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ABSTRACT: We adopted saturation spectroscopy for observing a Doppler-free spectrum of the
Balmer-α line of atomic hydrogen in a linear magnetized plasma source. The spectrum was com-
posed of a broadband offset and many peaks which were assigned as fine-structure components
of the Balmer-α line with Zeeman splitting. We examined the amplitudes of the offset and line
components as functions of the pump laser power and the discharge gas pressure. The saturation
parameter or the amplitude of the saturation spectrum was discussed by referring to the theory of
saturation spectroscopy. In addition, the physical origin of the broadband offset component was
speculated on the basis of the pressure dependence of the saturation spectrum.
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1. Introduction

Laser absorption spectroscopy has a much finer resolution than optical emission spectroscopy, and
is widely used for investigating the velocity distribution functions of various species in plasmas by
measuring Doppler-broadened spectra of their transition lines [1–6]. On the other hand, studies
of the particle balance in Large Helical Device (LHD) at the National Institute for Fusion Science
(NIFS) need a spectral resolution finer than the Doppler broadening. A required information for
understanding the particle balance is the location of ionization (H+e→ H++e+e). The location
of ionization is expected to be almost the same as the location of excitation (H+e→ H∗+e) in the
LHD plasma [7]. In principle, the location of excitation is known by measuring the spectrum of
the Balmer-α line of atomic hydrogen with Zeeman splitting, since the spatial distribution of the
magnetic field strength is known in LHD and the spectrum with Zeeman splitting is a fingerprint
of the magnetic field strength. However, because of a high temperature of atomic hydrogen in
LHD, the details of Zeeman splitting are masked by the Doppler broadening [8, 9]. Under the
aforementioned background, in this work, we developed a system of saturation spectroscopy at the
Balmer-α line of atomic hydrogen.

Saturation spectroscopy has a Doppler-free resolution, and is widely used in the field of fun-
damental spectroscopy, where researchers are interested in ultrafine determinations of the wave-
lengths of various transition lines [10]. Although plasmas are frequently used in fundamental
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Figure 1. Experimental apparatus.

spectroscopy as a method to obtain excited states of various species, the relationship between the
spectral characteristics and plasma parameters is not interested so much. However, when we de-
velop a system of saturation spectroscopy with the intention of applying it to plasma diagnostics, it
is necessary to investigate its spectral characteristics as functions of plasma parameters. The shift
and the broadening of fine-structure components of the hydrogen Balmer-α line were investigated
by Weber and coworkers in unmagnified hollow cathode arc discharges approximately thirty years
ago [11–13], where they used saturation-polarization spectroscopy to obtain a Doppler-free resolu-
tion. In this work, we examined characteristics of simple saturation spectroscopy in a magnetized
linear plasma source. The saturated absorption spectra were measured as functions of the pump
laser power and the discharge gas pressure. A novelty of this work is our interest in collisional
effects in plasmas on characteristics of saturation spectroscopy at the Balmer-α line of atomic
hydrogen.

2. Experiment

2.1 Plasma source

The experimental apparatus is illustrated in figure1. The plasma source was a linear machine with
a uniform magnetic field of 350 G along the axis. The helical antenna wound around the quartz
glass tube was connected to an rf power supply at 13.56MHz via a matching circuit. The diameter
of the glass tube was 1.6 cm, and a plasma column with the same diameter as the glass tube was
confined radially by the external magnetic field. The lengths of both the glass tube and the diffusion
chamber were 30 cm. The vacuum chamber was evacuated using a turbomolecular pump below a
background pressure of 5×10−6 Torr.

This plasma source had two discharge modes [14]. One was “the low-density mode”, which
was realized at a low rf power. The range of the plasma density in the low-density mode was on the
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Figure 2. Spectra of simple laser absorption spectroscopy and saturation spectroscopy, observed in a low-
density mode discharge. The two curves shown in (a) represents the absorbance spectra of the probe laser
beam with and without the pump laser beam. (b) was obtained by dividing the difference between the two
curves shown in (a) by the absorbance spectrum without the pump laser beam.

order of 1011 cm−3. The other was “the high-density mode”. The plasma density increased by a
factor of∼ 100 at an rf power (called “a helicon jump”), and the range of the plasma density in the
high-density mode was on the order of 1013 cm−3. In this study, we mainly used low-density mode
discharges employing pure H2 gas. High-density mode discharges were used in some experiments,
where we used the mixture of H2 and Ar since the absorption of the probe laser beam was close to
100% when we used pure H2 for high-density mode discharges.

2.2 System for saturation spectroscopy

The light source for saturation spectroscopy was an oscillator-amplifier system of diode lasers,
which yielded tunable, single-mode, cw radiation with a power of approximately 200 mW. The
wavelength of the master oscillator (New Focus, Vortex II) was scanned for a range of 50 GHz
within a period of 5 ms. The power and the linewidth of the master oscillator were approximately
15 mW and less than 1 MHz, respectively. A part of the master oscillator beam (< 1 mW) was
picked up using a beam splitter and was used as the probe beam. A collimator was used for avoiding
the divergence of the probe beam. In addition, a part of the master oscillator beam was picked up
to measure the rough wavelength and the frequency scan using a wavemeter and a Fabry-Pérot
spectrum analyzer, respectively. The other part of the master oscillator beam was injected into a
diode laser amplifier (TOPTICA, BoosTA) to obtain the intense pump beam. A half-wavelength
plate was inserted between the oscillator and the amplifier to adjust the direction of polarization.
The pump laser power was varied by changing the current of the diode laser amplifier.

The probe and pump beams were launched into the plasma source from the counter axial
directions, and they were overlapped carefully. Therefore, the present experimental configuration
was sensitive to theσ transitions between energy levels with Zeeman splitting. A beam splitter
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Figure 3. Similar spectrum to figure 2b observed in a high-density mode discharge.

was used for detecting the transmitted probe beam using an avalanche photo diode. A pin hole
transmitted the probe beam, while it eliminated the optical emission from the plasma efficiently.
The electrical signal from the avalanche photo diode was recorded using a digital oscilloscope,
together with the signal from the spectrum analyzer. The time axis of the digital oscilloscope was
converted into the relative frequency of the master oscillator by referring to the signal from the
spectrum analyzer.

3. Results

3.1 Spectrum of saturation spectroscopy

Spectra of the probe beam transmitted through a plasma are shown in figure2a, which was observed
with and without the pump laser beam. The origin of the relative frequency axis corresponds to a
wavelength of 656.285 nm. The vertical axis shows the absorbance, which is the product between
the absorption coefficient for the probe beam (αprobe) and the absorption length (ℓ), and is obtained
from the intensities of the incident (I0) and transmitted (It) probe laser beams using the Lambert-
Beer lawαℓ=− ln(It/I0). The plasma was produced at an rf power of 700 W in pure H2 gas at a
pressure of 50 mTorr, which was a typical condition for the low-density mode discharge. The pump
laser power in front of the optical window for launching the pump beam into the plasma was 146
mW. When the pump laser beam was switched off, we observed a smooth spectrum with two broad
peaks, as shown in figure2a, which was understood by the overlaps of many Doppler-broadened
fine-structure components of the Balmer-α line [3]. On the other hand, when the pump beam was
switched on, we observed many dips in the spectrum of the probe beam, as shown in figure2a.

Figure2b shows a saturation spectrum, which was obtained by dividing the difference between
the two spectra (∆αprobe) shown in figure2a by the spectrum without the pump laser beam (α0

probe).
We observed many peaks with high spectral resolutions. The assignments of the peaks labeled in
figure2b will be discussed in the next section. A similar result to figure2b is shown in figure3,
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Figure 4. Definitions of the amplitudes of the peak and offset components.

which was observed in a high-density mode discharge. The rf power was 2 kW, and the discharge
gas was the mixture of H2 and Ar at partial pressures of 4.5 and 18 mTorr, respectively. The dips
induced by the pump laser beam were also observed in the high-density mode discharge. The dip
spectrum shown in figure3 has smaller amplitudes and broader widths than the dip spectrum shown
in figure2b.

3.2 Dependence of the saturation spectrum on the pump laser power

Figure4 shows an expanded spectrum of a part of figure2b. As shown in the figure, the saturation
spectrum was composed of narrow peak and broadband offset components. We defined the ampli-
tudes (∆αprobe/α0

probe) of the narrow peak and the broadband offset as illustrated in figure4 for the
case of the peak labeled with (2) in figure2b. Figure5 shows the amplitudes of the peak and offset
components as a function of the pump laser power. This result was obtained in a low-density mode
discharge. As shown in figure5a, the amplitude of the peak component was roughly proportional
to the pump laser power in the low-power regime (< 20 mW), while we observed a saturation of
the increase in the amplitude of the peak component at pump laser powers higher than 20 mW.
The amplitude of the offset component was also roughly proportional to the pump laser power, as
shown in figure5b. A weak saturation of the increase in the amplitude of the offset component was
also observed in the high-power regime (> 70 mW).

3.3 Dependence of the saturation spectrum on the gas pressure

From the viewpoint of application to plasma diagnostics, it is important to examine the dependence
of the saturation spectrum on plasma parameters. Here, we measured the amplitudes of the peak
and offset components for the line labeled with (2) in figure2b as a function of the discharge gas
pressure. The rf power was 750 W (low-density mode discharges), and the pump laser power was
100 mW. As shown in figure6a, the amplitude of the peak component decreased with the gas
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Figure 5. Amplitudes of the (a) peak and (b) offset components as a function of the pump laser power.

pressure, while the amplitude of the offset component increased with the gas pressure as shown in
figure 6b. This means that the signal-to-noise ratio of the saturation spectrum becomes low in a
discharge at a high gas pressure.

4. Discussion

4.1 Theory of saturation spectroscopy

According to the theory of saturation spectroscopy [15], the shape of the saturation spectrum for a
transition line is given by

∆αprobe

α0
probe

=
S
2

(γs/2)2

(ω −ω0)2+(Γ∗
s/2)2 , (4.1)

whereS is called saturation parameter,α0
probe is the absorption coefficient for the probe laser beam

when the pump laser beam is switched off,∆αprobe is the difference in the absorption coefficients
with and without the pump laser beam,ω −ω0 denotes the deviation of the angular frequency from
the center of the transition line,γs= γ

√
1+Swith γ being the homogeneous width of the transition

line, andΓ∗
s = (γ + γs)/2. Equation (4.1) is accurate whenS≪ 1. The saturation parameterS is

given by

S= B23ρ
(

1
R2

+
1
R3

)
, (4.2)

whereρ is the spectral power density of the pump laser beam,R2 andR3 are the relaxation fre-
quencies of the lower (n = 2) and upper (n = 3) energy states, respectively, andB23 is Einstein’s
B coefficient for the transition line. The absorption coefficient for the pump beam is given as a
function of the saturation parameter such that

αpump=
α0

pump

1+S
, (4.3)
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Figure 6. Amplitudes of the (a) peak and (b) offset components as a function of the discharge gas pressure.

whereα0
pump is the absorption coefficient for the pump beam when the pump laser power is so weak

that the saturation of absorption is negligible (α0
probe= α0

pump).

4.2 Assignment of peaks

Since the Balmer-α line is composed of many fine-structure transitions, the saturation spectrum
has many lines, each of which has a line shape expressed by equation (4.1). The Zeeman-split
line components were calculated using a method based on the perturbation theory [16] and the
peaks shown in figure2b are found to be understood asσ transitions of the Balmer-α line at
350 G. The assignment of the peaks labeled in figure2b are listed in table1. It is noted that the
apparent forbidden transition 22P1/2,−1/2 – 32D5/2,−3/2 in the group (7) in table1 is due to mixing
of the 32D3/2,−3/2 wavefunction (approximately 5%) into 32D5/2,−3/2 by the magnetic field. The
unlabeled peaks shown in figure2b are understood as cross-over signals.

Accordingly, it has been shown that a Zeeman-split spectrum of the Balmer-α line of atomic
hydrogen is successfully measured by saturation spectroscopy with a resolution finer than the
Doppler broadening. It is expected that the magnetic field strength (or the location of excita-
tion in LHD) is derived from the saturation spectrum with Zeeman splitting, even in the case with
varying magnetic field along the pathways of the laser beams [8]. It is noted that the saturation
spectrum includes information on plasma parameters in addition to the magnetic field strength.
The absorption coefficient for the probe beam (α0

probe) represents the density of atomic hydrogen at
then= 2 state [3]. In addition, since the widths of the peak components in the saturation spectrum
are basically determined by the natural and the Stark broadenings, it would be possible to evalu-
ate the electron density and the electron temperature of the plasma from the profiles of the peak
components [11–13]. For example, in the case of the high-density mode discharge, the peaks were
broadened due to Stark broadening and were overlapped each other as shown in figure3 (but the
peaks (1), (2), (6), and (7) were observable). The analyses of the spectral distributions of the peak
components will be reported elsewhere.
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Table 1. Assignments of peaks shown in figures 2b and 3. Each energy level is denoted asn2S+1LJ,M where
n is the principal quantum number,S, L, andJ are the spin, orbital, and total angular momentum quantum
numbers, respectively, andM is the magnetic quantum number. Lines having the transition probabilities
larger than 106 s−1 are only listed.

Label Wavelength (nm) Transition probability (s−1) Transition

(1)

656.28643 7.640×106 22P3/2,1/2 – 32D3/2,3/2

656.28612 8.365×106 22P3/2,3/2 – 32D5/2,1/2

656.28608 9.649×106 22P3/2,−1/2 – 32D3/2,1/2

656.28602 2.349×107 22P3/2,1/2 – 32D5/2,−1/2

656.28594 4.315×107 22P3/2,−1/2 – 32D5/2,−3/2

656.28590 6.459×107 22P3/2,−3/2 – 32D5/2,−5/2

656.28571 6.724×106 22P3/2,−3/2 – 32D3/2,−1/2

(2)

656.28450 6.459×107 22P3/2,3/2 – 32D5/2,5/2

656.28437 3.479×107 22P3/2,1/2 – 32D5/2,3/2

656.28425 1.503×107 22P3/2,−1/2 – 32D5/2,1/2

656.28414 4.041×106 22P3/2,−3/2 – 32D5/2,−1/2

(3) 656.27814 1.335×107 22S1/2,1/2 – 32P1/2,−1/2

(4)
656.27626 1.634×107 22S1/2,−1/2 – 32P1/2,1/2

656.27614 1.443×106 22P1/2,1/2 – 32S1/2,−1/2

(5)
656.27426 1.359×106 22P1/2,−1/2 – 32S1/2,1/2

656.27365 9.082×106 22S1/2,1/2 – 32P3/2,−1/2

656.27321 2.243×107 22S1/2,−1/2 – 32P3/2,−3/2

(6)

656.27180 2.243×107 22S1/2,1/2 – 32P3/2,3/2

656.27166 5.081×107 22P1/2,−1/2 – 32D3/2,−3/2

656.27158 1.680×107 22P1/2,1/2 – 32D3/2,−1/2

656.27131 6.092×106 22S1/2,−1/2 – 32P3/2,1/2

(7)
656.27054 1.785×107 22P1/2,−1/2 – 32D3/2,1/2

656.27042 5.366×107 22P1/2,1/2 – 32D3/2,3/2

656.27040 2.358×106 22P1/2,−1/2 – 32D5/2,−3/2

4.3 Evaluation of saturation parameter

According to equation (4.1), the amplitude of the saturation spectrum atω = ω0 is given by
∆αprobe/α0

probe= 2S(1+S)/(1+
√

1+S)2. On the other hand, the amplitude of the peak com-
ponent shown in figures5a and6a is less than∆αprobe/α0

probe≃ 0.1, which corresponds to a satura-
tion parameter ofS≃ 0.2. Hence the saturation parameter evaluated from the saturation spectrum
observed in this experiment was less than∼ 0.2.

Another method to evaluate the saturation parameter experimentally is to observe the ab-
sorbance of the pump laser beam. Figure7 shows the absorbance of the pump laser beam at a
wavelength of 656.285 nm (at the origin of the relative frequency axis) as a function of the pump
laser power. The solid curve shown in figure7 represents a fitting between the experimental result
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Figure 7. Relationship between the absorbance and the power of the pump laser beam. The solid curve
shows the fitting between the experimental result and equation (4.3). The saturation parameter evaluated by
the fitting is shown by the dashed curve.

and equation (4.3), indicating that the decrease in the absorbance agrees with the theory of satura-
tion. The saturation parameter evaluated by the curve fitting is illustrated by the dashed curve in
figure 7. Accordingly, the saturation parameter evaluated from the absorbance of the pump laser
beam wasS≤ 0.8. The saturation parameter ofS≤ 0.2, which was evaluated from the amplitude
of the saturation spectrum, may be underestimated, since equation (4.1) is accurate whenS≪ 1.
However, it is suggested that the amplitude of the saturation spectrum is smaller than that expected
from the absorbance of the pump laser beam.

The saturation parameter is estimated theoretically using equation (4.2). The relaxation fre-
quencyR2 is given by the transition probability of the Lyman-α line, the relaxation frequencyR3 is
given by the sum of the transition probabilities of the Lyman-β and Balmer-α lines,B23 is given by
the transition probability of the Balmer-α line, andρ is evaluated from the pump laser intensity and
the natural broadening width of the Balmer-α line. A theoretical saturation parameter ofS∼ 5 was
estimated by substituting the above values into equation (4.2). Accordingly, even when we con-
sider the spatial distribution of the pump laser power due to absorption, the theoretical saturation
parameter is larger than both the experimental saturation parameters evaluated from the amplitude
of the saturation spectrum and the absorbance of the pump laser beam.

4.4 Characteristics of saturation spectrum

The experimental result shown in figure5a is reasonable, since the saturation parameter is pro-
portional to the pump laser power (equation (4.2)) and the amplitude of the saturation spectrum is
roughly proportional to the saturation parameter (equation (4.1)). The saturation of the increase
in ∆αprobe/α0

probe in the high-power regime is attributed to the fact that equation (4.1) is accurate
for S≪ 1. An experimental result that is difficult to be understood by the simple theory of satu-
ration spectroscopy is the existence of the broadband offset component in the saturation spectrum,
as shown in figures2b and 3. As shown in figure5b, the amplitude of the offset component had a
similar variation to that of the peak component, when the pump laser power was varied. Since the
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offset component makes the signal-to-noise ratio of the saturation spectrum smaller, it is important
to know the mechanism for the broadband offset component.

The smaller experimental saturation parameter than theoretical one and the existence of the
broadband offset component is explained by supposing the change in the velocity of atomic hy-
drogen due to collisions. This means the transport of atomic hydrogen in the velocity space. In
other words, collisions transport a part of hydrogen atoms from the Lamb-dip region to the outside,
resulting in the broadband offset component. The experimental result shown in figure6 qualita-
tively supports the above hypothesis. The decrease in the peak amplitude with the gas pressure
is explained by the increase in the collision frequency, and it in turn explains the increase in the
amplitude of the broadband offset component.

In the above hypothesis, atomic hydrogen which changes the velocity is at an excited state with
a principal quantum number ofn = 2. Since the radiative lifetime of then = 2 state is∼ 1.6 ns,
direct collisions within the radiative lifetime are not expected. We speculate the following indirect
collision process as the mechanism to explain the change in the velocity of atomic hydrogen. The
excited (n = 2) and ground (n = 1) states of atomic hydrogen are strongly coupled via radiation
and its trapping at the Lyman-α line. Therefore, if the velocity distribution function of then= 2
state has a dip induced by the pump laser beam, it is expected that the velocity distribution function
of then = 1 state also has a dip, even though the depth of the dip of then = 1 state is shallower
than that of then = 2 state. Since the lifetime of then = 1 state is long enough, the dip in the
velocity distribution function of then = 1 state is filled up due to collisions. The change in the
velocity distribution function of then = 1 state due to collisions is reflected back to the velocity
distribution function of then= 2 state via radiation trapping. This is a possible mechanism which
would explain the existence of the broadband offset component in the saturation spectrum and the
smaller amplitude of the peak component than that expected by the theoretical saturation parameter.
However, further investigations are necessary to obtain better understanding on the characteristics
of the saturation spectrum.

5. Conclusions

We applied saturation spectroscopy to the Balmer-α line of atomic hydrogen with the intention
of applying it to plasma diagnostics. We clearly observed fine-structure components with Zeeman
splitting with Doppler-free spectral resolutions. We examined the amplitudes of the peak and offset
components as functions of the pump laser power and the discharge gas pressure. The spectral
characteristics have not been fully understood yet, and further investigations are necessary to apply
saturation spectroscopy to diagnostics of LHD.
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