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Abstract: We developed an echelle spectrometer for the simultaneous observation of the whole visible
range with a high instrumental resolution, for example, 0.055 nm (full width at the half maximum)
at 400 nm and 0.10 nm at 750 nm. With the spectrometer, the emission from an ablation cloud of
an aluminum pellet injected into a high-temperature plasma generated in the Large Helical Device
(LHD) was measured. We separated the emission lines into Al I, II, III and IV groups, and estimated
the electron temperature and density of the ablation cloud from the line intensity distribution and
Stark broadening respectively, of each of the Al I, II and III groups. We also determined the Stark
broadening coefficients of many Al II and III lines from the respective Stark widths with the estimated
electron temperature and density.

Keywords: pellet ablation plasma; LHD; plasma spectroscopy; aluminum atoms and ions;
stark broadening; echelle spectrometer

1. Introduction

A pellet injected into a high-temperature plasma is immediately ablated due to heat flux from
the plasma and forms a high-density plasma called an ablation cloud. From the ablation cloud,
many atomic and ionic line emissions are observed. Spectroscopic studies of the emissions may offer
information about not only atomic data and possibility of new light sources, but also the ablation
mechanism and atomic processes therein, and transport in the main plasma. In the Large Helical Device
(LHD), for example, pellets of carbon, aluminum, titanium, tin, tungsten bismuth and so on have been
injected to examine the dependence of transport coefficients, the emissivity and peak wavelength on
the atomic number [1–3], owing to its capability to generate stable high-temperature plasmas.

With an assumption that intensity of line emissions from the ablation cloud is proportional to the
ablation rate, trajectory of the pellet or shape of the clouds is deduced from the temporal variation of
the emission intensity [4–8]. Detailed information about atomic processes taking place in the ablation
cloud is necessary for more quantitative understanding of the ablation mechanism. Wideband spectra
containing many emission lines have been measured for hydrogen, carbon and aluminum pellets [9–11].
From such measurements with intensity ratio analysis of the emission lines, population distribution
of excited levels of atoms or ions in the ablation cloud has been investigated and plasma parameters
such as electron temperature, neutral atom density and ion density have been estimated. In addition
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to such wideband measurements, high-resolution spectra of the emission lines have been measured for
carbon pellets [10], and the electron density of the cloud has been estimated from the Stark broadening.

It may be desired to perform both the wideband and high-resolution measurements simultaneously
for a single pellet injection because ablation clouds are not necessarily in the same condition, even if
similar pellets are injected into similar plasmas. However, it is not easy to perform both types of
measurements simultaneously. Moreover, in the case of metal elements, the emission lines are so
crowded that it is hard to resolve them with an ordinary low-dispersion spectrometer. In fact, in the
spectroscopic study on an aluminum pellet [11], the number of discretely measured lines and the
accuracy of their intensities were limited by the resolution of the spectrometer.

For the purpose of overcoming this problem, we have developed an echelle spectrometer by
ourselves and applied it to study an aluminum pellet ablation cloud generated in the LHD [12]. In this
special issue, we report details of the spectrometer and systematic analysis of the Stark broadening
coefficient of aluminum ions with the results shown in Reference [12].

2. Experimental Setup

Figure 1 shows a schematic illustration of the echelle spectrometer developed for the present
study and x-, y- and z-axes defined for the explanation. Emission light passed through the entrance
slit is reflected by a mirror and collimated by a concave mirror, Mc (focal length: 304.8 mm).
The parallel light beam is diffracted in the z-direction by an echelle grating (Newport, 46.1 grooves
mm−1, 32◦ blaze) according to their wavelength, but light beams of many diffraction orders overlap
each other. These overlapping light beams are spatially separated by a 60◦ quartz prism in the direction
perpendicular to the z-direction. Finally, separated 30th–58th diffraction light beams are focused on a
charge-coupled device (CCD) camera (Andor, DV435-BV, 1024 × 1024 pixels) along the y-direction by
another concave mirror, Mf (focal length: 304.8 mm). A typical two-dimensional image taken by the
CCD camera for white light emission from a deuterium lamp is shown in the top of Figure 1. The CCD
is cooled to be −25 ◦C to reduce thermal noise.Atoms 2020, 8, x FOR PEER REVIEW 3 of 15 
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For the purpose of wavelength calibration and resolution estimation, we measure emission lines
of a Th-Ar hollow cathode lamp (Heraeus, P858A) [12] because it has many emission lines in the visible
region and the line widths are small enough. The instrumental function of the spectrometer is found to
be approximated by a Gaussian profile. We evaluate the instrumental width (full width at the half
maximum) by fitting bright Th and Ar lines with a Gaussian function. Figure 2a shows the evaluated
width at the entrance slit width of 25 µm as a function of the wavelength. The curve in the figure is the
result of the fit with a third-order polynomial function. We use this fitted curve as the instrumental
width at an arbitrary wavelength in the spectral shape analysis explained later. We also calibrate the
relative sensitivity of the spectrometer for the whole wavelength region using a tungsten standard
lamp with an integrating sphere (Labsphere, USS-600C, North Sutton, NH, USA) [12]. The result of the
sensitivity calibration is shown in Figure 2b.Atoms 2020, 8, x FOR PEER REVIEW 4 of 15 
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Figure 2. (a) Instrumental width and (b) sensitivity of the echelle spectrometer at the entrance slit
width of 25 µm as a function of the wavelength. The curve in (a) is the result of fit with a third-order
polynomial function.

The LHD has a torus-shape vacuum vessel with a major radius of about 3.9 m and a minor
radius of about 1 m, in which a plasma of about 30 m3 is confined. The confinement magnetic field is
produced by a pair of superconducting helical coils and three pairs of superconducting poloidal coils.
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The plasma is heated by electron cyclotron heating, ion cyclotron resonance heating and neutral beam
injection. For the pellet ablation measurement, we use a pure Al pellet having a cylindrical shape
whose diameter and length are 0.8 mm [12]. The pellet is accelerated in a 6 m long acceleration tube
with a pneumatic pipe-gun system, which uses a helium gas of 18 atm pressure, and then injected
horizontally into the plasma from an outer port of the LHD (1-O port). Figure 3 shows a schematic
illustration for a part of the equatorial plane of the LHD, in which the pellet trajectory is indicated by a
dashed arrow. The travelling speed of the pellet is known to be about 200 ms−1 from the time-of-flight
measurement for a carbon pellet [10]. The LHD shot number is 104,159, in which the major radius
position of the magnetic axis and the field strength are set to be 3.90 m and 2.54 T, respectively [12].Atoms 2020, 8, x FOR PEER REVIEW 5 of 15 
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Figure 3. Top view of the equatorial plane of the Large Helical Device (LHD) around the 1-O port [12].

We place a lens having a focal length of 10 mm and an optical fiber having a core diameter of
1 mm at an observation port close to the pellet acceleration tube. The line of sight is parallel to the
injection direction of the pellet, as shown in Figure 3. Emission from the ablation cloud is focused
on one end of the optical fiber by the lens, relayed by several optical fibers having a core diameter of
0.3 mm, and introduced to the entrance slit of the spectrometer. Since the exposure time of the CCD
camera is set to be 95 ms, which is much longer than the period of luminous radiation from the ablation
cloud of several ms, time-integrated emission during the pellet ablation is measured.

3. Results and Discussion

Figure 4 shows a two-dimensional image taken by the CCD camera for the emission from the
aluminum pellet ablation cloud. It is noted that since 8-pixel binning in the y-direction is done to
shorten the readout time of the data, the image consists of 128 × 1024 pixels. We also take a background
image when there is no plasma emission.
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Figure 4. Two-dimensional charge-coupled device (CCD) image of the emission from the aluminum
pellet ablation cloud.

By subtracting the background from the data shown in Figure 4, separating the spectra with
respect to the diffraction orders, calibrating wavelength and relative sensitivity, and arranging the
spectra according to the wavelength, we obtain the spectrum shown in Figure 5 [12]. It is noted that
the intensity in the figure is in a logarithmic scale.
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Figure 5. Calibrated emission spectrum of the aluminum pellet ablation cloud [12].

More than 100 emission lines are resolved, in which more than 50 lines are identified as Al I, Al II,
Al III and Al IV lines from available databases [13,14]. The identified lines are indicated in Figure 5 by
arrows and listed in Tables 1–4. The lines denoted by ‘a–f’ are used to estimate electron density of the
ablation cloud from their Stark width, as explained below. Since the LHD plasma contains hydrogen,
helium, argon, etc., emission lines of these elements are also seen in Figure 5.
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Table 1. Identified Al I lines.

λ (nm) A (s−1) Configuration (Lower–Upper) Term J

a 394.4 4.93 × 107 [1s22s22p6]3s23p–3s24s 2Po–2S 1/2–1/2
a 396.2 9.80 × 107 3s23p–3s24s 2Po–2S 3/2–1/2

708.4 1.65 × 106 3s23d–3s28f 2D–2Fo 5/2–7/2
1.54 × 106 3/2–5/2
1.10 × 105 5/2–5/2

736.2 2.49 × 106 3s23d–3s27f 2D–2Fo 5/2–7/2
2.32 × 106 3/2–5/2
1.66 × 105 5/2–5/2

761.5 5.20 × 105 3s24p–3s27d 2Po–2D 3/2–5/2
8.68 × 104 3/2–3/2

Table 2. Identified Al II lines.

λ (nm) A (s−1) Configuration (Lower-Upper) Term J

463.0 - [1s22s22p6]3s5s–3s8p 1S–1Po 0–1
464.7 - 3s5p–3s11s 3Po–3S 2–1
465.3 - 3s4d–3s9f 1D–1Fo 2–3

b 466.3 5.81 × 107 3p2–3s4p 1D–1Po 2–1
c 559.3 9.26 × 107 3s4p–3s4d 1Po–1D 1–2

622.6 6.25 × 107 3s4p–3s4d 3Po–3D 0–1
623.2 4.67 × 107 3s4p–3s4d 3Po–3D 1–1

8.40 × 107 1–2
d 624.3 3.11 × 106 3s4p–3s4d 3Po–3D 2–1

2.79 × 107 2–2
1.11 × 108 2–3

633.6 1.53 × 107 3s3d–3s5p 1D–1Po 2–1
661.0 2.20 × 106 3s4d–3s7p 1D–1Po 2–1

e 681.7 1.20 × 107 3s4p–3s5s 3Po–3S 0–1
e 682.3 3.59 × 107 3s4p–3s5s 3Po–3S 1–1
e 683.7 5.94 × 107 3s4p–3s5s 3Po–3S 2–1

704.2 5.78 × 107 3s4s–3s4p 3S–3Po 1–2
705.7 5.74 × 107 3s4s–3s4p 3S–3Po 1–1
706.4 5.73 × 107 3s4s–3s4p 3S–3Po 1–0
747.1 5.57 × 107 3s3d–3s4f 1D–1Fo 2–3
763.5 8.25 × 106 3s5p–3s6d 3Po–3D 2–3

2.06 × 106 2–2
2.29 × 105 2–1
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Table 3. Identified Al III lines.

λ (nm) A (s−1) Configuration (Lower–Upper) Term J

408.2 1.78 × 107 [1s22s22p6]5p–7s 2Po–2S 1/2–1/2
408.9 3.55 × 107 5p–7s 2Po–2S 3/2–1/2
415.0 2.05 × 108 4d–5f 2D–2Fo 5/2–7/2

1.37 × 107 5/2–5/2
1.91 × 108 3/2–5/2

435.8 7.40 × 106 5p–6d 2Po–2D 1/2–3/2
436.5 1.44 × 106 5p–6d 2Po–2D 3/2–3/2

8.67 × 106 3/2–5/2
448.0 - 4f–5g 2Fo–2G 5/2–7/2

- 7/2–9/2
451.3 2.09 × 108 4p–4d 2Po–2D 1/2–3/2
452.9 4.15 × 107 4p–4d 2Po–2D 3/2–3/2

2.49 × 108 3/2–5/2
470.1 7.67 × 106 4f–5d 2Fo–2D 5/2–3/2

3.65 × 105 5/2–5/2
7.31 × 106 7/2–5/2

490.4 2.34 × 106 5d–7f 2D–2Fo 5/2–5/2
3.51 × 107 5/2–7/2
3.27 × 107 3/2–5/2

515.1 - 5f–7g 2Fo–2G 5/2–7/2
- 7/2–9/2

516.4 - 5g–7h 2G–2Ho 7/2–9/2
- 9/2–11/2

526.0 1.32 × 105 5f–7d 2Fo–2D 5/2–5/2
2.77 × 106 5/2–3/2
2.64 × 106 7/2–5/2

f 569.7 8.77 × 107 4s–4p 2S–2Po 1/2–3/2
f 572.3 8.65 × 107 4s–4p 2S–2Po 1/2–1/2

605.5 8.59 × 106 5d–7p 2D–2Po 5/2–3/2
9.54 × 105 3/2–3/2

606.0 9.46 × 106 5d–7p 2D–2Po 3/2–1/2
630.2 9.42 × 106 6d–9f 2D–2Fo 5/2–7/2

8.79 × 106 3/2–5/2
6.28 × 105 5/2–5/2

654.3 - 6f–9g 2Fo–2G 7/2–9/2
- 5/2–7/2
- 7/2–7/2

766.0 3.80 × 107 5p–6s 2Po–2S 1/2–1/2
768.2 7.60 × 107 5p–6s 2Po–2S 3/2–1/2
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Table 4. Identified Al IV lines.

λ (nm) A (s−1) Configuration (Lower–Upper) Term J

419.0 - [1s22s2]2p5(2Po
3/2)4s–2p5(2Po

3/2)4p 2[3/2] o–2[3/2] 2–2
437.9 - 2p5(2Po

3/2)4s–2p5(2Po
3/2)4p 2[3/2] o–2[3/2] 1–2

441.1 - 2p5(2Po
3/2)4s–2p5(2Po

3/2)4p 2[3/2] o–2[5/2] 2–2
443.6 - 2p5(2Po

1/2)4s–2p5(2Po
1/2)4p 2[1/2] o–2[3/2] 0–1

446.9 - 2p5(2Po
3/2)4s–2p5(2Po

3/2)4p 2[3/2] o–2[3/2] 1–1
450.2 - 2p5(2Po

1/2)4s–2p5(2Po
1/2)4p 2[1/2] o–2[3/2] 1–2

450.4 - 2p5(2Po
3/2)4s–2p5(2Po

3/2)4p 2[3/2] o–2[5/2] 2–3
454.9 - 2p5(2Po

1/2)4p–2p5(2Po
1/2)4d 2[1/2]–2[3/2] o 0–1

462.0 - 2p5(2Po
3/2)4s–2p5(2Po

3/2)4p 2[3/2] o–2[5/2] 1–2
462.6 - 2p5(2Po

1/2)4s–2p5(2Po
1/2)4p 2[1/2] o–2[3/2] 1–1

Many of the observed lines are found to show broadenings, which cannot be reproduced by a
Gaussian profile [12]. The broadenings may be mainly due to Stark broadening having a Lorentzian
profile because electron density in the ablation cloud is expected to be high. Furthermore, influence
of the Zeeman splitting on the line profile may not be negligible. We fit the observed line profiles as
follows: we calculate the splitting and relative emission intensities of the Zeeman components with the
method based on the perturbation theory for B = 1.5 T, which is approximate magnetic field strength at
the location where the radiation intensity of the ablation cloud will take its maximum, and then fit the
line profile by a sum of several shifted Voigt functions according to the Zeeman splitting, which have a
common Lorentz width, WL, and a fixed Gaussian width, WG, determined as the instrumental width
shown by the curve in Figure 2a. The adjustable parameters for the fit are WL and the area of the
spectrum. Examples of the observed spectra and the result of the fit are shown in Figure 6. In the
fit, we use the least square method with weighting the accuracy of the data point in the spectrum
estimated from the shot noise of the signal intensity with the dark current noise and the uncertainty of
the intensity calibration. It is noted here that the large scatter of the data points in Figure 6a is due to
the low sensitivity of the spectrometer at the wavelength around 395 nm, because the wavelength is
not only in the low sensitivity region but also in between the 57th and 58th diffraction orders of the
spectrometer (see Figure 2b). The sensitivity is more than one order of magnitude smaller than those
for Figure 6b,c. Additionally, since the hydrogen, Hε, emission line of 397 nm is detected, we mask the
Hε spectrum in the line profile fit. In the spectra shown in Figure 6b, there are unidentified emission
lines in 465.5–466.0 nm, where the spectra are masked for the line profile fit. The possible candidates of
the unidentified lines are Fe I 465.64570, 465.75845 and 465.82944 nm, and Fe II 465.6981 nm. On the
other hand, since saturation around the emission peaks due to the radiation reabsorption is detected
for the Al III 4s(2S)–4p(2P) line, as seen in Figure 6c, we mask the spectra around the emission peaks in
the line profile fit.



Atoms 2020, 8, 81 9 of 15

Atoms 2020, 8, x FOR PEER REVIEW 9 of 15 

 

Figure 6. Enlarged spectra of the line denoted by (a) ‘a’, (b) ‘b’ [12] and (c) ‘f’ in Figure 5. The fitted 

result is shown by the red curve. The vertical bars show the Zeeman splitting and the intensities of 

the Zeeman components. 

Emission line intensity is given as the area of the line spectrum. The line intensity, 𝐼( 𝑝, 𝑞) , from 

a level 𝑝 to a level 𝑞 is proportional to the upper level population, 𝑛( 𝑝) , as 

𝐼( 𝑝, 𝑞) = ℎ𝜈(𝑝, 𝑞) 𝐴( 𝑝, 𝑞) 𝑛( 𝑝), (1) 

where ℎ is Planck’s constant. 𝜈(𝑝, 𝑞) and 𝐴( 𝑝, 𝑞) are the frequency of light and the spontaneous 

transition probability, respectively. Populations of excited levels of atoms and ions in the ablation 

cloud can be estimated from the observed line intensities with Equation (1) for well-resolved emission 

lines, enough to evaluate the area of the spectra having available transition probabilities [13,14]. The 

results for neutral aluminum atoms (Al), singly ionized aluminum ions (Al+) and doubly ionized 

aluminum ions (Al2+) are shown in Figure 7 by the Boltzmann plot against the upper level energy 

[12]. It is clear that the population distribution can be fitted with a straight line for each charge state. 

Figure 6. Enlarged spectra of the line denoted by (a) ‘a’, (b) ‘b’ [12] and (c) ‘f’ in Figure 5. The fitted
result is shown by the red curve. The vertical bars show the Zeeman splitting and the intensities of the
Zeeman components.

Emission line intensity is given as the area of the line spectrum. The line intensity, I(p, q), from a
level p to a level q is proportional to the upper level population, n(p), as

I(p, q) = hν(p, q)A(p, q)n(p), (1)

where h is Planck’s constant. ν(p, q) and A(p, q) are the frequency of light and the spontaneous
transition probability, respectively. Populations of excited levels of atoms and ions in the ablation cloud
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can be estimated from the observed line intensities with Equation (1) for well-resolved emission lines,
enough to evaluate the area of the spectra having available transition probabilities [13,14]. The results
for neutral aluminum atoms (Al), singly ionized aluminum ions (Al+) and doubly ionized aluminum
ions (Al2+) are shown in Figure 7 by the Boltzmann plot against the upper level energy [12]. It is clear
that the population distribution can be fitted with a straight line for each charge state.Atoms 2020, 8, x FOR PEER REVIEW 10 of 15 
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It is known that in the case where atoms or ions of an excited level p in a plasma are in the local
thermodynamic equilibrium (LTE), population of p follows the Saha-Boltzmann distribution:

nz(p)
gz(p)

=
1
2

(
h2

2πmkTe

)3/2

exp
(
χz(p)
kTe

)
ne

nz+1(1)
gz+1(1)

, (2)
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where m is the electron mass, k is the Boltzmann constant and nz(p), gz(p) and χz(p) are the population,
statistical weight and ionization potential of a level p respectively, of a charge state AlZ+ [15]. p = 1
stands for the ground state, and ne and Te are the electron density and temperature, respectively.
In this case, the upper level populations in the Boltzmann plot are on a straight line and the slope of
the line is determined by the electron temperature. From the straight lines fitted to the population
distributions shown in Figure 7, we estimate Te of the ablation cloud for Al, Al+ and Al2+ plasmas.
The estimated Te are shown in Figure 7. Validity of the LTE assumption for these plasmas are
discussed later.

Regarding the Lorentz width, the natural broadening determined by the spontaneous transition is
negligibly small in comparison with the observed width. Therefore, we treated the observed Lorentz
width as the Stark width, Ws = WL. The Stark width is proportional to the electron density as

Ws = Cs(Te)ne, (3)

where Cs is the Stark broadening coefficient.
Ws of the Al I 2s23p(2P)–3s24s(2S) line denoted by ‘a’ in Figure 5 and Table 1 has been calculated

for several Te at ne = 1022 m−3, as shown in Figure 8a [16]. The curve in the figure is the fitted result
by an exponential function. From the curve, we determine Cs of the line at Te = 0.49 eV, which is the
electron temperature of the Al plasma. Then, ne of the Al plasma is estimated from the observed Ws

with the determined Cs. The result is shown in Table 5.
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Figure 8. Stark widths of (a) the Al I 2s23p(2P)–3s24s(2S) line [16], which is denoted by ‘a’ in
Figure 5 and Table 1, and (b) the Al II lines [16–18], which are denoted by ‘b’, ‘c’, ‘d’ and ‘e’ in
Figure 5 and Table 2 [12]. The curves are the fitted result by exponential functions.

Table 5. Electron density estimated from the Stark width of the Al I lines denoted by ‘a’.

λ (nm) Transition (Lower-Upper) CS (nm m3) WS (nm) ne (m−3)

395 2s23p(2P)–3s24s(2S) 2.74 × 10−25 0.082 3.0 × 1023

A similar analysis can be done for the Al II lines denoted by ‘b’, ‘c’, ‘d’ and ‘e’ in Figure 5 and Table 2.
Ws determined in previous calculations and experiments at several Te are shown in Figure 8 [16–18].
The curves in the figure are the results of the fit with exponential functions. From the curves,
we determine Cs of the lines at Te = 1.51 eV, which is the electron temperature of the Al+ plasma.
Since the experimental data only at Te = 0.9 eV is available for the Al II line denoted by ‘c’, we adopt
the value of Cs at Te = 0.9 eV as that at Te = 1.51 eV, assuming Te dependence of Cs is small in this
electron temperature region. The estimated ne from these lines are listed in Table 6 [12]. It is found that
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the scatter of the values are within 15% of the average. We adopt the average value as the electron
density of the Al+ plasma.

Table 6. Electron densities estimated from the Stark widths of the Al II lines denoted by ‘b’, ‘c’, ‘d’ and
‘e’ [12].

λ (nm) Transition (Lower–Upper) CS (nm m3) WS (nm) ne (m−3)

b 466 3p2(1D)–3s4p(1P) 1.01 × 10−24 0.042 4.1 × 1022

c 559 3s4p(1P)–3s4d(1D) 3.8 × 10−24 0.182 4.8 × 1022

d 624 3s4p(3P)–3s4d(3D) 3.58 × 10−24 0.172 4.80 × 1022

e 684 3s4p(3P)–3s5s(3S) 3.30 × 10−24 0.165 5.01 × 1022

avg 4.7 × 1022

Regarding Al III lines, WS of only the line denoted by ‘f’ in Figure 5 and Table 3 was measured
at Te = 4.3 eV and ne = 1024 ~ 1025 m−3 [18], as far as the authors know. With the assumption that
the difference of Cs between Te = 4.3 eV and the Al2+ plasma electron temperature (Te = 2.5 eV) is
negligibly small, we determine Cs, and then estimate ne of the Al2+ plasma from the observed Ws.
The result is shown in Table 7.

Table 7. Electron density estimated from the Stark width of the Al III lines denoted by ‘f’.

λ (nm) Transition (Lower–Upper) CS (nm m3) WS (nm) ne (m−3)

571 4s(2S)–4p(2P) 7.30 × 10−25 0.026 3.6 × 1022

In Table 8, we summarize Te and ne of the ablation cloud for Al, Al+ and Al2+ plasmas [12]. It is
found that Te increases while ne decreases as an increase in the charge state. This tendency suggests
that aluminum in different charge states emits radiation in different regions of the ablation cloud and/or
at different times during the ablation. It has been reported, however, that intensity ratios of emission
lines of various carbon ions change little during the carbon pellet ablation [10]. Supposing that the
ablation mechanism due to heat flux from the LHD main plasma is the same for carbon and aluminum
pellets, we attribute the observed tendency to an inhomogeneous structure of the ablation cloud.
The plasma region for neutral atoms is close to the ablating pellet, where ne is high and Te is low and
the region for a higher charge state is farther from the pellet where the cloud is expanding in the LHD
main plasma with increasing Te and decreasing ne.

Table 8. Estimated electron temperatures and densities for Al, Al+ and Al2+ plasmas [12].

Te (eV) ne (m−3)

Al I (Al) 0.49 ± 0.04 3.0 × 1023

Al II (Al+) 1.51 ± 0.04 4.7 × 1022

Al III (Al2+) 2.5 ± 0.2 3.6 × 1022

Here, we discuss the validity of the LTE assumption. It is known that the necessary condition for
excited levels of atoms and ions in a plasma to be the LTE is that electron collision processes are dominant
and radiative processes can be negligible. The lowest value of the electron density, which realizes such
a situation for all levels of an ionization state, is given as McWhirter’s criterion [19,20]:

ne ≥ nc = 1.6× 1012Te
1
2 (∆E)3, (4)

where ∆E is the largest energy gap between two adjacent levels allowed by radiative transition
(generally, the energy gap between the ground and first excited states). In Equation (4), the unit of ∆E
is eV and those of Te and ne are K and cm−3, respectively.
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According to Equation (4), nc for the Al, Al+ and Al2+ plasmas are estimated to be in the orders
of 1021, 1022 and 1022 m−3, respectively. Moreover, it is confirmed that a collisional-radiative model
calculation [21] shows that almost all the excited levels of Al+ would be in LTE when ne is higher than
1022 m−3 at Te = 1 eV. Since the estimated ne of the Al, Al+ and Al2+ plasmas from the observed Stark
widths are higher than these values, it is consistent for the observed population distributions to obey
the Saha-Boltzmann distribution.

From the observed Stark widths with Te and ne estimated above, we determine Stark broadening
coefficients of Al II and III lines, the values of which have not been reported. The determined values
are listed in Tables 9 and 10 together with the data used for the ne estimation. It is demonstrated that
the ablation plasma spectroscopy with a simultaneous wideband and high-resolution measurement
can be a powerful tool to acquire atomic data, like Stark broadening coefficients.

Table 9. Stark broadening coefficients of Al II lines (at Te = 1.5 eV) [12].

λ (nm) Transition (Lower–Upper) WS (nm)
CS (nm m3)

This Work Previous Work

463 3s5s(1S)–3s8p(1P) 0.051 1.1 × 10−24

465 3s4d(1D)–3s9f(1F) 0.031 6.6 × 10−25

466 3p2(1D)–3s4p(1P) 0.042 8.9 × 10−25 1.01 × 10−24 [17]
559 3s4p(1P)–3s4d(1D) 0.182 3.9 × 10−24 3.8 × 10−24 [18]
624 3s4p(3P)–3s4d(3D) 0.172 3.7 × 10−24 3.58 × 10−24 [16]
634 3s3d(1D)–3s5p(1P) 0.265 5.7 × 10−24

683 3s4p(3P)–3s5s(3S) 0.165 3.5 × 10−24 3.30 × 10−24 [16]
705 3s4s(3S)–3s4p(3P) 0.077 1.7 × 10−24

747 3s3d(1D)–3s4f(1F) 0.188 4.0 × 10−24

Table 10. Stark broadening coefficients of Al III lines (at Te = 2.5 eV).

λ (nm) Transition (Lower-Upper) WS (nm) CS (nm m3)

436 5p(2P)–6d(2D) 0.176 4.9 × 10−24

448 4f(2F)–5g(2G) 0.079 2.2 × 10−24

452 4p(2P)–4d(2D) 0.034 9.5 × 10−25

470 4f(2F)–5d(2D) 0.106 2.9 × 10−24

490 5d(2D)–7f(2F) 0.028 7.7 × 10−25

515 5f(2F)–7g(2G) 0.041 1.1 × 10−24

516 5g(2G)–7h(2H) 0.029 8.0 × 10−25

526 5f(2F)–7d(2D) 0.097 2.7 × 10−24

630 6d(2D)–9f(2F) 0.131 3.6 × 10−24

654 6f(2F)–9g(2G) 0.111 3.1 × 10−24

767 5p(2P)–6s(2S) 0.226 6.3 × 10−24

4. Conclusions

With developing an echelle spectrometer for the simultaneous measurement of the entire visible
region with a high resolution, we observed the emission spectrum of an ablation cloud of an aluminum
pellet injected into an LHD plasma. More than 50 of Al I, II, III and IV emission lines were identified
in the spectrum. Population distributions of excited levels of atoms and ions in the Al, Al+ and Al2+

plasmas converted from the observed line intensities were analyzed. The LTE states were thought to be
generated in the Al, Al+ and Al2+ plasmas and the electron temperatures of the plasmas were estimated.
The electron densities of the plasmas were also estimated from the observed Stark widths by comparison
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with the previously reported Stark widths. It was found that the electron temperature and density
increased and decreased respectively, as the charge state of aluminum increased. The phenomenon
implies a laminar structure of the ablation cloud: higher density, lower temperature and lower ionized
plasma inside, and lower density, higher temperature and higher ionized plasma outside. On the
other hand, Stark broadening coefficients of many Al II and III lines were newly determined from the
observed Stark widths with the estimated electron density.
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18. Konjević, N.; Lesage, A.; Fuhr, J.R.; Wiese, W.L. Experimental Stark Widths and Shifts for Spectral Lines of

Neutral and Ionized Atoms (A Critical Review of Selected Data for the Period 1989 through 2000). J. Phys.
Chem. Ref. Data 2002, 31, 819. [CrossRef]

19. McWhirter, R.W.P. Plasma Diagnostic Techniques; Academic Press: New York, NY, USA, 1965.
20. Cristoforetti, G.; De Giacomo, A.; Dell’Aglio, M.; Legnaioli, S.; Tognoni, E.; Palleschi, V.; Omenetto, N. Local

Thermodynamic Equilibrium in Laser-Induced Breakdown Spectroscopy: Beyond the McWhirter criterion.
Spectrochim. Acta Part B At. Spectrosc. 2010, 65, 86–95. [CrossRef]

21. Travaillé, G.; Peyrusse, O.; Bousquet, B.; Canioni, L.; Pierres, K.M.-L.; Roy, S. Local thermodynamic
equilibrium and related metrological issues involving collisional-radiative model in laser-induced aluminum
plasmas. Spectrochim. Acta Part B At. Spectrosc. 2009, 64, 931–937. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1063/1.2734564
http://dx.doi.org/10.1103/PhysRevA.11.477
http://dx.doi.org/10.1063/1.1486456
http://dx.doi.org/10.1016/j.sab.2009.11.005
http://dx.doi.org/10.1016/j.sab.2009.07.028
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Setup 
	Results and Discussion 
	Conclusions 
	References

