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Abstract:

An arc of certain parameters can separate between vacuum and atmosphere or between vacua
regions of different pressures, thus function as a Plasma Window. A Plasma Window, operating in
argon, with discharge channel diameters of 3mm and 6mm and lengths between 30mm and
60mm was experimentally investigated for empirical characterization. Electron temperature of
the plasma channel, which was measured spectroscopically, varies in the range of 7000K to
15000K, increasing with increasing current and decreasing gas flow rate. That plasma window has
a slightly positive I-V characteristics over the whole range of investigated current 30A-70A.
Measuremnts of pressure separation capability, which is determined by input current, gas flow
rate, discharge channel diameter and length, can be well explained by viscosity effect and
“thermal-block” effect. The experimental results of global parameter including temperature, gas
flow rate and voltage have a good agreement with the simulation results calculated by an

axis-symmetry Fluent-based magneto-hydrodynamic model.

Azhukun@pku.edu.cn

1. Introduction

Windowless vacuum sealing technique can separate vacuum from high pressure targets or
atmosphere without solid window. As a result, it can reduce most of the interactions between

injected particles and materials comparing with foil windows. It has been widely researched and



designed in low-energy nuclear experiments and in some experiments with high-intensity
high-energy particle beams which can destroy foils and other windows in a short time. It is also
desired in experiments, which require injecting high purity mono-energetic beams and, in intense
mono-energetic neutron sources” 2 for example. Increasing sealing pressure capability and
decreasing gas flow rate are the research and main goals of windowless vacuum separation

techniques.

This technique was first realized by injecting supersonic gas jets through tubes into a vacuum
chamber which are evacuated by differential pumping systems”. However, its sealing pressure is
limited (below 10kPa) and the gas flow consumption is rather high. Bonin and Macllrath 8
improved this method by applying a rotating disk valve to the differential pumping system. The
sealing pressure can be increased by an order of magnitude (up to 1 atmosphere) comparing with
previous differentially pumped values. However, this valve system requires injection of pulse

beam at low duty factor, and synchronized frequency control with high precision.

The plasma window, which invented by Ady Hershcovitch® in 1995, is a novel apparatus for
windowless vacuum sealing solution. It utilizes cascaded an arc discharge10 to form a high
temperature plasma column in the arc channel. With such a high temperature and pressure
plasma, a vacuum-high pressure interface can be established and maintained between the two
ends of the plasma window. It was first demonstrated by being used to transmit, from vacuum
through a plasma window to atmosphere (or high pressure targets electron beams'” ', a 2MeV
proton beam® and synchrotron radiation'®. Furthermore, plasma windows were explored to
function as a deuteron gas target2 and charge stripper gas target by Kuboki®>. A numerical 2D
FLUENT-based magneto-hydrodynamic model in reference 16 has been developed,
through which the validation for the sealing ability of plasma window was verified.
However sealing characteristics and plasma properties of these plasma windows were rarely
researched”’. W A J Vijers has done a lot of experimental and theoretical characterization work
with a similar device, which functioned as a plasma source™® ™.

In this paper, we will first present a typical design of the plasma window in section 2.

Spectroscopic plasma diagnostics methods will be illustrated. In section 3, experimental data will



be shown and the influence of plasma channel spatial parameters (discharge diameter and
length), and the operating conditions (gas flow and arc current) on sealing pressure capability,
electron temperature and current voltage (I-V) characteristics will be discussed. In section 4, the
vacuum separation characteristics are first explained by viscosity effect and “thermal blocking”
effect qualitatively. Furthermore, experimental and detailed simulation results of MHD model

are compared and discussed. In section 5, general conclusions are presented.

2. Experimental Setup and Diagnostics

A. Plasma window

A schematic of the plasma window is shown in Fig. 1. It is mainly composed of cascade of
9mm thick copper plates which are pressed together by a cathode housing structure and an
anode plate. Electrical insulation and vacuum sealing, among the plates cathode housing and
anode plate, are accomplished by 1mm thick boron nitride spacer plates inside O-rings,
mechanically stabilized by PEEK material washers outside the O-rings. The total thickness and
bore diameter of cascaded plates (and boron nitride spacers) determine the length and diameter
of plasma window channel respectively. Two types (3mm and 6mm) of copper plate diameter
were used in the present experiments. Three cathodes are inserted at an angle of 45° into
cathode chamber. Cathodes and anode are connected to a constant-current power supply which
can deliver current up to 80A. The power supply is integrated with a high voltage AC triggering
system that can provide an alternating current output voltage of more than 6000V to ignite arc
easily. Once the arc is ignited the power supply can be changed to DC mode alternatively.
Circuit with LC filters plus high-power resistors implanted in power supply can stabilize the arc.
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Figure 1: Schematic figure of plasma window



Argon gas is feed to plasma window (PW) through gas inlet tube and the gas flow rate is
monitored by Seven Star DO7-9E gas flowmeter. Pressure in the experimental chamber (Inlet
Pressure), which ranges from 10-100kPa during operation, is depended on channel diameter,
length, gas flow rate and discharge current. It is measured with a DL-04 Varistor pressure gauge.
The low pressure end of the PW is connected to a buffer chamber which is pumped by a
differential pump system with combination of roots pump and claw-type pump (effective
pumping rate of ~15L/s). The pressure in the buffer chamber varies from 10Pa to 200Pa,
measured by a DL-03 thermocouple gauge.

B. Plasma Spectroscopy setup and methodology
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Figure 2: Schematic diagram of the spectroscopy setup

A spectroscopy setup (please see Fig. 2) consists of a spectrometer (Horiba iHR 550) along with a
CCD camera (Synapse), power supplies, and a computer for running the spectroscopy program
(SynerlY). Spectrum signal, which passes through quartz windows (QW), is be collected by optical
fiber connected to spectrometer. The spectrometer has three different gratings (300gr/mm,
1200gr/mm and 2400gr/mm) to satisfy the requirements of spectral coverage and resolution.

Different spectral lines are scanned from 410nm to 550 nm, and spectral intensity as a function of
wavelength is recorded in the program. Intensity values at the same point are obtained by
average of 10 times measurements to minimize the effect of intensity fluctuation. The electron
excitation temperature of arc plasma along the line of sight can be determined by atomic
Boltzmann plot method? from the following equation:

log(11/g,A)=C—E, /KT



where | is measured spectrum intensity and A is the wavelength of the line. A , E,andg,

are transition probability, excitation energy and statistical weight of atomic state k, respectively,
values of which can be found in literature®. A plot between Iog(ll/gkﬂ) and Ek yields a

straight line by linear fitting method. The inverse of line slop gives the electron temperature of
the plasma arc by assuming that the population of the emitting levels follows the Boltzmann’s
distribution.

The Stark broadening of a certain spectral line emitted from plasma allows the
determination of the electron density. The broadening haIf-width(Aﬂm) of spectral line is
proportional to electron density21 :

N, 3 N
A/11/2 = 2W1O16 +3.5a(1—zND 1/3)WWA

Where Wis the electron impact parameter, « is the ion impact parameter. Usually in order to

simplify, a curve-fitted empirical formula is adopted for calculating the electron density Ne

(cm‘3 ) using the half-width of argon | line. The formula * is given by:

logN, =17.432+0.66210g A,

The argon | line 430nm is often used to calculate the electron density, as it is separated from
other lines, which guarantees a good resolution and accuracy.



3. Experimental Results and Discussion

A. Plasma parameters
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Figure 3: A typical emission spectra of argon lines in the spectral range of 420-520nm for
calculation of electron temperature. Channel diameter3mm, channel length 60mm, argon gas
flow rate 1SLM, and arc current 50A.
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Figure 4: Typical Boltzmann plot for selected Ar emission lines. Argon gas flow rate 1SLM and arc
current 50A.

| ! 1 ! | . " | Y | 4 |
35000 1 Grating desity: 2400/mm 7
1 Arc current: 50A .
30000 | Gas flow: 1.0SLM |
1 Inlet pressure: 26.1KPa i
25000 - © ” -
=) 8 9 x :
< 20000 T = 8
~ - ~ © < =
= o < <
‘© © o o .
& 15000 & i o
= ki ¥,
10000 ‘ ‘ .
5000 ‘ | M ﬂﬂ -
| | \ 1
WU 1 Ly
0 . - Lot lagd Lo ‘I ; ,]~ ; l .‘”' \I S I
424 426 428 430 432 434 436

Wavelength (nm)

Figure 5: typical emission spectra of argon 430nm line in the spectral range of 424-436nm for
calculation of electron density. Channel diameter 3mm, channel length 60mm, argon gas flow



rate 1SLM, and arc current 50A.
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Figure 6: Temperature of argon plasma as a function of gas flow rate for arc currents between
30A and 70A.

A typical spectrum of argon plasma in the spectral range of 400-450nm was shown in figure4
with grating density 300gr/nm. Seven resolved and distinct argon | lines were chosen and

corresponding @, , A , E, were taken from literature. 10g(14/9,A) Vs. E, were plotted

in figure 5, and the slope was obtained from the best linear fitting. The correlation coefficient
was more than 0.85 and the relative error of slop was lower than 7% . The electron temperature
is calculated out to be about 15000K at gas flow rate of 1SLM and an arc current of 50A. Figure 6
shows a typical spectrum in the range of 422-438nm using grating density 2400/mm. The 430nm
line is well separated from others. The electron density is about 3.4 x10"cm™. It is known that
Ohmic heating is the only source of thermal energy in the plasma, which means that electrons
get accelerated in electric field. Meanwhile, part of electron’s energy is transferred to heavy
particles by elastic and inelastic collisions (i.e. heating and ionization). As electron density
increases, both of the average elastic and inelastic collision frequencies will increase too”®. And
that will increase the energy transfer rate from electrons to heavy particles, which will diminish
the difference between electron’s and heavy particles’ temperature as a result. According to
theoretical criteria for local thermal equilibrium (Griem 1964**, Drawin 1969%), with typical
values for argon plasma at one atmosphere and electron temperature of 10000K, the critical
electron density needs to be ranging from 10°cm™ to 10®cm™. When considering radiation
absorption and resonance absorption for lower pressure plasma, the criteria could be decreased.
In Kolesnikov®® and Bourasseau’”’ experimental investigations, results show that local
thermodynamic equilibrium (LTE) can be established when electron density is around
5~8x10"cm™. Arc plasma inside plasma window is stabilized by the cooled wall, high
gradient temperature and velocity distribution leads to non-uniform property. As a result, only



the plasma in the axial region can be close to LTE. The temperature of the gas will be quite lower
than the detected electron temperature. A Gleizes has presented the experimental and
calculated value of (Te-Th) as a function of electron density for stationary argon arc plasma at
atmospheric pressure and electron temperature is estimated to be 1500K higher than that of

heavy particles at electron density of 4x10"cm™ 28

We measured the electron temperature for ®3mm plasma window at gas flow rates from
1.0 to 4.0 SLM, arc currents of 30, 50, 70A, as shown in figure 7. As it can be seen, the peak
temperature ranges from 9000K to 17000K strongly affected by current and argon gas flow rate.
The temperature decreases with increasing the gas flow and increases with increasing the arc

current, and these trends have a good agreement with W.A.J. Vijers’ results™ *°.

As increasing
gas flow rate will lead to increase of inlet pressure. According to Ref. 29, electron temperature
will decrease as increasing the pressure in the discharge channel. Therefore, electron

temperature will decrease as increasing gas flow rate.

B. |-V Characteristics

Figure 7 shows in detail the results of |-V characteristics for 3mm and 6mm plasma window.
The total arc voltage increases slightly as a function of increasing the current from 30A to 70A,
which shows cascaded arc of plasma window has a slightly positive |-V characteristics over the
whole range of investigated current. This can be ascribed to radiation process, which will increase
arc voltage and elevate |-V slope. Especially for low current arc, I-V characteristics become
positive30. We can find that the voltage increase a little as increasing gas flow. The volt-ampere
characteristics for larger diameter 6mm is almost the same with 3mm. The voltage of ®6mm is
almost half of ®3mm at given current and gas flow. The total voltage of plasma window can be

. =|—————, where r and | are discharge
equivalent 72'|’20'(T ' P)

approximately written as U = IR
radius and length. The average electric conductivity o is mainly affected by plasma
temperature and pressure, Murphy31. From that reference, the average temperature of plasma
can be determined by calculating out the average electric conductivity. As the temperature
decreases with increase of gas flow rate as shown in figure 6, the electric conductivity will
increase a little, which leads to the voltage increase with gas flow rate. For larger diameter
plasma window, the average temperature will be much lower at the same current. Consequently,
although the cross-section area of ®6mm aperture is four times of that of the ®3mm aperture;
but, the total votage in the case of the ®6mm aperture is only twice of that of the ®3mm
aperture as shown in figure 7.
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Figure 7: |-V characteristics at argon gas flow rate between 1.0SLM and 3.0SLM for channel

diameter 3mm and 6mm.



C. Pressure Measurements
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Figure 8: Pressure in the experimental chamber as a function of argon gas flow rate with
and without arc discharge. The diameter and length of the plasma channel is 3mm and
60mm respectively, and the discharge current is 50A.

To show sealing effect of plasma window directly, inlet pressure was measured as a function
of argon gas flow rate between 0.5 and 4.0SLM for plasma window on and off. The diameter
and length of the plasma channel is 3mm and 60mm respectively. The discharge current was
always 50A. Fig. 8 shows the results. The inlet pressure increases almost linearly from 20KPa
to 60KPa with increasing the gas flow rate when the plasma window is on. And the pressure
is much larger than that of plasma window off at the same gas flow rate. In other words,
plasma window shows great effect on reducing gas consumption to maintain inlet pressure.
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Figure 9: Pressure in experimental chamber as a function of current for channel length
between 30 and 50mm. The channel diameter is 3mm.

Inlet pressure changing with arc current for channel length between 30 and 50mm was
measured as shown in Fig. 9, from which we can find that the inlet pressure increases linearly
with increasing the arc current. Besides, the length parameter of the plasma window shows a
positive effect of increasing sealing ability. However such kind of effect is limited as length

increases.
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Figure 10: Pressure in experimental chamber in the function of gas flow rate for channel

diameter of (a) 3mm and (b) 6mm at arc currents between 30A and 70A.

We also measured inlet pressure changes with gas flow for plasma channel diameters of



3mm and 6mm respectively. The results are shown in Fig. 10. By comparing figure10 (a) and
10 (b), we can find that diameter has a significant influence to sealing ability of plasma
window. Inlet pressure drops drastically as the diameter increases when length, current and
gas flow are specified.

As shown in Figures 9 and 10, inlet pressure is dependent on the total current, gas flow rate,
discharge channel diameter and length. It is found that the plasma flow inside the arc
channel is compatible with the description of a laminar flow from Ref. 19. Accordingly, in Fig.

11 we have normalized the inlet pressure to ¢05 d?1°°and plotted the result as a

gas flow rate

function of input power, which means there is no dependence of the normalized pressure on
the channel diameter and length. The reason is that higher input power leads to the increase
of sealing effectiveness, which can be ascribed to higher temperature and viscosity of plasma

17
flow™.
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Figure 11: Inlet pressure normalized to the square root of gas flow rate, cross-sectional channel
area and length as a function of input power for channel diameter 3mm, 6mm and length
between 30mm and 50mm. For all measurements, the gas flow rate was 1.0SLM.

4. Comparison of experimental and simulation results

and discussion

A. Viscosity and “thermal blocking” effect



The mechanisms of pressure gap within the plasma window can be attributed to two effects,
which are viscosity effect and thermal-block effect according to reference **:

About 80% of pressure drop happens at the narrow cylindrical section of plasma window, which
is mainly caused by viscosity effect and can be described by Poiseuille’s equation® as follows

256 I m
P= |P?+=—pn ——RT
1 \/2 Jn 77vd4 M,

Here Pland P2 are the pressure at the inlet and the low pressure end of a tube, |\/|0 is

the mole Moore molecular mass and 7], is the dynamic viscosity coefficient. The calculating

results of the formula have a good agreement with the Fluent simulation. If P, << P, the

equation can be rewritten as simple as

P, ~ 2.26VMINKT
d

The equation above clearly shows the relation between pressure drop with spatial structure
parameters (discharge radius r and length 1), and operating conditions (mass flow rate N and
temperature T). One can see that viscosity effect of decreased discharge radius is far greater

than the effect of increased length. Viscosity coefficient 7}, increases almost linearly with

temperature. For argon gas, the viscosity at 10000K is about 10 times bigger than at 300K. As
a result, viscosity effect can also be enhanced by higher temperature.

The rest of pressure drop caused by thermal-block effect, which happens at stepped and
divergent sections of plasma window, where viscosity effect becomes very small because of
the large channel diameter. The pressure drop caused by thermal-block effect can be given
by the equation®*

—2
_ pAv

P — P, > YA

Where AV is the average increase of flow speed caused by gas expansion in divergent

sections and arc heating. 7], is called thermal-block coefficient, which is defined as

coefficient of friction resistance. According to the above equation the large speed increase by
heated gas expansion will lead to a steep pressure drop.

All measured sealing characteristics of plasma window described in section 4.C can be
explained by these two pressure drop mechanisms. For discharge diameter, we can find that
the increase of d will lead to decrease of temperature and also the viscosity. According to



equation, the viscosity effect will drop rapidly. On the other hand, we can expect the thermal
block effect will also decrease as the eject efficiency will drop when increasing diameter. For
discharge length, the viscosity effect will decrease gradually with decreasing length while the
thermal-block effect is affected a little. Consequently, one can see that sealing pressure is far
greater affected by decreasing diameter than the effect of increased length shown in figure 9
and figure 10. Increasing total current will mainly increase the temperature which will
enhance the viscosity effect. At the same time, the increase of temperature will also help to

increase 1), and average ejected flow speed. The thermal-block will be strengthened

obviously. As a result, the sealing pressure will increase with increasing current as shown in
figure 9.

B. Simulation results of MHD model

In order to validate the simulation model in reference 32, we compared the experimental
data with the simulation results, including temperature, gas flow rate and total voltage
changing with the current as shown in figure 10 . The simulation conditions are set as the
same as experiment: a constant inlet pressure of 51 kPa is adopted; the discharge diameter
and length are 3mm and 51mm respectively. The highest temperature along the axis of the
model where the plasma is well developed was chosen to represent the temperature of
simulation. It is comparable to the electron temperature detected by spectroscopy method.
Figure 11a shows the result and we can find that the calculated results have a good
agreement with the experimental data. However, the detected temperature is higher than
the simulated temperature. This is partially because the LTE assumption is not valid in plasma
window as discussed in section 3B; the electron temperature from spectroscopic
measurements will be much higher than the heavy particle temperature. On the other hand,
LTE assumption as well as neglect of radiation absorption in the simulation model will lead to
a higher temperature gradient along radial direction, i.e. higher temperature near axis than

|35—37

experimenta , Which will decrease the difference between simulation and experiment

temperature.

The calculated gas flow rate is compared with experiment in figure 11(b). The gas flow rate is
mainly influenced by temperature distribution in the plasma window as other conditions are
specified. From figurellb, we can find that the gas flow rate decreases while the
temperature increases (please see figurella) with changing the current. The calculated gas
flow rate is in good agreement with experiment. The calculated total voltage is compared
with experiment shown in figure 11(c). The slightly positive |-V characteristics from
simulation results have a resonable agreement with experiment. However, the calculated
voltage is higher than the experiment. This is partially because the LTE assumption leads to
lower electrical conductivity than in the experiment. Besides, as the electrical conductivity
decreases rapidly with radius, it will concentrate the heated plasma in the region near axis,
the average radius of plasma of simulation will be larger than experiment. According to
equation, these two factors will lead to a higher voltage of the simulation than the
experiment.
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Figure 11: The (a) temperature, (b) gas flow rate and (c) total voltage changing with the
current at given pressure of experimental chamber 51kPa. Discharge diameter and length are

3mm and 51mm respectively

It is shown that calculated results have a good agreement with the experimental data.

5. Conclusion

Plasma window with discharge channel diameters of 3 and 6mm and discharge length between
30 mm and 60 mm were experimentally investigated as a function of the operational parameters.
Inlet pressure measurement shows that increasing discharge length will help to increase the
sealing ability up to about 5 plates. But, when we use six cascaded copper plates, the
improvement effect becomes comparatively small. On the other hand, discharge diameter plays a
much more important factor on the influence of plasma window sealing ability than length. The
inlet pressure increases almost linearly as increasing as gas flow and arc current. The measured
I-V characteristic of plasma window is slightly positive which is quite different from other
cascaded plasma devices. This phenomenon is caused by the radiation effect at lower discharge
current. A spectroscopy setup was used to record the integrated spectral intensities emitted from
the inlet side of plasma channel in the wavelength region of 410-550nm. The average electron
temperature was estimated by atomic Boltzmann plot method. The variation of electron
temperature due to arc current and gas flow was shown in this paper. By comparing the
experimental results with those of simulation, the modeling seems to be validated. The 2D and



LTE MHD model predicts very reasonable voltage, temperature and gas flow results compared
with the experiment. And the invalidation of LTE assumption employed in simulation model is the
main factor for the differences between experiment and simulation results of temperature and

voltage. To solve this problem, a two-temperature model*®*

is usually suggested. Essentially,
more comprehensive understanding of characteristic qualities of plasma window will be useful
for more windowless sealing applications. And the simulation model will be reliable for

optimization and innovation of plasma window design.
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