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Estimation of sheath electric field in inductively coupled hydrogen
plasma on the basis of Doppler-broadened absorption spectrum of
hydrogen Balmer-a line
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We examined the applicability of the Doppler-broadened absorption spectrum of the hydrogen Balmer-
a line to the estimation of the sheath electric field in plasma. The Stark splitting of the fine-structure
components was calculated by solving the time-independent Schrédinger equation at various electric field
strengths, and the theoretical absorption spectrum was obtained by the superposition of the fine-structure
components with the same Doppler broadening widths. The spectrum of the Balmer-« line of atomic hydro-
gen, which was measured by standard diode laser absorption spectroscopy, was fitted with the theoretical
spectrum. We succeeded in determining the translational temperature of atomic hydrogen, which was ob-
tained from the Doppler broadening width, and the electric field strength by the spectral fitting. We have
evaluated that the minimum electric field strength that can be detected by the present method is approxi-
mately 350 V/cm when the translational temperature of atomic hydrogen is 400-500 K.

1. Introduction

The electric field in a sheath, which is formed between a plasma and a solid surface, is an
old and new problem in plasma physics.!-? The sheath electric field in unmagnetized plasma
can be predicted on the basis of the standard Bohm theory,” if the plasma is electroposi-
tive, the collision in the sheath is negligible, the sheath is static, and the plasma has a single
ion species. However, the structures of the sheath electric fields in actual plasmas are devi-
ated from ideal ones. Although many works have been carried out, we have not reached the
perfect understanding of the electric field structures in collisional sheaths,*® electronega-
tive sheaths,”'® and sheaths with multiple ion species.!*!® In addition, the transition region
between the ion sheath and the presheath has been discussed intensively.!”>%

A difficulty in the study of the sheath electric field is caused by the lack of an easy-to-use
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method that is applicable to experiments. Since an emissive probe has an insufficient spatial
resolution and causes considerable disturbance to the sheath, a non-contact method with a fine
spatial resolution is demanded. The representative non-contact method, which can be used in
low-pressure plasmas, is laser Stark spectroscopy. The Stark effect is the change in the energy
level structure of an atom or a molecule in electric field. The energy of an excited state or the
wavelength of a transition line is a function of the electric field, and we can determine the
electric field by measuring the spectrum of an optical transition line. In principle, the electric
field measurement by Stark spectroscopy have no limitation in electron density and electron
temperature. It is noted here that a higher energy state (a Rydberg state) shows more sensitive
response to weak electric field. Hence, the conventional trend in laser Stark spectroscopy for
the sensitive sheath electric field measurement was the development of a method for detecting
high Rydberg states.>*% However, the trend toward high Rydberg states stands in the trade-
off relationship with the decrease in the detection sensitivity, since the transition probability
decreases steeply with the principal quantum number.

In a previous work, we changed our approach to lower-lying energy states.>>3® Although
lower-lying states show less sensitive Stark effect, they can be detected rather easily by laser
absorption spectroscopy. We compensated the less sensitive Stark effect by employing satu-
rated absorption spectroscopy with a Doppler-free wavelength resolution. We have succeeded
in detecting weak electric field of ~ 10 V/cm in the sheath by employing the Balmer-«
line of atomic hydrogen.’® This sensitivity is comparable to that realized by laser-induced
fluorescence-dip spectroscopy,?®>* where Rydberg states with principal quantum numbers
up to n = 40 — 55 are detected. However, the Stark spectroscopy of lower-lying states com-
bined with saturated absorption spectroscopy is problematic in strong electric field (> 500
V/cm). One problem is the crossover resonances which appear at the center between two
transition lines with common lower or upper energy states. The Balmer-« line of atomic hy-
drogen splits into many fine structure components in the strong electric field, and in this case
the saturated absorption spectrum becomes complicated because of many crossover peaks.
Another problem is the decrease in the depth of the Lamb dip, which is due to the small
transition probability of the line with the Stark splitting.

In this work, we examined the applicability of Doppler-broadened absorption spectrum of
the hydrogen Balmer-« line to the measurement of the sheath electric field. The wavelength
resolution of standard laser absorption spectroscopy employing a tunable single-mode laser
is limited by the Doppler broadening, and it is much worse than that of saturated absorp-

tion spectroscopy. However, it would be possible to utilize the Doppler-broadened absorption
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spectrum for the estimation of relatively strong electric field. The applicability of the Doppler-
broadened spectrum of the Balmer-a and Balmer-£ lines of atomic hydrogen to the electric
field measurement was investigated by several authors.>’? Since the spectroscopic meth-
ods used in their experiments were optical emission spectroscopy with limited wavelength
resolutions, the detection limits achieved in these experiments were on the order of kV/cm
even when the Balmer-f line was employed. In this work, we employed laser absorption spec-
troscopy, which has a better wavelength resolution than optical emission spectroscopy, for the
measurement of the spectrum of the Balmer-« line. We have evaluated the minimum electric

field that can be determined on the basis of the Doppler-broadened absorption spectrum.

2. Principles and theoretical absorption spectra

Figure 1 shows the energy level diagram of atomic hydrogen relevant to the Balmer-a line.
The Balmer-a line is the transition between energy levels with principal quantum numbers
of n = 2 and 3. Because of the fine structures and the selection rule, the Balmer-« line is
composed of seven transition lines in the field-free condition. An example of the theoretical
absorption spectrum of the field-free Balmer-« line is shown in Fig. 2(a). In this spectrum,
we assume that the ratio of the population densities of the three n = 2 states, including the
metastable 2525 ), is given by the statistical weights. The population distribution which is
equal to the statistical weights is widely observed in literature.**~*7 It is realized by the large
rate coefficient of H(2s%S | ,2) + € — H(2p*P°) + e (on the order of 107® cm?/s).*® According
to the rate coefficient, it is estimated that the population distribution is given by the statistical
weights if the electron density is higher than 1 x 10'° cm™, whereas the electron density in
the present experimental condition is approximately 1 x 10'' cm™. The detailed kinetics of
the n = 2 states of atomic hydrogen will be reported in a separate paper. We assume 500 K
for the translational temperature of atomic hydrogen in Fig. 1, and the absorption spectrum
is obtained by the superposition of the seven fine structure components with Doppler broad-
ening corresponding to 500 K. We assume the unsaturated case, so that the amplitudes of the
seven lines are proportional to the transition probabilities. The labels A-G in Fig 2(a) show
the transitions indicated in Fig. 1.

The energy levels shown in Fig. 1 are degenerated. The degenerated states split into many
levels in the presence of electric field, and as a result, we observe the change in the absorption
spectrum. The wavelengths and the transition probabilities of fine-structure components with
the Stark splitting can be calculated by solving the time-independent Schrédinger equation

with the perturbation of the electric field.*” An example of the Stark spectrum is shown in
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Fig. 2(b), where we assume an electric field of 1 kV/cm and a translational temperature of
500 K. We assume that the electric field of the linearly polarized laser beam is parallel to
the sheath electric field (the & polarization). As shown in Fig. 2(b), the absorption spectrum,
which is obtained by the superposition of Doppler-broadened fine-structure components with
the Stark splitting, is different from the field-free spectrum shown in Fig. 2(a).

The principle of the present method is to fit the theoretical spectrum with the absorp-
tion spectrum that is measured in the sheath. The physical values that are determined by the
spectral fitting are the electric field strength and the translational temperature of atomic hy-
drogen. Figures 3(a) and 3(b) show the variations of the theoretical absorption spectra with
the electric field and the translational temperature, respectively. The translational temperature
is fixed at 500 K in Fig. 3(a), whereas the electric field is fixed at 0 V/cm in Fig. 3(b). Both
the increases in the electric field and the translational temperature result in the broadening of
the absorption spectrum, as shown in Fig. 3. We examine whether both the electric field and
the translational temperature can be deduced from the absorption spectrum or not, and we

evaluate the minimum electric field that can be detected by the present method.

3. Experiment

The experimental apparatus is schematically shown in Fig. 4. The plasma was produced in
a cylindrical vacuum chamber with a diameter and a height of 26 cm. Pure hydrogen was
introduced into the vacuum chamber after evacuating it below 4 x 107 Torr using a turbo
molecular pump. The gas pressure was 47 mTorr. A one-turn rf antenna was inserted into the
vacuum chamber, and it was connected to an rf power supply at 13.56 MHz via a matching
circuit. The rf antenna was electrically insulated from the plasma by covering its surface
with glass fibers. In this experiment, the rf power was pulse modulated at a frequency of
20 kHz. The instantaneous power and the duty factor were 1 kW and 50%, respectively. A
planar electrode (5 x 15 cm?) which was connected to a dc power supply was inserted into the
vacuum chamber from the opposite side to the rf antenna. The distance between the planar
electrode and the rf antenna was 5 cm.

The light source for absorption spectroscopy was a linearly-polarized, single-mode diode
laser (New Focus TLB-6900). The oscillation wavelength of the diode laser was scanned
around the Balmer-a line of atomic hydrogen. A mode hop free tuning range of 50 GHz was
possible. The variation of the laser wavelength was monitored using a Fabry-Perot spectrum
analyzer with a free spectral range of 1 GHz. The diode laser beam was injected into an

optical fiber after passing through an optical isolator. The diode laser beam yielded from the
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optical fiber was collimated, and it was injected into the plasma via an optical window. The
diameter (FWHM) of the collimated laser beam was approximately 0.3 mm. The intensity of
the laser beam was weak enough to avoid the saturation. The distance between the diode laser
beam and the surface of the planar electrode was approximately 0.5 mm. The electric field of
the linearly polarized laser beam was adjusted to be parallel (the 7 polarization) to the sheath
electric field using a 4/2 plate. The laser beam transmitted through the plasma was detected
using a photodiode. An interference filter which had the transmission at the wavelength of the
Balmer-a line was placed in front of the photodiode to eliminate the optical emissions from
the plasma. The electrical signal from the photodiode was connected to a lock-in amplifier
to observe the synchronous component with the modulation frequency of the rf power. The
lock-in amplifier was useful to obtain the absorption spectrum with a high signal-to-noise

ratio.

4. Results and discussion

Figure 5 shows absorption spectra observed at three bias potentials of the planner electrode.
The red curves with small noises are the experimental results, and the blue curves show the
fittings with the theoretical spectra. The method of least squares was adopted to find the best
fitting. As shown in the figures, we obtained fine fittings between the experimental and the-
oretical spectra by adjusting the electric field strength and the translational temperature. The
electric field strength and the translational temperature, which were deduced by the spectral
fitting, are summarized in Fig. 6 as a function of the electrode potential. The magnitudes of
the error bars were evaluated on the basis of the ambiguity in the spectral fitting. We could
not deduce the electric field at an electrode potential of O V since the ambiguity in the spectral
fitting was too significant. As shown in the figure, we observed the monotonic increase in the
electric field strength with the electrode potential. In contrast, we observed roughly constant
translational temperature as a function of the electrode potential. This is a reasonable result
since the heating of atomic hydrogen is not expected inside the nearly collisionless sheath at
a pressure of 47 mTorr.

In a previous work, we reported the measurement of the electric field in the same plasma
source by saturated absorption spectroscopy.*® The electric field at a distance of 0.5 mm
from the grounded electrode was approximately 25 V/cm. The electric field increased with
the electrode potential monotonically, and they were ~ 600, ~ 850, and ~ 1200 V/cm at
electrode potentials of -40, -80, and -120 V, respectively, when the distance between the

electrode surface and the measurement position was 0.4 mm. Considering the difference in the
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measurement positions (0.4 and 0.5 mm from the electrode surface), the difference between
the previous and present results is estimated to be within 40% when the electrode potential
is deeper than -40 V. On the other hand, when the electrode potential was -20 V, the electric
field measured by saturated absorption spectroscopy was ~ 250 V/cm at a distance of 0.4 mm
from the electrode. This electric field is weaker than that determined by the present method
at a distance of 0.5 mm, suggesting that the present method results in the overestimation of
weak electric field.

This overestimation is related to the fact that the theoretical absorption spectrum does
not change so much in weak electric field. Figure 7 represents the difference between the
theoretical field-free spectrum and the theoretical spectra in electric fields. The vertical axis
is given in the standard deviation. The amplitudes of the theoretical spectra are normalized
so that the integral with respect to the frequency is equal to unity. As shown in the figure,
the increase in the standard deviation is rather gentle at electric fields weaker than 200 V/cm,
suggesting that the estimation of the electric field by the fitting between theoretical and ex-
perimental spectra may contain a large error. Actually, the standard deviation between the
theoretical field-free spectrum and the experimental spectrum observed at an electrode po-
tential of 0 V is 1.6 x 107!2 Hz™!. This is the reason for the fact that the estimation of the
electric field is impossible at an electrode potential of O V and for the large error bar shown in
Fig. 6(a) at an electrode potential of -20 V. Therefore, considering the magnitude of the ambi-
guity in the spectral fitting and the standard deviation shown in Fig. 7, it is evaluated that the
minimum electric field that can be determined by the present method is approximately 350
V/cm. This detection limit is comparable to the detection limits obtained by optogalvanic
spectroscopy>*2> and laser-induced collisional fluorescence spectroscopy,?®>” where pulsed
dye lasers are used for exciting metastable states of helium and argon to Rydberg states with

principal quantum numbers of n = 7 — 14.

5. Conclusions

We examined the applicability of the Doppler-broadened absorption spectrum of the hydro-
gen Balmer-a line to the estimation of the sheath electric field in plasma. The Doppler-
broadened absorption spectrum was measured by standard laser absorption spectroscopy. The
conclusion is that the method works in electric fields higher than ~ 350 V/cm, when the trans-
lational temperature of atomic hydrogen is 400-500 K. This sensitivity is worse than those of
35,36)

laser-induced fluorescence-dip spectroscopy?®*=# and saturated absorption spectroscopy,

but it is comparable to optogalvanic spectroscopy?*2> and laser-induced collisional fluores-
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cence spectroscopy.?®2” The light source in the present method is a diode laser, and the
optical configuration is simple (the standard laser absorption spectroscopy). Therefore, we
believe that the present method is useful in many experiments where an easy-to-use method

for measuring the sheath electric fields is demanded.
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Fig. 1. Energy level diagram of atomic hydrogen relevant to the Balmer-a line.
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Fig. 2. Theoretical absorption spectra (a) in field-free condition and (b) in electric field of 1 kV/cm. The
fine structure components (a) without and (b) with the Stark splitting are also illustrated. The Doppler
broadening corresponding to 500 K is assumed for each fine structure component. The electric field of linearly
polarized laser beam is assumed to be parallel to the sheath electric field. The labels A-G in (a) correspond to

the transitions shown in Fig. 1.
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Fig. 3. Theoretical absorption spectra at (a) various electric fields and (b) various translational temperatures.

The translational temperature is fixed at 500 K in (a), whereas the electric field is fixed at 0 V/cm in (b).
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Fig. 5. Absorption spectra observed at electrode potentials of (a) -20 V, (b) -80 V, and (c) -160 V. The

theoretical spectra which are fitted with experimental spectra are also shown.

14/7?



Jpn. J. Appl. Phys. REGULAR PAPER

8OO ey
7oo§ +
£ 600 : ¢
2 500 ;
2 400 5
o [ ]
b : ¢ :
2 300f ¢ ]
D : :
m 200:- ]
100} (a) :
O:I-...l....l....l....-
500 [t
© [ ]
5 450} + ]
9 r 4
o [ ]
g— [
o 400r -
2 _
C L
S _
T 350} ]
S (b)
- 1
3005556100 150 200

Electrode potential (V)

Fig. 6. (a) Electric field strength and (b) translational temperature, which are deduced by the fitting between

experimental and theoretical spectra, as a function of the electrode potential.

15/7?



Jpn. J. Appl. Phys.

REGULAR PAPER

N
N o
—————]

—
o
———

o
o
1

Standard deviation (10'12 Hz'1)

PP

0

Fig. 7.

electric fields.

100 200 300
Electric field (V/cm)

16/??

400

Difference (given in standard deviation) between theoretical field-free spectrum and spectrum in



