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DiPS (Diversified Plasma Simulator), a new versatile linear machine (length=3400 mm, diameter=200-600
mm), is developed for the simulations of divertor, space and processing plasmas with various electric probes:
fast-scanning systems with single, triple, and Mach Probes, slow-scanning water-cooled single probe, gridded-
energy analyzer (GEA), and several fixed single probes. For the verification of current probe theories and the
development of new theories with magnetic vector field, collisional effects, various particle sources, and wide
range of plasma parameters, two different plasma sources are installed: (1) For a stable high density dc plasma,
a LaB6 disk is used as the thermal electron emission source with 5 kW graphite heater. Initial plasma density

of the LaB6 source is 5 × 1012 cm−3, electron temperature is 8-10 eV with magnetic field around 1 kG.

The electron density would be decreased severely, i.e., to 106 − 108 cm−3 with grid, and expanded into space
simulation region without magnetic field; (2) Helicon plasma source is also installed for a processing simulation
in DiPS and for the space propulsion study with magnetic expansion, which generates the plasma with density

of 2 × 1013 cm−3 and electron temperature 3-4 eV for the rf power of 2.5 kW at optimum pressure of 7.5
mTorr. As a unique feature for the diversified uses of sources and divertor simulator experiments, space and
processing simulation chambers can be detached from and attached to the divertor simulation chamber on the
rail. Initial data of various electric probes (single, triple, emissive, mach probes, GEA, etc.) are introduced for
the the following conditions of DiPS with B= 1 kG, P= 130 mTorr at source region, P= 2 mTorr at divertor

simulation region, ne = 1×1012−1×1014 cm−3, Te = 2 - 3 eV, Ti = 0.2 eV with laser induced fluorescence

(LIF) (Ar gas), ne = 1 × 1012 − 1 × 1013 cm−3, Te =5 - 6 eV (He gas) at divertor simulation region, Ti =
0.47 - 0.74 eV with GEA at space simulation region and vd = 500 - 600 m/s.
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1 Introduction

DiPS (Diversified Plasma Simulator) is developed for analysis of various electric probes with effects of magnetic

vector field (magnitude, angle), collisions of charged particles and neutrals, probe shape and materials, and

plasma parameters (density, ion and electron temperature distribution, diffusivity, viscosity, ionization, etc.).

Another goal of DiPS is application of probe technique to various areas, such as divertor plasma simulation

in fusion devices, processing plasma diagnostics as ion and electron energy measurements in semiconductor

process, and space plasma simulation with flow measurement at magnetic nozzle of a space propulsion system.

Basic plasma physics experiments in linear machines such as NAGDIS-II [1], PISCES-A [3], PISCES-B [3],

LAPD [4], PSI-2 [5] and MAP-II [6] are aiming at diagnosing and understanding a magnetized pre-sheath region

of a simulated tokamak plasma wall interaction zone. The goals of these experiments are threefold: (1) to

characterize the pre-sheath zone, providing a more accurate interpretation of plasma-wall interaction experiments,

(2) to assemble an experimental data base to enable a test of various theoretical plasma physics models of the

pre-sheath zone in tokamak-like plasma, and (3) to test the validity of interpretation of electric probe diagnostics

in flowing plasmas.

However, as a new linear machine, DiPS has additional following features: (1) installation of two different

plasma sources not only to produce those different plasma parameters for the simulation of divertor, processing

and space plasmas but also to generate a wide range of plasma parameters to develop electric probe theories
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and to check the validity of existing theories with experiments; (2) design for various probe calibration such

as single, triple, mach and emissive probes. As for the mach probe, we are to calibrate the mach probe with

LIF measurement in un-magnetized and magnetized plasmas. For the single probe, we are going to examine

collisional effect on probe characteristics. Triple probe will be studied on the electron temperature overestimation

problem and erosion, and emissive probe will be checked for magnetic field effect; (3) development of new kinds

of probe such as a direct visco-mach probe, visco-ionization-mach probe will be another goal; (4) simulation of

space plasma and development of diagnostics for space propulsion system.

In this paper we introduce the philosophy of DiPS design, and report the development of high density plasma

sources for DiPS and some preliminary results of DiPS plasmas.

2 DiPS: Diversified Plasma Simulator

2.1 Chamber Specification

DiPS consists of three major parts: a divertor plasma simulator with LaB6 DC plasma source, a processing plasma

simulator with helicon plasma source, and a space plasma simulator without magnetic field.

Figure 1 shows schematic drawing of the DiPS. The LaB6 source chamber has a diameter of 260 mm and

length of 255 mm. Three magnets are located in front of LaB6 surface to generate cusp field. The cusp field is

formed for confinement of thermal electron on LaB6 disk (diameter of 101.6 mm) to anode hole size (diameter

of 28 mm). The cusp field disperses heat load from plasma to the entire surface of LaB6 and strengthens electric

field between the anode and cathode by reducing distance. The source chamber has double wall structure for

efficient water cooling, which is essential due to high heating power of LaB6 ( 5 kW).

Fig. 1 Schematic diagram of the Diversified Plasma Simulator (DiPS).

The test chamber of the divertor simulator has diameter of 200 mm and length of 1007 mm. A turbo pump

of 550 l/s is attached to maintain the pressure and 7 magnets are attached to make uniform magnetic field up to

2 kG. Main goal of this test chamber region is to simulate divertor edge plasmas. Floating and anode electrodes

are inserted between the source and test chamber. Due to the small hole (28 mm) of floating and anode electrode,

differential pumping of source region is maintained to generate plasmas.

The processing chamber has diameter of 50mm and length of 779 mm. The chamber attached to the space

chamber and PVC coated copper pipe are wound to be used as a magnet. The magnetic flux is about 500 G

for helicon wave propagation. Specific information on the LaB6 and helicon plasma source is given in the next

section.

The space simulator consists of a chamber with diameter of 600 mm and length of 658 mm. A turbo pump

of 1000 l/s is used for vacuum. This simulator is installed on a rail system, so that it can be easily moved to
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implement any experimental device or component in the test chamber of divertor and processing simulators or

the space simulator region. The space simulator can be used for artificial satellite experiments as well as for

space propulsion experiments. Extracted plasma from the divertor or processing simulator is confined in the

space chamber after reduction of density by grids.

2.2 LaB6 Source

The material LaB6 has a high thermal electron emission rate, low evaporation rate and high resistance on con-

tamination in case of vacuum break. [7] Although LaB6 is very weak against the thermal shock force, it has been

widely used to generate the high density and high heat flux plasma in many linear machines such as NAGDIS-II,

PISCES-A, PISCES-B, PSI-2 and MAP-II.

The LaB6 cathode used in DiPS consists of disk-type LaB6 with 4 inch diameter and 1/4 inch thickness which

is indirectly heated by the graphite heater as shown in Fig. 2. Tungsten and graphite is generally used as a material

for heating of the cathode up to electron emission region. However, the LaB6 has very high reactivity with the

refractory materials to construct the cathode. [8] Typically, the boron released from LaB6 diffuses the lattice of

refractory materials and makes the boron compound materials and these boron compounds increase work function

of the LaB6. Graphite is safer than tungsten and molybdenum for these reaction problems. In addition, graphite

heater require larger cross section because its specific receptivity is greater than that of tungsten by one thousand

times. That is why the view factor of the radiation exchange between surfaces is larger than the tungsten heater

and the power to heat up the LaB6 is less than the tungsten heater. [9]
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Heat Shield
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Water Cooled
Power Line

Stainless Steel
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Fig. 2 Schematic diagram of a LaB6 cathode.

To increase the heat efficiency, the tantalum foil of 0.1 mm thick is utilized to shield the heat at back and side

of the heating region. The heating power to produce the plasma is more than 5 kW (280 A, 18 V) and it can be

lowered to 4 kW maintaining the same discharge current with plasma, due to the ion bombardment.

The LaB6 source is tested with two operation modes: one is anode biased mode with grounding the cathode

and chamber and the other is cathode (LaB6) biased mode with grounding of anode and chamber. At the LaB6

surfaces, the effective electric potentials in cathode biased mode are much higher than that of the anode biased

mode over three times, which leads to stable and effective plasma generation.

2.3 Helicon Source

The schematic of the plasma generation part by helicon wave is shown in Fig. 3. The plasma chamber consists

of diameter of 3 cm Pyrex tube and diameter of 4.8 cm stainless steel chamber. The helicon wave is launched

by m = 0 antenna (Nagoya type [10]), to which 13.56 MHz rf power is applied through the standard tuning

circuit. The magnetic field generation is accomplished by three solenoid coils. One of the coils is wound three

turns by 6 mm cylinder type of copper line around the 21 cm diameter PVC tube, the others is 7 turns directly

on the stainless chamber. The coils are controlled by independent current power supply and can produce uniform
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magnetic field with roughly 500 G. The optimized condition is obtained at the pressure of 7.5 mTorr with rf

power of 2.5 kW, which produces plasma with ion density 2 × 1013 cm−3 and electron temperature 3.5 eV.

Gas Inlet

TMP (1000 l/s)

Space Chamber

3 kW RF
Power Supply
(13.56 MHz)

Matching NetworkSP 3

~1 m

55 A Coil 55 A Coil 150 A Coil

SP 2 SP 1 

1500 pF 50 pF 

500 pF

Fig. 3 Schematic diagram of helicon source.

3 Electric Probes

DiPS has the following diagnostic tools: (1) reference single probe (forced cooling), (2) small single probes,

(3) triple probe, (4) Mach probe, (5) emissive probe, (6) gridded-energy analyzer (GEA), (7) optical emission

spectroscopy (OES), (8) laser induced fluorescence(LIF). Figure 4 shows the schematics of various electric probes

for DiPS.

a) b)

c) d)

Fig. 4 various electric probes. a) reference single probe, b) triple probe, c) emissive probe, d) mach probe.

3.1 Triple Probe - Fast-Scanning Probe for spatial and temporal variations

For the good resolution of space and time for the electron temperature and density, the triple probe (TP) is to

be used as a fast scanning mode. The TP, shown in Fig. 4 b), is installed on the fast scanning system which is
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scan-able up to 20 cm with speed of 1 m/sec. By using the TP, electron temperature and density are measured

with anode and cathode modes separately. The results are depicted in Fig. 5.

a) b)

Fig. 5 LaB6 source test with cathode and anode modes with Ar gas: a) Cathode biased mode: heater power - 240 A, 13.6 V,

discharge power - 57 V and 5 A, magnetic field intensity - 1 kG, pressure - 3 mTorr at divertor simulation region, b)Anode

biased mode: heater power - 280 A, 16.4 V, discharge power - 85.5 V, 10 A, magnetic field intensity - 1 kG, pressure - 21

mTorr at divertor simulation region.

3.2 Reference and small single probes

Since a TP often tends to pick up energetic electrons, this should be calibrated by a single probe. At the center

of the divertor simulation region, a planar single probe (SP) (1 cm × 1 cm molybdenum tip) is installed with

a forced-cooling system, which is slowly moving. It can also be rotated for the study of angle dependence of

magnetic field. Figure 6 shows the dependence of ne,and Te on the discharge current measured at the end point

(5 th port) of divertor simulation region measured by a small single probe. The small single probe is made of

molybdenum tip with 0.254 mm × 4 mm (dia. × length) and Al2O3 ceramic holder with 4 mm of diameter.

The electron density increases with discharge current, while the electron temperature stays almost constant. The

discharge current means the allowed current between anode and LaB6 cathode.

a) b)

Fig. 6 Single probe data. a) I-V curves with discharge currents. b) Effects of discharge current on the electron density (ne)

and temperature (Te).

3.3 Emissive Probe - Plasma potential measurement

An emissive probe (EP) is installed on the fast-scanning system. It is made of thoriated tungsten with diameter

of 0.025 mm and current is applied up to 300 mA for the strong emission. Figure 7 shows the I-V curves with
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heating current and differentiated current with respect to the bias voltage for finding plasma potential, Vp, by

inflection point method. [11]

a) b)

Fig. 7 Typical emissive probe data with various heating currents: a) I-V characteristics. b) Vp measurement by inflection

point method.

3.4 Mach Probe - Flow velocity measurement

An MP is also installed on the fast scanning system to measure the perpendicular and parallel flow velocities to

the applied magnetic field. The ratio of ion saturation currents, (R = Jup/Jdown), is measured by 1.34 ± 0.035.

The mach number and plasma flow velocity are deduced by M = 0.237 ± 0.019 and vf = 593 ± 46 m/s by

k=1.26 (kinetic model [12]) and M = 0.253 ± 0.02 and vf = 557 ± 45 m/s by k=1.34 (PIC models [13]) using

R = exp(kM) and M = vf/Cs, respectively. Here, vf is the plasma flow velocity and Cs is the ion sound

velocity defined as
√

ZTe/mi. Here, we sweep each probe and get the two I-V curves which give not only the

ratio of ion saturation currents but also the densities and electron temperature in ram (up stream) and wake (down

stream) regions: ne = 4.85×1012 cm−3 (up), ne = 3.38×1012 cm−3 (down), Te = 2.52 eV (up) and Te = 2.12
eV (down), indicating the mild non-thermal properties of electrons in the ram and wake region, which is to be

studied further.

3.5 Gridded Energy Analyzer - Ion temperature measurement

We developed two sided GEA for the measurement of ion temperature near the space chamber. Figure 8 shows

the schematic diagram of a GEA and the applied voltages to each grid. By sweeping the voltage of ion repeller

about 20 Hz up to 20 V, we could get the I-V curve shown in Fig. 9. From this, deduced ion temperature is

found to be about 0.47-0.74 eV which larger than the laser induced fluorescence (LIF) result (Ti ≈ 0.2 eV) at the

center of divertor simulation region. Since the GEA is located at the space chamber far from the position where

LIF taken, these difference between LIF and GEA may be caused either by the ion heating due to electron-ion

collisions [14] or ion-neutral collision [15] or by the intrinsic poor resolution of the GEA system. Since
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Fig. 8 Schematic diagram of GEA and applied voltages: a) schematic diagram and b) applied voltage with each grid.
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Fig. 9 I-V characteristic and ion temperature

measured by GEA.

4 Summary
DiPS as a versatile triple-chamber simulator with two different plasma sources is developed (1) for the develop-
ment of electric probe technique including the effects of magnetic vector field (magnitude, angle), collisions of
charged particles and neutrals, probe shape and materials, and plasma parameters (density, ion and electron tem-
perature distribution, diffusivity, viscosity, ionization, etc.); (2) for the application of probe technique to various
areas, such as divertor plasma simulation in fusion device, processing plasma diagnostics as ion energy mea-
surement in semiconductor process, and space plasma simulation with flow measurement at magnetic nozzle of
space propulsion system. In order to meet these goals, three different chambers with sliding joint and two plasma
sources (LaB6 DC and Helicon RF sources) are installed. The initial data of DiPS are the following: (1) plasma
density of the LaB6 source was 5 × 1012 cm−3 and the plasma size was about 40mm with pressure of 1.6 mTorr
in test region and 100mTorr in source region.; (2) density of 2 × 1013 cm−3 helicon plasma was successfully
generated in DiPS at optimum pressure of 7.5 mTorr with rf power of 2.5 kW, 13.56 MHz. Initial data of single,
triple, mach and the emissive probe are obtained along with those of GEA and LIF.
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