentration of NO in the gas

cylinder is typically between about 500 ppm6) to 800 ppm7). This arrangement is potentially

risky due to the possibility of accidental leak of NO from the cylinder. If a leak is present, it

would produce NO2 by mixing NO with oxygen present in the air. A high concentration of

NO2 has a toxic effect on the lungs and this has been well established8). Therefore an on site

generation of NO would be very desirable for patients with ARDS and other related illnesses.

In the present work, the characteristics of a laboratory system for the production of NO which

incorporates the latest improvements in the design of the discharge reactor9'10^ is reported.

II. Experimental setup and procedure

Figure 1 shows a schematic diagram of the system for generating NO. This system

consisted of gas cylinders, NO discharge reactor, NO2 converter, a gas analyzer and gas

pressure monitors. Gas cylinders of nitrogen (N2), oxygen (O2) and dry air were used. The

proportion of O2 in the mixtures of O2 and N2 was changed from 6 to 93 %. The gas cylinder

of dry air included 80 % of N2, 20 % of O2 and traces of carbon monoxide (<1 ppm, parts per

million), carbon dioxide (<1 ppm) and water vapor (<5 ppm). The gas inlet pressure (Pi) to

the reactor was changed from 0.22 to 0.35 MPa. The gas outlet pressure (P2) from the reactor

was changed from 0.12 to 0.25 MPa. Both pressures (Pi and P2) were controlled using two

valves, which were placed, respectively at the inlet and outlet of the reactor. The difference

between Pi and P2 was fixed at 0.1 MPa. The flow rate of the gas mixture and dry air were

varied from 2.0 to 5.0 L/min at 273 K and 0.1 MPa using a mass flow controller (SEC-440J,

ESTEC, Japan).
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Fig. 1. Schematic diagram of the experimental set up.

Figure 2 shows a cross section of the NO discharge reactor, a charging capacitor C (0.4

to 2.0 nF), a dc power supply (50 kV, 3 mA, HDV-50K3US, Pulse Electronic Engineering,

Japan), a limiting resistor (2 MQ), a spark plug and a trigger pulse circuit. The trigger pulse

circuit consisted of a capacitor (0.22 }iF), a thyristor and a pulse transformer (1:200, HFT1009,

Sanyo, Japan). This reactor is made simpler and smaller than that used previously9' l0\ The

rod and the plate electrodes were made of brass. The brass rod ending with a hemisphere had

a diameter of 10 mm. The distance between the rod and the plate was 5 mm. The charging

voltage to the capacitor was increased from 15 to 30 kV with increasing outlet pressure (P2)

from the reactor. The charging voltage for all gas pressures was set at a level of about 80 % of

the self-breakdown of the gas. The pulse arc discharge between the rod and the plate was

initiated by the ultra violet radiation from the discharge between spark plug and the plate

electrode1M5). The pulse repetition rate was changed from 10 to 220 pps. The applied voltage

to the rod electrode was measured using a voltage divider (EP-100K, Pulse Electronic

Engineering, Japan), which was connected between the rod and the ground. The current to the

reactor was measured using a Rogowski coil (Pearson current monitor, Model 110A, Pearson

Electronics, USA). 7he gas analyzer is based on the method of potentiostatic electrolysis9' l6\

Trigger
circuit

Fig. 2. A cross section of the NO discharge reactor and electrical circuit.
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The NO2 converter consisted of a stainless steel vessel enclosing a molybdenum (Mo)

wire and a nickel-chrome wire heater. The molybdenum wire diameter was 0.1 mm and had a

length of 100 m. The vessel was heated to about 670 K. Above 600 K NO2 is converted to NO

through the following reaction9'17),

Mo + 3NO2 -» MoO3 + 3NO (1)

An assessment of the NO production system, which also included the NO2 converter,

was performed. The concentration of O3 was measured using an ultra violet absorption

measurement (Ubest V-570DS, JASCO, Japan) at the same location of the gas analyzer

(figure 1). The concentration of the brass particles in the gas mixture produced by the pulsed

arc discharge was determined by passing the gas through a Whatman silica filter (0.3 |im)

with a combination of a sensitive electronic balance (10~3 g, MJ-300, YMC co., Japan). Table

1 shows the conditions of all experiments.

Table 1. Experimental conditions.

Expt. #1

Expt. #2

Expt. #3

Expt. #4

Expt. #5

Proportio
n of O2 in

the
mixture

of O2 and
N2 [%]

6-93
(Mixture)

20
(Dry air)

20
(Dry air)

20
(Dry air)

20
(Dry air)

Concentr
ation of

NO2

[ppm]

-

-

-

-

-

Inlet
pressure
to reactor

(Pi)
[atm]

2.2

2.2-3.5

2.2

2.2

2.2

Outlet
pressure

from
reactor

(P2)
[Mpa]

0.12

0.12-0.25

0.12

0.12

0.12

Charging
voltage

to
capacitor

[kV]

15

15-30

15

15

15

Gas flow
rate

(reduced
273 K
and 1
atm)

[L/min]

2.0

2.0

2.0-5.0

2.0

2.0

Capacita
nee of

capacitor
[nF]
C

2.0

2.0

2.0

0.4-2.0

0.4

Pulse
repetition
rate [pps]

30

20

50

10-220

220

Temperat
ure of
vessel

[K]

300

300

300

300

670

HI. Experimental results and discussions

a. Applied voltage to and discharge current in the reactor

Figure 3 shows typical waveforms of applied voltage to and discharge current in the

reactor for two discharge capacitors of 0.4 and 2.0 nF (Expt. #4 of Table 1). The trigger pulse

voltage was applied to the spark plug at time t=0 and it took about 0.45 jas for the discharge

current to fully develop. Both voltage and current waveforms show damped oscillations. The

oscillation frequency decreased from about 10 MHz to about 5 MHz when the external

capacitance C was changed from 0.4 to 2.0 nF. This is consistent with a?=l/LC,, where co is

the radian frequency, L the total inductance and Ct the total capacitance which includes that of

the external circuit and the discharge.
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Fig. 3. Voltage and arc discharge current waveforms in the reactor in dry air for different charging capacitors.
Conditions: Expt. #4. Table 1: (a)0.4 nF; (b)2.0 nF

b. Characteristics of NO generation reactor

Figure 4 shows the concentrations of NO and NO2 as a function of the proportion of O2

in the mixture of O2 and N2 (Expt. #1 of Table 1). It can be seen from Fig. 4 that the

concentrations of NO and NO2 had peaks when the proportion of O2 in the mixture was about

35 and 60 %, respectively. The maximum concentrations of NO and NO2 reached 282 and 153

ppm, respectively. Figure 5 shows the ratio of NO/(NO+NO2) as a function of the proportion

of O2 in the mixture of O2 and N2 (Expt. #1). It is desirable that the ratio of N0/(N0+N02)

should have a high value because NO2 is toxic to humans. Medical practitioners suggest that a

ratio of 1.0 should be used. The ratio of NO/(NO+NO2) had a peak, which had value of 0.74

when the proportion of O2 in the mixture of O2 and N2 was 20 % (Fig. 5). At this mixture

proportion the production of NO can be made in dry air. Therefore this choice of gas mixture

would be most economical.
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, 5 r ^ • • c ^ J X I Flg- 5- R a t l° of NO/(NO+NO2) versus percentage of
the percentage of O2 in a mixture of O2 and N2. „ . . ^ f n . . . „ .... . . ,,. ._, ,. . .? ,„ ' , , , O2 in a mixture of O2 and N2. Conditions: As in Fig. 4.
Conditions: Expt. #1 of Table 1. 6

Figure 6 shows the concentrations of NO and NO2 as a function of the exhaust pressure

(P2) in dry air. The concentrations of NO and NO2 increased with increasing the outlet
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pressure and therefore with increasing charging voltage and increasing discharge energy. The

ratio of NO/(NO+NO2) had a constant value of 0.74 in the range of 0.12 to 0.25 MPa of outlet

pressure (Fig. 7).
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Fig. 6. Concentrations of NO and NO2 versus P2. Fig. 7. Ratio of N0/(N0+N02) as a function of P2 in
Conditions: Expt. #2 of Table 1. dry air. Conditions: As in Fig. 6.

Figure 8 shows the concentrations of NO and NO2 as function of the gas flow rate in dry

air (Expt. #3). The concentrations of NO and NO2 decreased with increasing the gas flow rate

due to decreasing residence time of the gas in the reactor. The ratio of N0/(N0+N02)

decreased slightly from 0.76 to 0.73 with increasing the gas flow rate from 2 to 5 L/min (Fig.

9).
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Fig. 8. Dependence of NO and NO2 concentrations on Fig. 9. Dependence of NO/(NO+NO2) on the gas flow
the gas flow rate. Conditions: Expt. #3 of Table 1. rate. Conditions: As in Fig. 8.

Figure 10 shows the concentrations of (a) NO and (b) NO2 as a function of the pulse

repetition rate for different capacitances (Expt. #4 of Table 1). The maximum pulse repetition

rate was limited by relationship a capacitor and a dc power supply (3 mA) used. The

concentrations of NO and NO2 increased linearly with pulse repetition rate (Fig. 10). The

concentrations of NO and NO2 were higher for higher values of the charging capacitance

(higher input energy) at a fixed pulse repetition rate. Figure 11 shows the ratio of

NO/(NO+NO2) as function of the pulse repetition rate for different capacitances. This ratio
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initially increased with increasing pulse repetition rate until it saturated at 0.77 for all

capacitors.
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Figure 12 shows the dependence of the concentrations of (a) NO and (b) NO2 on the

consumption of average power of the dc supply for different capacitances (Expt. #4 of Table

1). The consumption power (P, in W) was obtained from,

= -xCxV2xf (2)

where V and/are the charging voltage to the capacitor (in kV) and the pulse repetition rate (in

pps).

It will be observed from Fig. 12 that for a given concentration of NO the power

requirement decreased with decreasing capacitance. Therefore a smaller capacitance led to

higher energy efficiency for NO production system. The ratio of N0/(N0+N02) increased

with increasing the consumption power from about 0.55 at 0.9 W to 0.77 at 7.0 W and higher

(Fig. 13).
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c. Assessment of the NO reactor system

Figure 14 shows the dependence of the concentrations of NO and NO2 on time

subsequent to the application of the pulsed power to the reactor including the passage of the

gas mixture over a heated Mo. (Expt. #5 of Table 1). The condition of this experiment was

chosen due to yield the highest concentration and energy efficiency of NO. It will be observed

from Fig. 14 that the concentrations of NO and NO2 increased rapidly following the starting

of the pulsed discharge and soon became constant. In the next step, the gas was passed over a

heated molybdenum (NO2 converter) and the concentration of NO increased while that of

NO2 decreased. The concentrations of NO increased from 455 to 540 and that of NO2

decreased from 138 to 48 ppm. The concentration of O3 and brass particle having diameters

over 0.3 urn were zero and less than 1.39 |ig/L, respectively measured at the location of the

gas analyzer. The brass particles could be removed using a filter. The final ratio of

NO/(NO+NO2) was 0.92. This ratio might be made to reach 1.0 by having a longer contact

time between the gas mixture and the heated molybdenum.
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IV. Conclusions

NO discharge reactor system suitable for medical applications which uses a pulsed arc

discharge was studied. The results are summarized as follows:

1) The present NO reactor system was more compact than earlier systems.

2) The concentration of NO was controlled by adjusting the outlet pressure of the gas

mixture, the gas flow rate and the discharge energy (the charging capacitance and

the pulse repetition rate).

3) The concentrations of O3 was zero.

4) The highest concentration of NO obtained was 540 ppm in dry air.

5) The lowest concentrations of NO2 obtained passing the gas over the Mo converter

was 48 ppm in dry air.
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A STUDY OF TRANSIENT CARRIER MEASUREMENTS IN PIN
POWER DIODES BY INFRARED LASER PROBING

K.Yasuoka, N.Maeda, H.Matumoto, S.Ibuka, and S.Ishii

Dept. Electrical and Electric Engineering, Tokyo Institute of Technology,
2-12-10-okayama Meguro-ku, Tokyo,!52-8552, Japan

ABSTRACT

A measuring system has been developed for evaluating the distribution of excess
carrier density in silicon power-devices. This system is based upon measurements of
free carrier absorption transients in a silicon wafer by an infrared laser beam. Fast,
precise and direct measurement is possible during the turn-on process of devices. The
time resolution is estimated to be 5.1nsec through the measurement of the excess
carrier density generated by a pulsed YAG laser beam. The spatial resolution is
calculated to be 35u,m by a ray-tracing method. A small portion of a high voltage PiN
diode is used as a sample for evaluating the behavior of excess carrier density during
the turn-on and turn-off periods. The pulsed YAG laser beam of 6.0mJ turns the
diode on within 50ns at the reverse voltage of 35V. The uniformly formed excess
carrier of about 1018cm~3 is observed. The measured distributions of carrier density
both in turn-on and off periods show almost similar behavior to the profiles
calculated by a 2D simulation code.

I. Introduction
Because of the -cliability, compactness and long lifetime, power semiconductor devices

are widely used in a field of pulsed power technology. ^ Required current-switching ability is
over 100kA/^sec. In such condition, the switching characteristics of the power semiconductor
devices are greatly influenced by the carrier lifetime, carrier distribution, carrier number
density, and carrier drift phenomena in the depletion layer. The 3D simulator to analyze the
carrier behaviors is now available, however, the experimental results on temporal and spatial
carrier behavior will give important information for developing semiconductor power devices.
We have developed the measuring system for analyzing the transient carrier distribution in
semiconductors using a free carrier absorption method (FCA).2>>

II. Free Carrier Absorption Method
The probing of the excess carrier density generated within silicon wafer is achieved by

using a semiconductor laser beam at 1.55[im wavelength. The schematic drawing of the
principle of FCA (Free Carrier Absorption) method is shown in Fig.l. The photon energy of
the beam is smaller than the Si band-gap (1.12eV). In Fig.l(a), the probe beam intensity /
decays within the sample due to absorption from free carriers according to equation (1).

/ 0 = / e x p { - a 0 - J } , (1)

where /0 is the incident beam intensity, d the sample thickness and a0 is a constant
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absorption coefficient related to doping density.
The excess carriers are generated within the sample by an optical pulse that has the photon
energy above band-gap energy of Si, or a current pulse flowing through the device. The
incident beam decays with equation (2). aFCA is the absorption coefficient which related to

'FCA

A-
©
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©

©

®

/r
©

©

©

©
©

©
®

©

/ " /

(a) (b)
Fig. 1. The decay of probing beams by the dopant induced free carriers (a) and by the

excess carriers generated by external optical beams or current (b).

the density of free excess carriers generated in the wafer.

IFCA=Iexp{-(a0+aFCA)-d}

From equation (1) and (2), the absorption coefficient is obtained :
(2)

aFCA = In (3)

Usually, a linear dependence is assumed between aFCA and excess carrier density An

with constant o
An = a • aFCA • (4)

We have adopted a value 8.14 x 10 18 cm2 at 1.55|i,m wavelength.3)

III. Measurement system
The carrier density in a power device varies rapidly within a few nano second in a pulsed

operation. To understand the phenomena on the turn-on process a fast and high precision
system for measuring the temporal carrier density is required. Figure 2 shows the
experimental setup for the FCA method. Fast InGaAs photo detector (G3476, Hamamatsu
Photonics) which has 5.0nsec time-response at 1.55nm and oscilloscope (TDS3052,
Tektronix) are used for measuring the intensity of probing beam. The overall response-time of
this system is calculated to be 5.1nsec, which is enough to evaluate the turn-on phenomena of
power devices.

The measured samples are silicon wafers and silicon PiN diodes. For the silicon wafers,
the excess carrier is generated by irradiating an yttrium-aluminum-garnet (YAG) laser at the
fundamental wavelength of 1.06|am. A pulsed voltage is applied to the PiN diode. The
fundamental wavelength of YAG laser almost coincides in photon energy with the Si band gap.
The calculated carrier distribution in the sample suggests that the sample is homogeneously
excited by the laser beam.
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Typical waveform of the YAG laser pulse is shown in Fig.3 with the measured and
calculated excess carrier densities. The beam energy at the silicon wafer is 18mJ. The
calculated carrier density is obtained by the integral of the output voltage from the photo
detector-2 by equation (5). The constant A in equation (5) is adjusted to fit the calculated
curve to the measured curve.

An =

Laser diode silicon wafer/
1 55u/n l e n s 1 P'n d i o d e

dt

lens 2 photo detector-1

(5)

photo
detector-2

• ' •

•••••' ! n

$ 0

aperture 2

Plulsed
voltage
source

YAG Laser Oscilloscope

Fig. 2. Experimental setup for FCA technique.

The both curves agreed well by time 120nsec, because the attenuation term by the
recombination is not contained. The carrier density reaches maximum at time 130 nsec after
the irradiation of YAG laser with pulse width of 50nsec FWHM. The carrier slowly decreases
for about 10|j,sec. In the build up time, the decrease of carrier by the recombination could be
disregard by the comparison to the formation. From these results, the high-speed
measurement is possible to carry out using the system.

• . . - 0

[xlO18]

i

•3

a

u50 100 150

Time [ns]

Fig. 3. YAG laser waveform, calculated and measured carrier density in a silicon
wafer by FCA method.

IV. Experimental Results
The carrier number density is measured in a PiN diode of 2mm width lmm length

0.47mm height, which is cut off from a power diode. The sample is shown in Fig.4.

- 1 0 3 -



Top Electrode

1mm

Fig. 4. Sample Diode

The A-K distance of 470^im is smaller than the beam size of probing laser which has a beam
shape of ellipse with 4.3 mm x 2.0mm. Beam trajectories at 90° incident angle for a probe
beam are calculated as a function of the distance of traveling direction for three different focal
lengths of lens as shown in Fig.5. The Gaussian beam is assumed in the calculations.

E

cd

'S
E
CO-u

oa

0

-100

lmm

Sample

1

/ ' ' "

F=15mm
•F=35mm
•F=50mm

Fig. 5.

-2000 -1000 0 1000 2000
Distance [urn]

Calculated beam trajectories at 90° incident angle for a probe beam.

Inside the silicon wafer, the beam profile seems to be nearly uniform with the focal length of
35 or 50mm. The lens with shorter focal length diminishes the beam waist only at the focal
point but shows non-uniform profile. From Fig.5, the beam size in the silicon is estimated to
be 35 X 16(o,m with f=35mm lens.

Figure 6 shows the applied square pulse current of 30^is in forward direction for
generating excess carrier in PiN diode. The diode seems to be filled with excess carriers
within 5^sec. However, the measured temporal change of the excess carrier density shows the
lack of excess carriers especially near the p+ layer at 5^sec. Carriers gradually increase and
saturate at 30(j,sec as shown in Fig.7. Figure 8 shows the simulation results by 2D simulator
calculated with the same doping profile of sample diode. Experimental and simulation results
show the equal tendency that the carrier density is high near the p+ and n+ layers and low at
the center part of n" region. The increasing behavior is almost same in both rsults. However,
there are some differences between experimental and simulation results. The increasing
velocity of excess carriers especially in p+ side of the diode is much lager in experiment and
the excess carrier-distribution at both sides of PiN diode is almost same for experimental data
but different for simulation results.
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Fig.6. Voltage and Current waveforms applied to the sample PiN diode.
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Fig.7. Measured temporal carrier distribution within PiN diode.

Fig. 8 Carrier density profiles by 2D device simulator.
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The PiN diode used in this study is not a fast switching type but a high voltage resistance
type so that the fast generation of the excess carrier is simulated by a photo excitation with
YAG laser. Such method is equal to make an optically triggered semiconductor switches
which have the very fast turn-on characteristics. The fundamental wave of the YAG laser
beam of 6mJ is irradiated on the sample diode which is inversely biased to 35V. The
switching waveforms are shown in Fig. 9.

80

60

40

o

20

1 1 1 1 1

400

200

400

-200 d > 10

-400

Time [10[xs/div] Time [lOOns/div]

(a) (b)
Fig.9 Voltage and current waveforms for photo triggered PiN diode.

The turn-on time is around 50ns after irradiation of laser beams as shown in Fig.9(b) which is
a enlarged view of Fig.9(a). The turn on time is not influenced by the laser intensity of
reversed voltage because the rise time of the laser beam is limited to be 50nsec. The turn-off
time is a few tens |a-sec which is controlled in diffusion process. The carrier distribution after
200ns from a YAG laser irradiation is shown in Fig. 10. It is proven that the carrier of about
1018cm~3 has been uniformly formed in PiN diode.

-a

U

10l

10

I I I

o oo ° o o

[50nm/div]

p+ n - n+

Fig. 10 Carrier distribution in the turn-on process in optically excited PiN diode.

Figure 11 shows the carrier distribution in the turn-off process after irradiation of laser beam
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at 0,l,3,9^sec. The rapid decreasing of carrier density is observed near the p+ layer. In
comparison with the steady state, the carrier distribution obtained by the simulator at reverse
biasing 35V is shown in Fig. 12, the low concentration part corresponds to the depletion layer
around S0[im apart from the p+ layer. Therefore, the turn-off process starts at the time in
which the resistivity of depletion layer becomes high by the extinction of the carriers. The
turn-off time depends on the carrier emission rate in depletion layer, and is possible to
decrease by shortening the length of depletion layer by applying high reversed voltage.
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Fig.ll Measured carrier behavior during turn-off process.
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Fig.12 Simulated carrier density and depletion layer at reverse biased voltage.
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V. Conclusion
The measuring system for the transient carrier in power devices has been developed by

using a direct probing method with infrared laser. This system is based upon the FCA
technique in which carrier density is obtained from the intensity ratio of output beam and
incident beam. The time resolution is estimated to be 5.1nsec through the measurement of the
excess carrier density generated in a silicon wafer that is irradiated by a pulsed YAG laser
beam. The spatial resolution in a silicon wafer is calculated to be 35fAm by a ray-tracing
method that shows the beam profile in it. A small portion of high voltage PiN diode is used as
a sample for evaluating the time dependences of excess carrier density during the turn-on and
turn-off periods. The pulsed YAG laser beam of 6.0mJ turns the diode on within 50ns at the
reverse voltage of 35V. The uniformly formed excess carrier of about 10 cm" is observed.
The measured distributions of carrier density both in turn-on and off process show almost
similar behavior to the calculation results by a 2D simulator. The obtained date shows the
usefulness of this direct measuring system for understanding fast switching process of
power semiconductor devices.
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SIMULATION OF NON-LINEAR COAXIAL LINE
USING FERRITE BEADS

S.Furuya, H.Matsumoto, S.Takano and J.Irisawa

Nagaoka University of Technology, Niigata, 940-2188, JAPAN

ABSTRACT

A ferrite sharpener is a non-linear coaxial line using ferrite beads, which

produces high-voltage, high-dV/dt pulses. We have been examining the

characteristics of ferrite sharpeners experimentally, varying various

parameters. In this report, we made the simulation of the ferrite sharpener

and compared the predictions with the experimental results in detail to

analyze the characteristics of the sharpener. As a result, the results of

simulation are in good agreement with the experimental results.

1. Introduction

High-voltage, high-dV/dt pulses are necessary to drive pulsed laser, Pockels cell, pulsed

radar and to control electron beam. There are various methods to produce high-dV/dt pulses;

non-linear transmission line using ceramic capacitors^, pn-junction diodes^ and ferrite(3).

Among them non-linear coaxial line using ferrite beads is superior to the others with respect

to low cost and simplicity of structure. Therefore, we have been examining the characteristics

of ferrite sharpeners, non-linear coaxial lines using ferrite beads, experimentally, varying

various parameters. We have obtained pulses which have high dV/dt of 12kV/ns and

open-ended peak voltage of 4 5 ^ ^ .

In this report, we made the simulation of the ferrite sharpener to analyze the

characteristics of the sharpener along with Ref.5. Then we compared the predictions with the

experimental results in detail. As a result, the results of the simulation are in good agreement

with the experimental results.

In Sec.2, the experimental setup of the ferrite sharpener is described. In Sec.3, the

equivalent circuit of the ferrite sharpener is presented. In Sec.4, the results of the simulation

and discussion are described. Finally, the results of this report are summarized in Sec.5.
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2. Experimental setup

Fig. 1 shows the structure of a ferrite sharpener, which is a non-linear coaxial line using

ferrite beads. A peace of ferrite bead is nickel-zinc ferrite bead TDK-HF70BB. The outer and

inner diameter of a bead are 5.0mm and 2.0mm, respectively, and its length is 5.0mm. The

impedance of the sharpener after ferrite saturation is designed to be approximately 50D. The

principle of the sharpener is illustrated in Fig.2. As shown in the figure, an input voltage pulse

dissipates its front, propagating in the sharpener. Then the input voltage pulse is steepened at

the end of the sharpener. The rise time and peak voltage of the input pulse are approximately

40ns and 20kV, respectively. Typical output waveform of open-ended ferrite sharpener is

shown in Fig.3. The rise time and peak voltage of the pulse are 2.4ns and 45kV, respectively,

so high dV/dt of 12kV/ns is achieved. Voltages are measured by Tektronix high voltage probe:

P6015A and Hewlett Packard digital oscilloscope: HP54510A.

Ferrite beads Braided outer conductor

Center conductor Dielectric

Fig. 1 Structure of ferrite sharpener

Insulator

Input

Fig.2 Principle of ferrite sharpener

time [lns/div]

Fig.3 Output waveform of ferrite sharpener
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3. Equivalent circuit of ferrite sharpener

Along with Ref.5, we made the simulation of the ferrite sharpener to analyze the

characteristics of the sharpener. The equivalent circuit of the sharpener is derived as follows.

Current equation of the sharpener is the same as a usual transmission line.

dI/dz = -C*dV/dt (1)

where Co is the capacitance of the sharpener per unit length. The magnetic flux <fi of the

sharpener is

= LJ (2)

where Lo is the inductance of the sharpener per unit length after ferrite saturation. rm and ri are

the outer and inner radius of the ferrite bead, respectively, and M is the magnetization of the

bead. If we assume that Mis independent of the radius and is constant, eq.(2) becomes

(f> = Ld + /joM(r* -r) (3)

So voltage equation of the transmission line is

dV /dz = -d<f>/dt = L°dl /dt + jUo(r»-r,)dM /dt (4)

From eq.(l) and (4) the equivalent circuit of the sharpener is derived, as shown in Fig.4.

Voltage sources in the figure are respond to the product of Az and the second term of eq.(4).

dMIdt is obtained from Landau-Gilbert equation as below.

dt
2

6V

M2'
(5)

where Sw is a switching coefficient of the ferrite used and H is the magnetic field. Ms is the

saturation magnetization of the ferrite used.

VI V2
LoAz/2 <z~ Lo A

Vn
Lo Az LoAz/2

Fig.4 Equivalent circuit of ferrite sharpener
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4. Results and discussion

• We assume B-H curve as shown in Fig. 5. From the catalog, relative permeability at H=0

and saturation magnetic flux density are 1500 and 0.28T, respectively. According to Ref.6, the

switching coefficient of nickel-zinc ferrite is 0.25 or 0.51 oe*u.s. In simulation, time step At is

lps and the sharpener is divided into 100 sections. The input voltage waveform of simulation

is fitted to that of experiment. The output terminal is loaded with a 50D resistor.

Figure 6 shows the rise time of the output voltage pulse of the sharpener when the length

of the sharpener is changed. The prediction with 5»/=0.25 is in better agreement with the

experimental results than that with Sw=0.5\. The prediction agrees with the experimental

results when the sharpener is long, however, neither it does when the sharpener is short.

Figure 7 shows the rise time of the output voltage pulse of the sharpener when the bias

current to the ferrite beads is changed. The direction of the bias current is opposed to that of

the input pulse. The prediction with S^—0.25 is in better agreement with the experimental

results than that with iSV=0.51, the same as Fig.6. The prediction agrees with the experimental

results when the directions of bias current and input pulse are different, however, neither it

does when the directions are same.

B[T]
A

Bs=0.28

a

b

a
= 1500 =

• H
[A/m]

2nr
rn

Fig. 5 Modeling of B-H curve
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5. Conclusion

A ferrite sharpener is a non-linear coaxial line using ferrite beads, which produces

high-voltage, high-dV/dt pulses. We have been examining the characteristics of ferrite

sharpeners experimentally, varying various parameters. In this report, we made the simulation

of the ferrite sharpener and compared the predictions with the experimental results in detail to

analyze the characteristics of the sharpener. As a result, the results of simulation are in good

agreement with the experimental results, however, neither it does when the length of the

sharpener is short or the directions of the bias current and input voltage pulse are same.
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Abstract

The energy loss processes in the Mather-type plasma focus discharge,

especially in the phase before pinch, were studied. In the previous plasma

focus experiment using two types of cathode electrode — sixteen copper-bars

arranged along the envelope of cylinder and a conventional cylindrical tube,

the neutron yield at the optimum pressure was three times higher in the former

cathode than in the latter. The reason resulted from that the energy loss was

enhanced in the latter cathode.

1. Introduction
The hot, dense plasma produced in plasma focus emits intensive X-ray and also neutron

fluxes when deuterium gas was used. In devices with medium discharge energy, the scaling

law on the neutron yields versus discharge energy and/or maximum current holds

independently of details of devices under an optimum condition*-1^ ^ . The optimum

condition depends on the discharge voltage, the capacitance, the gas pressure and the

electrode parameters. It is well known that the anode length and diameter are important

parameters that determine the pinch time and the neutron yield. On the other hand, the

cathode parameter has been considered to have only minor influence on the plasma focus. In

our previous experiment^, however, it was shown that the bar cathode gave larger neutron

yield than the tubular one.

The optimum condition for each device is, to speak roughly, obtained by pinching the

plasma in front of the anode at the phase near the current maximum, in other words, by

concentrating the discharge energy in the pinch region. When the strong focus occurs, the
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impedance of the pinch region extremely increases, and the circuit energy concentrates there.

This is the reason why the scaling law holds independently of the details of devices. The

scaling laws obtained so far, however, include some ambiguities. They base on the results of

different devices, and give only roughly the tendency, which spread around the scaling laws.

The results obtained in our previous experiments, that is, the cathode structure dependence,

are masked in the scaling laws. The purpose of the present paper is to clarify the cathode

effects in plasma focus discharges.

2. Summary of Previous Experiments
2.1 Experimental Setup

The experiment was carried out using

the Mather-type plasma focus device (see

Fig.l. The capacitor bank (22.5 \i¥) was

fired at 25 kV. Two types of cathode

electrode were used: (I) the cathode

consisted of sixteen bars arranged

cylindrically and (II) the cylindrical tubular

cathode. The anode was 35 mm in diameter

and 120 mm in length. The cathode was 80

mm in inner diameter and 80 mm in length.

The current I and dl/dt were measured by

Rogowskii coil. The neutron yield was

measured by the silver activation type

detector. The detector was calibrated using

Am neutron source to obtain the absolute

value.

Figure 1. Schematic diagram of the device,

(D Anode, (2) Pyrex glass, (3)

Polyethylene, ® One part of

Cathode, (5) Cathode and (6)

Vacuum Chamber

2.2 Experimental Results
The typical signals of/ and dl/dt are shown in Fig.2. The neutron yields versus

filling pressure are given for both types of cathodes in Fig.3. Table 1 shows discharge

parameters in the case that the anode was artificially short-circuited by a copper plate

placed on the top of the cathode. The current reaches its maximum /„, at tm, and

7]/4, L and R are the quarter period, the inductance and the resistance in this

short-circuited discharge, respectively. When the circuit resistance is assumed to be

zero, the maximum current shouid reach 70. The discharge parameters for the focus

discharge optimized by neutron yield are displayed in Table 2. The experimental

results are summarized as the following:
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(1) The neutron yield is higher in the bar cathode than in the tubular one.

(2) The short-circuited current is lower in the former.

(3) In spite of it, the maximum current in focus discharge (the current just before

pinch) is higher in the former.

(4) The optimum pressure is higher in the former.

w
4-
C

r i

(a) Bar Cathode
(b) Tubular Cathode

riae(V sec)

Fig.2 Typical current I and dl/dt signal in

the bar cathode

4 6 8 10 12 14 16 18 20

D; Gas Pressure (Ten)

Fig.3 Neutron Yield vs. Gas pressure

Table 1. The discharge parameters at each optimum condition

Short-Circuited
at Top of Anode

Tubular
Cathode

Bar Cathode

W
(kJ)

7.03

7.03

Uo
(kV)

25

25

C
(nF)

22.5

22.5

Im

(kA)

350

321

Io
(kA)

636

543

tm

( M S )

135

1.57

T,,4

(MS)

139

1.62

L
(nH)

34.8

47.7

R
(mfl)

30.7

31.9

The inductances of discharge region in short-circuited discharge are given as

ubular
2TC a

for the tubular cathode and

L'Bar

b 1 , b 1
In —H—In —

a N d 2N
\n2N + 3 -

V

for the bar cathode (see Appendix). They are 19.8 nH and 21.4 nH for the present
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experimental parameter, respectively. This supports the above result (2). Zero
inductance (when the cathode is connected to the anode at the bottom) is obtained
subtracting this inductance of the discharge region from the short-circuited inductance
of Table 1. The values derived by both tubular and bar cathodes should be the same
with each other, but some discrepancy exists between them. This shows that the
discharge was not carried out under completely same conditions. However, the
discrepancy is too small to change the present considerations.

Table 2. The results of focus discharges at the optimum condition

Type

Tubular
cathode

Bar
cathode

W(kJ)

7.03

7.03

Uo(kV)

25

25

C(jzF)

22.5

22.5

P (torr)

2.5

4.5

tP (us)

134

1.62

Ip(kA)

168

211

Ip/Im

0.48

0.67

Yield
Per shot

3.6x10*

1.2xlO9

The facts (2) and (3) show that the maximum plasma current, just before the
radial pinch starts, was lower in the tubular cathode than in the bar cathode, in spite
that the maximum current in the short-circuited discharge in Table 1 is higher in the
former. These facts mean that the energy loss in the phase preceding the pinch is
considerably high in both case (the ratios of the maximum plasma current to the
short-circuited current were 0.67 and 0.48) and that it is higher in the latter. Most of
previous papers did not give this ratio explicitly except the paper that gave the ratio
Ipl/m = 0.44 for the tubular cathode(4). This ratio is consistent with the present

results given in Table 2. The facts (1) - (3) show that the neutron yield does not
correlate with the maximum short-circuited current or the bank energy, but with the
plasma current just before pinch. The fact (4) means that high initial pressure in the
bar cathode corresponds to low one of the tubular cathode, if a similarity holds
between them.

3. Discussions
We are interested in why the energy is dissipated intensively in the phase

traveling around the anode along the axis and also much more intensively in the
tubular cathode, and why the optimum pressure is higher in the bar cathode. The
ratios of the maximum plasma current to the short-circuited current give a measure of
energy loss. We can consider that the inductance in the short-circuited discharge is
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nearly same with that before pinch in the present case. When we suppose that all

capacitor energy is concentrated on the circuit (or the inductance), the ratios of the

energies lost before pinch to that of the short-circuited discharge result in about 0.23

for the tubular cathode and 0.45 for the bar one from Table 2. The ratios of the energy

lost before pinch to the bank energy (the square of Ip/I0) are about 0.070 (that

corresponds to 0.49 kJ) for the tubular cathode and 0.15 (that corresponds to 1.1 kJ).

Surprisingly most bank energy was lost before pinch in both cases. Especially, it is

only about 0.5 kJ that contributed to plasma focus in the tubular cathode. It will be

important to dimmish this loss in order to improve the capability of plasma focus

devices. The scaling law shows that neutron yield is nearly proportional to the square

of the discharge energy. This means that the neutron yield increases to about 200

times in the tubular cathode, if no energy was lost before pinch.

Figure 4 shows a typical picture in the traveling phase that was obtained for the

tubular cathode on the bases of the ideal MHD simulation. This picture shows that

most gas around the anode is compressed to the inner surface of cathode after ionized

and heated, and that the plasma contacts to the cathode in wide region. The energy to

heat all the gas between the anode and the cathode to 10 eV is about or less than 100

Joule. Hence, most energy would be lost due to thermal conduction or due to ablation

of the surface material of electrodes. The dissipation depends on resistance for a fixed

total current. It seems that the increasing contact area makes the resistance (and the

current density) decrease. However, the plasma temperature decreases in low current

density, that is, the resistivity increases. The thickness of low temperature plasma

near the cathode increases with decreasing current densitv. For the fixed total current,

the increasing contact area does not necessarily make the resistivity decrease, but

rather increase m some conditions.

Fig. 4 Typical picture of the plasma motion obtained in the simulation based on the

ideal MI-ID.
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In the plasma sheet compressed near the cathode, the joule heating and the

thermal conduction are estimated as

3 / 2 -2 —rr>
3 / V ~y\Tm

1 d dT
rK —

r dr dr

3T
——rnT3'2 Kn
r dr dr

l n T 7 / 2T l n —T 7 / 2 T
T7« •» ~ '•out —„ •'•in

52 52 '

where r\ (= r\T~il2), K (= KnTx'2), Tin, 7^, ( « 7]n), n and 5 are the resistivity, the

thermal conductivity, the temperatures of plasma sheet at both anode and cathode

sides, the characteristic density and thickness of the sheet. In the quasi-steady state

where the joule heating nearly equals the thermal conduction loss, we obtain the

relation

ty-w-r7-1"7-1 •
Therefore, the total dissipated energy is estimated as

7 / 2

STJ12 5
This means that the total dissipated energy increases with the contact area and the

density, if Tin7'2 /5 does not decrease so much.

No simulation was carried out for the bar cathode. We can expect that the plasma

escapes through between bars on the way moving along the axis in this case. The

plasma moves to the tip of anode, forming a thin sheet. Most current flows through

this plasma sheet. The contact area and the plasma density near the cathode are

smaller. As a result, the energy dissipation will be smaller in the bar cathode than in

the tubular cathode.

When the contact area decreases extremely, however, the dissipation will increase

as the ablation become dominate. As an example, we can cite the conventional anode

structure of focus devices. The hole is bored at the tip of the anode in plasma focus

devices to avoid the current concentration that ablates anode material from its surface,

and that decreases neutron yield (see Fig 1). In order to minimize the dissipation, it is

necessary to understand the interaction between plasma and electrodes.

4. Conclusions
The experimental result that the energy dissipation is lower in the bar cathode

than in the tubular cathode is interpreted as the following:

(1) The dissipated energy increases with the contact area between the plasma and the

cathode, and with the plasma density near the cathode.

(2) Both contact area and density are considerably smaller in the bar cathode than in

the tubular cathode.

-120 —



(3) This results from the fact that the plasma can escape through between the bars in

the former.

(4) The result that the optimum pressure is higher in the bar cathode suggests the

existence of escaping plasma, and seems to support the above considerations.

It is crucially important for improving the capability of a plasma focus device to

decrease dissipation during the phase moving around the anode. If we eliminate this

dissipation in a device with tubular cathode, we make the neutron yield increase more

than an order.

On the basis of the experimental results in Sec.2 and the discussion in Sec.3, we

conclude the following general guiding principles for improving plasma focus

devices.

(1) To adapt electrode structures, such as the bar electrode, that decreases the energy

dissipation. Especially, the cathode structure is important, because the plasma

accumulates near the cathode.

(2) To decrease the length of electrodes for decreasing the interaction between the

plasma and electrodes.

(3) To increase the optimum pressure without spoiling uniformity of discharge.

Higher optimum pressure permits to decrease the electrode length.

(4) To increase the discharge voltage because of the same reason with (3).

(5) To decrease the resistance floating in the discharge circuit except the discharge

region.

The number of bars, cathode length and diameter will also have some effects. It

may also be useful to adapt a bar anode. The bar anode will hardly affect the energy

dissipation before pinch (see Fig.4). However, the bar anode makes the plasma

density on the anode surface decrease. In addition, the inductance between the anode

and cathode decreases if the plasma escaped between the anode bars changes the path

of return current to the vicinity of anode. As a result, they will be able to enhance the

focus.
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Appendix
The inductance of tubular cathode is easily given approximately by

tubular = ~ ' n

27t a

where a, b and i are the anode radius, the cathode radius and the length of anode.

On the other hand, the inductance of bar cathode is a little troublesome.

The vector potential of a bar-cathode array consisted of N bars arranged with

the angle 2K IN on the cylindrical surface of radius b is given by

, . _ r2+b2-2brcoslQ-2nV

4TCv=l

471

2JV +b2N -2bNrN cosMl l
J

- > — - cosnNQ

, B V

logr-X-^- - ™snNQ

for r < b

for r > b

where / = M, is the total current. We have to add the contribution Aa of anode to

the vector potential, and that Aimage of image current obtained from the condition that

the field should not exist inside of the anode

Aa =-£2— logr for r>a
2K

— cos nNQ for r> a2 Ib

Thus, we obtain as the inductance of bar cathode configuration

•"•Bars ~ "-b + Amiode + Ainlage

for a <r <b

for r>Z>

The magnetic field is easily derived from (Br,BQ) = ((\/r)dABar/dQ, -dABarldr).

Integration of magnetic energy over whole space naturally diverges. The

magnetic energy inside all bars is subtracted from this integration. We approximate it

at the energy generated inside tube of radius d by a solitary straight wire. Then, the

inductance of this system is approximated as
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After lengthy calculation, we obtain

ar 2n
+ in
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a
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rdr
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CHARACTERITICS OF ION BEAMS PRODUCED IN A PLASMA
FOCUS DEVICE

K. Takao, M. Shiotani, S. Hirata and K. Masugata

Faculty of Engineering, Toyama University, 3190, Gofuku, Toyama 930-8555, Japan.

ABSTRACT

The characteristics of the nitrogen ion beam produced in a plasma focus device have been
studied experimentally to apply the beam to material processing. In this application, the purity of
the ion beam is very important. To clarify the mechanism of the production of impurity ions, two
types of anode (rod type: type A, hollow type: type B) were used. In the experiment, a Mather
type plasma focus device was used with a capacitor bank of 43.2uF. The bank was charged to 30
kV giving peak discharge current of 550 kA. To produce nitrogen ions, the device was pre-filled
with N2 at 5.5 Pa. Ion species and their energy spectra were evaluated using a Thomson parabola
spectrometer (TPS). With type B anode, we have obtained a nitrogen ion beam of 90.5 %,
whereas with type A anode the purity was 26.5 % and copper ion was observed as impurity.

I. Introduction

Plasma focus devices are known to produce high-energy, highly bright pulsed ion beams with
energy of more than lMeV15. Basically, ion species of the beam depend on the pre-filled gas.
Therefore, the choices of the ion specie will be extended widely, and they are useful as a pulsed
ion beam source.

The ion beams produced in the plasma focus device have been applied to material processing2)'
3), and expected to be applied to a semiconductor process to implant dopant ions. When pulsed
ion beams are applied to semiconductors, a high degree of purity of the ion beam is especially
needed.

Pulsed ion beams produced in a plasma focus contain impurity ions"'4). These impurity ions
seem to originate from the gas adhered on the electrodes. However, the physical mechanism of
the production of these ions remains unclear.
In this study, we have evaluated the dependence of ion beam characteristics on the electrode

shape to produce pure ion beams. Two- types of anode (rod type: type A, hollow type: type B)
were used. Ion beams were measured by using an ion pinhole imaging system, a Thomson
parabola spectrometer, and a biased ion collector. Pinhole images, ion current densities, energy
spectra, and ion composition ratios have been compared on both of anodes.

II. Experimental apparatus

A. Plasma focus device
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Figure 1 shows a schematic of the experimental system. The electrode chamber and the
analyzer chamber were separated by a partition plate, which had a pinhole for introducing ions.
In the experiment, we used a Mather-type plasma focus device. The device was operated by a
capacitor bank of 43.2 ^.F. The charging voltage of the capacitor bank was 30 kV. The electrode
chamber was evacuated below 1.5x10" Pa, and pre-filled with N2 at 5.5 Pa to produce nitrogen
ion beams. On the other hand, the analyzer chamber was differentially pumped to 1.0 x 10"3 Pa.

Gas inlet Pinhole To pump

Electrode chamber Analyzer chamber

Fig. 1 Schematic of the experimental system.

43.2 uF.
30 kV

B. Electrode

We used two-types of inner electrodes (anode) to evaluate the influence of the anode shape on
the characteristics of ion beams. Figure 2 shows schematics of the top of anodes. Type A is a
rod type. It has a rod of 14 mm in diameter and 13 mm in length on the hemispherical shape
anode. This shape is expected to be enhanced the stability of the position of the focused plasma.
Type B is a hollow type, and has a hollow of 40 mm in diameter and 20 mm in depth on the top
of the electrode. The length and diameter of both anodes are 280 mm and 50 mm, respectively.
The outer electrode (cathode) is squirrel-cage type and the length and the diameter are 250 mm
and 100 mm, respectively.

50 40

20 i
unit: mm

Type A ( Rod type ) Type B ( Hollow type )
Fig. 2 Schematics of the top of anode.
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C. Measurements

The biased ion collector (BIC) was used to measure the current density of the ion beams. The
electrode of the BIC was made of brass, 45 mm in inner diameter and 40 mm in depth, and
installed just behind the pinhole. Therefore, the BIC measured the ion current density at z = 218
mm from the top of the anode. As ion beams were neutralized, the BIC was biased at -1 kV to
eliminate electrons.

The ion pinhole imaging system was used to obtain the radial distribution of ions and to
evaluate the production pattern of the ion beams. We used the CR-39 track detector as an ion
detector. The CR-39 was placed 100 mm downstream from a pinhole.

The Thomson parabola spectrometer (TPS) was used to measure ion species and their energy
spectra. Figure 3 shows the schematic of the Thomson parabola spectrometer. It is constructed
of a first pinhole, a second pinhole, a magnetic deflector, an electric deflector, and the CR-39.
The diameters of the first and second pinholes were 0.21 and 0.1 mm, respectively. The ions
irradiated onto the first pinhole (located on the electrode axis) are collimated and led into the
magnetic and electric deflectors. The magnetic deflector comprises soft-iron pieces and a
permanent magnet. The size of the magnetic field and the gap length are 50 x 50 mm2 and 10
mm, respectively. The electric deflector comprises two plane electrodes (electric field area, 50 x
70 mm2, gap length, 10 mm). The applied magnetic and electric fields were 0.65 T and 10 kV /
cm, respectively.

Anode

second pinhole
0= 0.1 mm

Magnetic Electric
deflector deflector
(0.65 T) (llcV/cm)

CR-39

100 mm

y
50 mm 50 mm

200 mm

Fig. 3 Schematic of the Thomson parabola spectrometer

III. Results and Discussion

Figure 4 shows typical waveforms of the discharge current (Id) and the ion current density (J,).
In type A anode, the discharge current reaches the peak value of 550 kA at 1.35 us and drops to
400 kA at 1.6 us suddenly. It suggests that the focused plasma is formed and collapsed within
250ns. J, rises at 1.45 us sharply and a peak value of 1150 A/cm2 is observed with pulse width of
70 ns (FWHM). In type B anode, the discharge current reaches the peak value of 550 kA at 1.4
us and drops to 450 kA at 1.65 us. J, rises at 1.5 us sharply and the peak value of 900 A/cm2 is
observed with pulse width of 100 ns (FWHM). The difference of the pulse width between type A
and type B seem to be due to the difference of the energy range (it will be showed later on) and
affected by the time of flight effect.

- 1 2 6 -



u

s

1000

500

0

• shot No, 1879
Type A

J L ™ ns ]

,*——*-Sf T

I*1" »™»<—• P>II I—". ,

0 0.5 1 1.5 2 2.5
Time ( p s )

Fig. 4 Typical waveforms of the discharge current (Id ) and
the ion current density (J,) .

Figure 5 shows typical pinhole image of ion beams. The scale written in the figures is
converted at the top of the anode. As seen in the figures, production patterns are concentric circle
type and contain small spots both of anodes.

Figure 6 shows the track pattern obtained using the TPS of type A (shot No. 1988). As seen in
the figure, Cu+, Cu2+, O+, N+, C+, O2+, and N2+ were produced. We have not identified the trace
next to Cu2+, but it would be molecular ions. The energy range of nitrogen ion beams were
distributed from 0.4 MeV to 0.15 MeV. On the other hand, the energy range of copper ion beams
was distributed from 1 MeV to 0.5 MeV.

Figure 7 shows the energy spectrum of ion beams produced by type A anode (shot No. 1988).
The vertical axis indicates the number of ions per unit energy (dE) per unit solid angle (dfl) at the
second pinhole. In this case, dE is 0.1 MeV and dQ is 7.85 x 10" Sr, respectively. As seen in the
figure, N+ and O+ are almost same value at 0.2 MeV. On the other hand, the value of O1 is larger
than that of N+ after 0.3 MeV. The values of C+ are smaller than those of N* and O+ at each
energy. Values of doubly ionized ions of all ion species are less than those of singly ionized ions.
The spectrum of Cu+ has the peak value at 0.7 MeV. From fig. 7, an ion composition ratio for
type A anode was estimated to be N*'2 ': O t 2 + : C+: Cu+'2+ = 26.5: 49.0: 12.5: 12.0%.

Figure 8 shows the track pattern obtained with the TPS in case of type B anode (shot No. 1965).
As seen in the figure, O+, N+, C+, O2 , N2+, and N3+ were produced. However, oxygen and
carbon ions were very low compared with type A anode, and copper ions were not observed. The
energy range of nitrogen ion was distributed from 1 MeV to 0.2 MeV.

Figure 9 shows the energy spectrum of ion beams produced by the type B anode (shot No.
1965). As seen in the figure, the spectrum of N^ has a peak around 0.4 and 0.5 MeV and
decreases with increasing energy. On the other hand, the spectrum of N2+ monotomcally
decreases with increasing energy. The spectrum of N + is almost flat. The ion composition ratio
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for type B anode was N'T' '' "vl': O'' ': C ' ! = 90.5: 7.8: 1.7 %. in type B anode, the production of
nitrogen ion beams with high purity has been achieved.

50 mm 50 mm

Type A (Rod type ) Type B ( Hollow type )
Fig. 5 Typical pinhole image of ion beams.

N 0.15

0.2

0.3 -

0.4 " '
0.5 , ,

1
2 " ' ",-</,-

. ; . ; . ; . ; . ; . ; . ; . ; . ; . ; . ; . ; . • • .

Fig. 6 Track pattern obtained using the TPS of type A.
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Fig. 7 Energy spectrum of ion beams produced by type A.

N

>
CD
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0.15

Fig. 8 Track pattern obtained using the TPS of type B.
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shot No. 1965

0.3 0.4 0.5 0.6 0.7

Energy (MeV)

0.8 0.9

Fig. 9 Energy spectrum of ion beams produced by type B.

TV. Conclusion

The characteristics of the nitrogen ion beam produced in a plasma focus device have been
studied experimentally to apply the beam to material processing. In this application, the purity of
the ion beam is very important. To clarify the mechanism of the production of impurity ions, two
types of anode (rod type: type A, hollow type: type B) were used. In the experiment, a Mather
type plasma focus device was used with a capacitor bank of 43.2u.F. The bank was charged to 30
kV giving peak discharge current of 550 kA. To produce nitrogen ions, the device was pre-filled
with N2 at 5.5 Pa. Ion species and their energy spectra were evaluated using a Thomson parabola
spectrometer (TPS). With type B anode, we have obtained a nitrogen ion beam of 90.5 %,
whereas with type A anode the purity was 26.5 % and copper ion was observed as impurity.
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TIME RESOLVED MEASUREMENT OF SOFT X-RAYS
GENERATED FROM PLASMA FOCUS DEVICE
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ABSTRACT

We newly constructed a small plasma focus device, and investigated the
characteristics of it. Hydrogen gas was used as a working gas, and a small amount
of neon gas was mixed to the working gas. A time-resolved X-ray pinhole camera
was made, and was used to observe the pinched plasma. Several framing pictures
of the soft X-ray images were obtained with the time-resolved X-ray pinhole
camera, and one of them suggested occurrence of instability in the pinched plasma.

I. Introduction
The plasma focus device is well known as an inexpensive and compact source of intense

soft X-rays. It has been used for number of applications: soft X-ray microscopy1', soft X-ray
lithography2', X-ray backlighting for high-density plasmas3'. The soft X-rays ranged from
2.33 to 4.37 nm (so-called water window) are required for the soft X-ray microscopy, because
the soft X-rays ranged in these wavelengths are not absorbed by oxygen and are absorbed by
carbon; those can be used to observe living cells. We tried generation of the soft X-rays
ranged in these wavelengths by using a gas-puff Z-pinch device4', but the intensities of the
generated X-rays were very low. So we newly constructed a small plasma focus device as
the soft X-ray source.

A time-resolved X-ray pinhole camera5'6' usually consists of pinholes, a micro channel
plate with strip lines and a camera. Pulsed high voltages of which pulse widths are
approximately 1 nanosecond are applied to the strip lines. During the pulsed high voltages
pass through the strip lines, pinhole images of soft X-rays on the strip lines are amplified and
taken with the camera. This short shutter time is great advantage in investigations of the soft
X-rays generated in the plasma focus device,

We newly constructed a small plasma focus device, and investigated the characteristics
of it. Hydrogen gas was used as a working gas, and a small amount of neon gas was mixed
to the working gas. A PIN diode, a convex crystal spectrometer, a streak camera were used
to observe the pinched plasma. A time-resolved X-ray pinhole camera was made, and was
used to observe the pinched plasma. Several framing pictures of the soft X-ray images were
obtained with the time-resolved X-ray pinhole camera, and one of them suggested occurrence
of instability in the pinched plasma. The results of preliminary experiments are presented in
this paper.

II. Experimental Setup
Figures 1 show the schematic drawings of the experimental setup. Configuration of a

plasma focus device and an external circuit are shown in Fig. 1 (a). The plasma focus device
consists of an inner electrode, an outer electrode and an insulator. The outer electrode is
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Focused
phase

Co 11 apse
phase

Inner
electrode

Outer
electrode Run down

phase

Insulator Break down
phase

RAPcrystal

Be filter

Fast opening valve

(a)

Crystal spectrometer

Film

Time resoiuved
oinhoie camera

CCDcamera
PINdiode

Streak camera

(b)

Fig. 1 Schematic drawings of experimental setup; configuration of
plasma focus device (a), location of measurement tools (b).
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constructed from 24-copper rods of which diameters are 8 mm; the geometry of the plasma
focus device is like a square cage. The inner diameter of the outer electrode is 100 mm. In
order to make discharge with gas-puff operation by a fast opening valve6>, a small hole is
drilled along the centerline of the inner electrode. All the experiments reported here were
performed without gas-puff operation by the fast opening valve. The outer diameter of the
inner electrode is 50 mm. The lengths of the electrodes are 155 mm. The insulator is made
of a Pyrex glass, and the outer diameter and the length of it are 55 and 51 mm, respectively.
The maximum voltage and the maximum stored energy of a condenser bank are 30 kV and 25
kJ, respectively. In all the experiments reported here, the condenser bank was used with the
charged voltage of 15 kV. Hydrogen gas was used as a working gas, and a small amount of
argon or neon gas was mixed to the working gas.

In the experiments, a PIN diode, a crystal spectrometer, a streak camera (IMACON-700)
and a time resolved X-ray pinhole camera were located as shown in Fig. 1 (b). The PIN
diode was used to detect the soft X-rays, and appearance of its signal also suggested pinching
of the plasma. In front of the PIN diode, the crystal spectrometer and a time resolved X-ray
pinhole camera, the beryllium foils of which thickness were 20 micrometers were usually set
as a filter. The crystal spectrometer consists of a slit, a convex rubidium acid phthalate
(RbAP) crystal and a film (KODAK TRI-X). The spectrometer was used to analyze the
wavelength of the soft X-rays, and its detail specification was reported in Ref. 7. A pinhole
image by the soft X-rays was made on the film of the spectrometer. This image is usually
used to calibrate the shits in wavelengths caused by change in the position of the pinched
plasma. In our experiments the pinhole images were also used to verify the soft X-ray
images obtained with the MCP which was operated in time-integrated mode.

Figure 2 shows the schematic drawing of a time resolved X-ray pinhole camera. This
camera consists of a high voltage pulse generator, a micro channel plate (MCP) and a charge
couple device (CCD) camera. The high voltage pulse generator is CPSS/lns/N made by
Kentech Instruments Ltd. in England, and the maximum value and the pulse width of the

5kV

Glass teflon plate

Pulse generator

-1.5 kV

10 m

3,0xf0~6Torr

MCP

Oscil oscope

Fig. 2 Schematic drawing of time resolved X-ray pinhole camera with strip lines.
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Visible light

CGDcamera
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7777/

Fig. 3 Schematic drawing of time resolved X-ray pinhole camera.

output voltage are -1.5 kV and 1 ns, respectively. The pulsed voltage is divided in two 50 O
coaxial cables, and put into the MCP. The delay time of 10 ns appears between the divided
pulsed voltages, because the lengths of the two cables are 8 and 10 m, respectively. In front
of the MCP, three strip lines are made, and are coated by gold to increase the sensitivity for
the soft X-rays. Since the widths of the strip lines are 5 mm, the impedance is calculated by
20 O. In order to decrease reflection of the pulsed voltages, transmission lines from the wall
of a vacuum chamber to the strip lines were made with taper shape. Two strip lines are used
to time resolved observation of soft X-rays, and the other one is used to observe the time
integrated image of soft X-rays. When the pulsed voltage pass through the strip line, the
electrons generated by the soft X-rays are amplified and are accelerated to the phosphor plate.
The visible images on the phosphor plate generated by bombardment of the accelerated
electrons are taken with the CCD camera.

In the experiments, the high voltage of 2.5 kV was not able to apply between the MCP
and the phosphor plate. The reason why the high voltage was not able to apply was due to
the roughness on the surface of the phosphor plate. Therefore another time resolved X-ray
pinhole camera was used in the experiments. The schematic drawing of this camera is
shown in Fig. 3. This camera also consists of a high voltage pulse generator, a MCP and a
CCD camera. This pulse generator was made in our laboratory, and the maximum value and
the pulse width of the output voltage are -1.1 kV and 2 ns, respectively. Since this MCP has
no strip line, one framing picture of a soft X-ray image is taken in time-resolved mode.
When a high voltage of -700 V is applied to the MCP, one framing picture of a soft X-ray
image is taken in time-integrated mode.

III. Experimental Result
The waveforms of a discharge current and the signal of the PIN diode are shown in Fig.

4. The waveforms shown in Fig. 4 were obtained by the experiment with 10 % admixture of

134-



SOODns/div]

Fig. 4 Typical waveforms of discharge current and signal of PIN diode.

neon gas to hydrogen gas. The experiments were performed with changing the total gas
pressure, and the maximum value of the signal of the PIN diode was obtained at the total gas
pressure of 1.4 torn Therefore the all experiments reported here were performed at the total
gas pressure of 1.4 torr. In the figure, the upper and the lower trace correspond to the
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Fig. 5 Streak photograph and waveforms of the discharge current,
and signals of PIN diode and IMACON monitor pulse.
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discharge current and the signal of the PIN diode, respectively. The discharge current
reaches to about 500 kA by 1.4 microseconds from initiation of discharge, and the dip is seen
at the tops of it. The difference by changing the admixture gas was not distinguished in the
signals of the total currents. A sharp spike appears in the signal of the PIN diode, and
appearance of this spike is coincident with the timing of the dip in the discharge current.
After that two or three small spikes appear in the signal of the PIN diode.

Figures 5 show a streak photograph, and the waveforms of the discharge current and the
signals of the PIN diode and an IMACON monitor pulse. The scales of the waveforms are
varied from Fig. 4, but the dip is seen at the top of the discharge current. At the same time,
several spikes appear in the signal of the PIN diode. The streak photograph was taken with
the streak camera through the slit located at 5 mm from the top of the inner electrode. In this
streak photograph, it is distinguished that the plasma is pinched on the centerline of the diode.
This pinched plasma exists on the centerline of the diode by 20 ns, and after that disappears.
The pinched velocity of the plasma is estimated by 2.8 X 107 cm/sec from the streak
photograph.

Pinhole photographs obtained in time-integrated mode are shown in Figs. 6. In Figs. 6
(a) and (b), the photographs shown in left side were taken with the film located in the crystal
spectrometer. Another photographs were taken with the pinhole camera shown.in Fig. 3.
Figures 6 (a) and (b) were obtained by using 6 % admixture gas of neon and argon,
respectively. Here the images shown in Figs. 6 (b) are slightly different; the numbers of the
spot-like images are same, but the images tilt in opposite direction. The reason why the
images tilt in opposite direction is caused by the difference in observation ports. As shown
in Figs. 1 (b), the observation ports of the spectrometer and the pinhole camera are mounted
in right angle. Therefore the images may tilt in opposite direction. In Figs. 6 (a) the soft
X-ray images are cylindrical shape. On the other hand, the spot-like images are seen along
the centerline of the diode in Figs. 6 (b). These features agree with the results reported in
Ref. 3. In the pinhole photographs the bright areas also exist near the top of the inner
electrode (I.E.). These areas may correspond to the electrode plasmas generated by
bombardment of the pinched plasmas or high-energy electrons. From the results it is
verified that the soft X-ray images are obtained with the pinhole camera shown in Fig. 3.

Figure 7 shows the line spectra obtained with the convex crystal spectrometer. These
spectra were obtained by the experiments with 9 % admixture of neon gas to hydrogen gas,
and the soft X-rays of the thirty-five shots were superimposed on the film. The three spectra
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Fig. 6 Pinhole photographs obtained in time-integrated mode.
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Fig. 7 Line spectra obtained with convex crystal spectrometer.

are distinguished in this figure, and its images expand from the top of the inner electrode
along the centerline of the diode. The each spectrum corresponds the radiations by Is3p-ls2

(11.544A), 2p-ls (12.19 A ) , Is2p-ls2 (13.447A). The number of the spectra reported in Ref.
7 was much larger than that obtained in our experiments. This result suggests that the
electron temperature in our experiments might be relatively low. This fact is also verified
that the spectra were not obtained in the case of argon gas; a higher electron temperature is
required in K-shell radiation of argon gas. In order to make the plasma with higher electron
temperature, we will try to the experiments with gas puff at the top of the inner electrode by
the fast opening valve6l

The three framing pictures of the soft X-ray images are shown in Figs. 8. These images
were obtained by the experiments with 9 % admixture of neon gas to hydrogen gas. The
waveforms are also shown in Figs. 8, and the upper and the lower traces correspond to the
signals of the PIN diode and the attenuated pulsed voltage passed through the MCP,
respectively. The time correlations of these traces show the times when the images are
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Fig. 8 Framing pictures of soft X-ray images obtained
with the time-resolved pinhole camera.
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taken. Since the origin of the time scale is defined as the onset of the signal of the PIN diode,
each image is taken at 10, 50 and 140 ns. Although the time-resolved pinhole camera shown
in Fig. 3 is able to take one framing picture in a shot, typical images are collected from
several shots in Figs. 8. The image shown in Fig. 8 (a) is taken just after pinching, and the
bright area is cylindrical shape. In Fig. 8 (b) the bright area in the image breaks into two
areas. This result means occurrence of instability in the pinched plasma, and is only
obtained by time-resolved measurement. The bright area is not seen along the centerline of
the diode in the image shown in Fig. 8 (c), but expands near the top of the inner electrode.
This bright area may correspond to the electrode plasma generated by bombardment of the
pinched plasmas or high-energy electrons. In these images the thickness of the electrode
plasma become thick with progress in time. This fact means that expansion of the electrode
plasma is verified graphically by time-resolved measurement.

IV. Summary
We newly constructed a small plasma focus device, and investigated the characteristics

of it. Hydrogen gas was used as a working gas, and a small amount of neon gas was mixed
to the working gas. By measurement with the PIN diode and the streak camera, pinching of
the plasma was verified. Three line spectra were distinguished by the image obtained with
the convex crystal spectrometer. The time-resolved X-ray pinhole camera was made, and
was used to observe the pinched plasma. Several framing pictures of the soft X-ray images
were obtained with the time-resolved X-ray pinhole camera, and one of them suggested
occurrence of instability in the pinched plasma. Adjustment of the time-resolved X-ray
pinhole camera with the strip lines is under going, so two framing pictures in a shot will be
obtained in a short time.
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