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We have generated a cascade arc plasma with a channel diameter of 8 mm for application to plasma window.
Helium arc plasma up to a discharge current of 100 A were generated. We investigated the radiation trapping effect
in the high-density He plasmas under various ambient gas pressures. In order to investigate the radiation trapping
effect (optical thickness) in the high-density plasmas, we conducted vacuum UV (VUV) emission spectroscopy
associated with He I resonance line. By observing the VUV spectrum attributed to He I resonance (1 1S-2 1P)
transitions, we compared the emission intensities for different gas pressures. Lyman α intensity was increased
by 3 times with a magnetic field due to well confinement of He plasma. The intensity decreased rapidly at
high-ambient pressures due to the strong self-absorption. Therefore, the high-pressure arc plasma generated was
classified into the optically thick one, and the self-absorption process of the resonance lines drastically influenced
the population kinetics and energy transport.

c© 2021 The Japan Society of Plasma Science and Nuclear Fusion Research

Keywords: cascade arc discharge, radiation trapping, VUV emission, radiative transfer equation, collisional ra-
diative model, optically thick plasma, plasma window

DOI: 10.1585/pfr.16.2406011

1. Introduction
Cascade arc discharge (wall-stabilized arc) that has in-

termediate floating electrodes is operated in high-gas pres-
sure, by which high-density and high-temperature plasma
can readily be generated [1, 2]. The cascade arc discharge
source expected an innovative virtual vacuum interface
(plasma window) can separate vacuum from a high-gas
pressure region without a large pumping system [3]. In
addition, the plasma window has prospect as an alterna-
tive differential pumping system, splitting high- and low-
pressure vacuum regions [4].

In optically thick plasmas, reabsorption of the emis-
sion occurs, and this phenomenon of absorption in the
light sources itself is called as self-absorption (radiation
trapping). The radiation trapping process significantly in-
fluences the population density of the excited levels. In
general, for laboratory plasmas, only resonance lines are
optically so thick that their spectral profile are drastically
distorted due to the radiation trapping, especially at line
center. If population densities do not suffer from the self-
absorption, then the intensity emitted from the plasma sur-
face can be calculated as a function of spatiotemporal dis-
tributions of plasma temperature and density by using a
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simple rate equation model or collisional-radiative model.
The line intensity ratio of specific transitions provides a
simple diagnostic tool to evaluate plasma parameters, such
as electron temperature and density [5, 6]. For the opti-
cally thick plasma, however, this method is no longer ap-
plicable, because the line intensity (population density) is
significantly changed by the radiation trapping effect. In
fact, the line center of the Lyman series has a dip struc-
ture in high-density plasma due to large absorption cross
section around the central wavelength [7]. In the extreme
case, we can find self-reversal line spectrum.

For accurate evaluation of plasma parameters by
means of the line intensity ratio, the optical thicknesses
both in plasma and along the line of sight to a detector have
to be taken into account. Particularly, the reabsorption of
the resonance lines due to ambient gas is of significance
when the distance between light source and the detector is
long. In order to evaluate the optical thickness in the high-
density He arc plasmas, we have measured the resonance
line intensity (He I Lyman α line) and investigated the ef-
fect on the ambient gas pressure in the vacuum chamber
with and without a magnetic field. The results obtained ex-
perimentally were compared with those calculated by us-
ing a collisional radiative (CR) model incorporated with
radiation trapping effect [8].
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2. Experimental Setup
Figures 1 (a) and (b) show a schematic diagram of

the cascade arc discharge source and VUV emission spec-
troscopy, respectively. The arc device consisted of an an-
ode, intermediate electrodes of ten plates, and a cathode.
Tungsten material was employed for the anode because of
its high melting point. For the cathode, a LaB6 disk with
an opening of 5 mm was used. The water cooled float-
ing intermediate electrodes of 5 plates with a thickness of
17 mm each with a channel opening of 8 mm in diameter,
made of Mo were installed between the anode and cath-
ode electrodes. Five intermediate electrodes had a tapered
shape to confine the plasma into 8-mm discharge channel,
as shown in Fig. 1 (a). The total length of the intermedi-
ate electrodes was 170 mm. In order to avoid a spark dis-
charge between the intermediate electrodes, teflon spacers
with a thickness of 1 mm were installed between them. He-
lium gas was introduced through the cathode flange by a
mass flow controller in a range of 0.05 to 0.5 L/min. The
arc plasma was generated and expanded through the anode
exit into a large vacuum chamber evacuated below 50 Pa by
mechanical booster and rotary pumps. The discharge cur-
rent and voltage were up to 100 A and 200 V, respectively.
Magnetic field was applied ∼80 mT, if necessary. The in-
put powers at a 100-A discharge were 13.8 and 12.6 kW
for with/without the magnetic field, respectively.

For characterization of the He plasma, emission spec-

Fig. 1 (a) Cascade arc discharge source and (b) experimental
setup for VUV emission spectroscopy.

troscopy in VUV wavelengths was carried out. For the
VUV emission, He I resonance spectra around the anode
were observed by using a VUV spectrometer (Acton, VM-
521, f = 1 m, 1200 grooves/mm), which was installed in
the direction of 45◦ with respect to the jet axis. The dis-
tance from the anode exit to the entrance slit was around
1 m. In order to suppress the reabsorption in VUV optical
path between the plasma emission region and the entrance
slit of the spectrometer, we used a differential pump (turbo
molecular pump), by which the pressure was kept to be
as low as 1.27 Pa. By changing the ambient gas pressure
along VUV line of sight, we examined the effect of optical
thickness of He I Lyman α.

3. Radiative Transfer Equation
As described in the previous section, the self-

absorption for resonance lines cannot be neglected and
rather controls the population kinetics of the excited states
and even energy transport. Radiation trapping can be de-
scribed by the radiative transfer equation [9],

dI = εvdx − κvIdx, (1)

where I is the intensity, κv is the absorption coefficient
and εv is the emission coefficient. In the case of one-
dimensional homogeneous plasma, we obtain the follow-
ing equation:

I(x) = I0e−τx + εv/κv (1 − e−τx), (2)

where τ is the optical depth and is given by [10],
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where fik is the absorption oscillator strength, λ is the
wavelength, g is the statistical weight, x is the boundary
of particles, M is the atomic mass, T is the temperature of
the particles, and kB is the Boltzmann constant. Here, r is
the spatial location, where the radiative transition from an
upper state k to a lower state i occurs.

Figure 2 shows the Lyman α spectra for the optical
thick and thin plasmas calculated by solving the radiative

Fig. 2 He I Lyman α spectra for optical thick and thin plasmas.
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transfer equation. The gas temperature and density are
0.5 eV and 6× 1017 cm−3, respectively. The initial spec-
tral shape is assumed to be the Gaussian originating from
the Doppler broadening. For the optically thin plasma, the
profile still looks the Gaussian shape because of no self-
absorption in plasma. However, for the optically thick
(τ � 1), the Lyman α peak intensity is drastically de-
creased by ∼106, and the profile is radically deformed,
resulting in a dip structure at line center as indicated by
“central minimum” in the figure. Consequently, only wing
components (“side maxima”) can be observed.

4. Results and Discussion
Figure 3 (a) plots the VUV spectra of He I resonance

lines (1s 1S-np 1P) at a discharge current of 100 A and a
gas flow rate of 0.05 L/min. The magnetic field was not
applied. Line emissions attributed to principal quantum
numbers of n = 2 (λ = 58.4 nm) and n = 3 (53.7 nm) are
observed in this spectral window. The resonance intensi-
ties are increased with decreasing discharge gas pressure,
as shown in Fig. 4.

Figure 3 (b) shows the VUV spectra of He I resonance
lines for 0.05 L/min and 100 A discharge with the magnetic
field. Compared with the case (a), many lines attributed O
II, B II and B III ions appear in (b). The result implies that
under weak magnetic field the cathode material, LaB6, is
significantly sputtered by the ion bombardment. Magnetic
field confinement of plasma changes the emission behav-
iors and constituents in the plasma. The result of this dras-
tic variation in emissions is unclear because of the reasons
of appearing many impurity lines with the magnetic field
are unknown. Further experiment is needed for the precise
clarification. Without the magnetic field, the charged parti-
cles readily interact with the channel wall, resulting in the
heat loss onto the wall. Consequently, the plasma jet has
a lower temperature at the anode exit and lowers the Ly-
man α intensity, as shown in Fig. 4. In fact, the Lyman α
intensity was increased by ∼3 times under a discharge gas
pressure of 1.3 kPa and application of the magnetic field.

The self-absorption causes the intensity of He I Ly-
man α being decreased. Note that the length between the
anode exit and the entrance slit of VUV spectrometer was
around 1 m. For a homogeneous ambient pressure, the re-
absorption of Lyman α due to neutral gas is expressed by
I0 exp(−κνx), as shown in Eq. (2). This equation can be
rewritten by I0 exp(−σnx), where σ is the absorption cross
section and n is the atomic density. In order to evaluate
the effect of the self-absorption due to ambient gas in the
vacuum chamber, therefore, we changed the pressure (ab-
sorber density) along the line of sight and then measured
the Lyman α intensity. Figure 5 shows the dependence of
the Lyman α intensity on the ambient gas pressure under
the magnetic field application. The spectra without the
field show similar trend with those with the field. The
lower gas pressure shows the increase in intensity and the

Fig. 3 VUV spectra of He I for 0.05 L/min and 100 A discharge,
(a) without and (b) with a magnetic field of 50 G.

Fig. 4 Spectral intensity of He I Lyman α intensity against the
discharge gas pressure.

intensity decreases exponentially, which follows the above
equation.

The simple absorption ratio evaluated by using the
equation of I/I0 = exp(−σnx) is also shown in Fig. 5.
Here, the absorption cross section (σ) is 3.28× 10−7λ2 cm2

and x is 290 mm (sight line length), and the atomic density
n was estimated by using the equation of state, P = [nkT ]
(T = 300 K, room temperature). The changes of the ab-
sorption ratio follow the trend observed in the experimen-
tal results.
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Fig. 5 Lyman α intensity against ambient gas pressure with and
without the magnetic field and the theoretical evaluation
of Lyman α intensity.

5. Summary
We have developed an 8 mm diameter cascade arc

source for differential pumping plasma window. We ob-
served the VUV spectrum attributed to He I resonance

lines. We investigated the effect of radiation trapping on
high-pressure He arc plasma. The optical thickness signif-
icantly influenced the emission intensity of resonance lines
in the optically thick plasma for high-ambient pressures.
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