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Abstract 
We performed systematic laser spectroscopic investigations of La I spectral lines, us-
ing optogalvanic detection. Sixteen previously unknown even parity levels, having 
energies between 40,300 and 44,300 cm−1, are reported. These levels classify altogether 
67 lines, not listed in spectral tables. The new levels were found due to the observa-
tion of the depopulation of the lower levels of the excited transitions. We found a 
remarkable variation of the observed widths of single hyperfine structure compo-
nents dependent on the energy of the upper excited levels. Some levels having ener-
gies higher than 43,000 cm−1 appear to have a very high ionization probability. 
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1. Introduction 

Natural lanthanum (La), atomic number 57, is composed of two isotopes, a long-lived 
radioactive isotope 138La (natural abundance 0.09%) with a half-life of 1.05 × 1011 years 
[1] and a stable isotope 139La (natural abundance 99.91%). These isotopes have nuclear 
spin quantum numbers 5 [2] and 7/2 [3], respectively. The electronic ground state con-
figuration is [Xe] 5d1 6s2, and the ground state is 2D3/2. All investigations in this paper 
were performed on natural isotope mixture, thus we could notice only the isotope 139La, 
which has a magnetic dipole moment µI = 2.7830455(9) µN and a small electric qua-
drupole moment Q = 0.20(1) × 10−28 m2 [4]. The hyperfine (hf) structure of La spectral 
lines was investigated by several authors. For an overview, we refer to our preceding 
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papers on La [5]-[8], in which the interest was focused on the discovery of previously 
unknown energy levels. During evaluation of the recoded spectral lines, we noticed a 
strong dependency of the line width on the energy of the upper excited level, found 
while fitting the observed structures. 

In this work all wavelengths are given in standard air in the unit Å. Conversion to 
wave numbers (which are valid in vacuum) was made using the formula for the refrac-
tion index of air given by Peck and Reeder [9]. The standard uncertainties given in this 
paper are related to the last digit of the given value. E.g. −467(5) means −467 ± 5, 
149.9(32) means 149.9 ± 3.2 and so on. 

2. Experiment and Finding of New Energy Levels 

As in the preceding works, Doppler-limited laser spectroscopy was performed in order 
to investigate weak La I lines, not previously reported. The spectra were recorded using 
optogalvanic (OG) detection, and laser-induced changes of the intensity of fluorescence 
lines were used to identify the involved energy levels. 

We used a hollow cathode lamp as described by Guthöhrlein et al. [10] to produce 
free La atoms. A sketch of the see-through electrode arrangement is shown in Figure 1. 
The inner wall of the cathode was made from Lanthanum. The lamp was filled with Ar 
(or sometimes Ne) at a pressure of 0.2 - 0.5 mbar. Applying a voltage of several hun-
dreds V, the discharge started in Ar (or Ne, respectively). Using a power unit in con-
stant current mode, we increased the voltage until a current of 90 mA was obtained. At 
the beginning we could see relatively weak discharge light of the typical color of Ar 
(blue-gray). After a few minutes, a sputtering process sets free more and more La atoms 
from the inner wall of the cathode. These La atoms take part in the discharge. Since the 
ionization limit of La (given as 44,981 cm−1 in ref. [11]) is much lower than that of 
noble gases, the discharge current is driven more and more by La atoms. The discharge 
light becomes very bright and now has a fairly white color (the entire process is com-
parable with the well-known starting process of a low-pressure Na lamp). Simulta-
neously, the discharge current noise becomes very low, which makes the discharge itself 
an ideal detector for resonance of the laser light frequency with transition frequencies 
of Ar or La atoms or ions. The entire lamp was cooled with liquid nitrogen. This cool-
ing increased the sputtering efficiency, reduced the Doppler width of the spectral lines, 
and reduced the current noise. The experiments described here were undertaken over a 
long time span (2012-2014), but we assume that the properties of the discharge were 
more or less always the same. 

The experimental set-up is shown in Figure 2 and was described in detail in refs. 
[5]-[8]. The light of a tunable dye laser passes through the hollow cathode lamp. Rec-
orded was the change of the voltage drop on the resistor versus the change of the laser 
frequency. Our cw ring dye laser could be tuned continously over up to 45 GHz (1.5 
cm−1). Since the investigated hollow cathode plasma emits all spectral lines by itself, for 
laser-induced fluorescence (LIF) detection it was necessary to distinguish between 
processes induced by laser light and discharge processes. This was done by modulating  
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Figure 1. Sketch of the hollow cathode lamp. A: anodes (at high voltage); K: cathode (grounded), 
inner wall made from La; C: container for liquid nitrogen. The ceramic holders for the anodes are 
not shown.  

 

 
Figure 2. Experimental setup. BS: beam splitter, M: mirror, L: lens, PM: photo multiplier, C: 
capacitor, R: resistor, HKL: hollow cathode lamp.  

 
the laser light by a mechanical chopper and detecting the laser-induced changes with 
help of a Lock-In amplifier. When recording the change of the voltage drop on the re-
sistor as a function of laser frequency, we obtained the so-called OG spectra. We rec-
orded systematically such OG spectra in the wavelength range 5600 - 6100 Å for finding 
previously unknown lines, which could lead to new energy levels. 

In case of low discharge noise, the optogalvanic detection method is very sensitive, 
and we observed in the mentioned range more than 1800 spectral lines, from which we 
could classify approximately 800 lines as transitions between already known energy le-
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vels (for comparison, in the MIT tables [12] there are only 97 lines of La I and La II 
listed between 5600 - 6100 Å). More than 1000 lines could not be explained at that time, 
but subsequently we were able to find at least some of the missing energy levels. 

Despite of the good sensitivity, the OG spectra only give information on the existence 
of a line, its wavelength and its hyperfine structure, but no information on the energy of 
the involved levels. Moreover, for elements with a high number of energy levels, such as 
La, the probability that two or several transitions between different pairs of combining 
levels that have accidentally the same transition wave number is relatively high. Thus in 
the OG spectra quite frequently so called blend situations are observed, where the hf 
compoments of different lines contribute to the observed signal. 

The information about the levels involved in a transition can be obtained if laser- 
induced fluorescence lines are observed. Thus we dispersed the light emitted by the 
discharge with help of a monochromator and searched for fluoresence lines (by tuning 
the transmission wavelength of the monochromator, between 2000 and 8000 Å), while 
the laser frequency was set to the highest peak of an unclassified structure in an OG 
spectrum. When the upper level emits LIF lines it is possible to identify the level under 
assumption that the lower levels of the fluorescence lines are already known. In such 
cases, since the laser light increases the population of the upper excited level, a LIF sig-
nal on the Lock-In amplifier is in phase with the exciting laser light (“positive” fluores-
cence). But due to the high collision rate in the hollow cathode plasma it is practically 
impossible to observe such LIF lines from levels having energies higher than 40,000 
cm−1. 

On the other hand, the transition excited by laser light depopulates the starting lower 
level of the investigated line. If now this level—in case of La I an odd level—combines 
with a level of the (metastable) even ground state configuration, the intensity of the 
corresponding strong spectral line decreases when the laser light is on. This gives a LIF 
signal which has opposite phase compared to the exciting laser light, and we call it 
“negative” fluorescence. 

All levels found in the present investigation were found by detecting “negative” LIF 
lines. These lines marked the excited lower level and we found the energy of the new 
level by adding the transition wave number to the level energy. The existence of the 
new level was then checked by trying to excite a transition from another known lower 
level. If the transition could be noticed in an OG scan (for this we investigated also lines 
in the spectral range 6200 - 6900 Å using another ring dye laser system), we had to con-
firm via “negative” LIF lines that really the proposed lower level is excited. Finally, the 
spectral position of the structure in the OG scan as well as the observed hyperfine 
structure must fit to the new level. From several excitations and/or the observed hf 
structure we derived also the magnetic dipole hf constant A of the new level. Further we 
assumed the electric quadrupole constant B to be zero due to the small quadrupole 
moment Q of the La139 nucleus. The method of finding and confirming new levels is 
sketched in Figure 3. 

The levels found during this investigations are listed in Table 1, together with the  



L. Windholz et al. 
 

27 

 
Figure 3. Identification of the lower level of the laser excitation by “negative” fluorescence and 
excitation of the new level from other known lower levels (confirmation of existence). Full 
arrows: lines excited by laser light. Dashed arrows: decay lines of the lower level of the excitation 
(“negative” fluorescence lines).  

 
spectral lines which could be explained by the corresponding levels. All new levels have 
even parity, and the energy range is between 40,300 and 44,300 cm−1. Additionally, a 
very high lying level is mentioned (more than 46,000 cm−1), whose existence is not 
firmly proven, but is strongly supported by our observations. In column 10 the ob-
served “negative” fluorescence wavelengths are given which allowed us to identify the 
combining odd level. If in column 10 no value is given, the transition is classified based 
on the excitation wavelength and the observed hf pattern. 

3. Observed Line Widths 

The observed hf resolved OG spectra of the lines mentioned in Table 1 were fitted in 
order to determine the magnetic dipole hf constant A of the new levels. The electric 
quadrupole constant B was assumed to be zero. For the combining lower levels, in most 
cases the hf constants were known. For the fitting a program called “Fitter” was used 
(as in most of our preceeding works), developed at Universität der Bundeswehr Ham-
burg [15]. In this program, it was possible to select different shapes of the hf compo-
nents of the lines: a Gaussian, a Lorentzian, and a combination of both: 

( ) ( ) ( ) ( )1I G Lν ξ ν ξ ν= − +                        (1) 

where G(ν) and L(ν) are Gaussian and Lorentzian profiles of the same full width at half 
maximum (FWHM). During the fit procedure, ξ was treated as additional free parame-
ter. The fit program works also in cases of blend situations, which means, several lines 
can be fitted simultaneously, and the relative center of gravity (cg) positions of different 
lines are also determined. This allows sometimes an accurate determination of the cg 
wave number of a transition and thus a high accuracy of the energy of a new level. 

The obtained FWHM-values of transitions in which the new levels are involved are 
given in Table 2. The factor ξ is expressed in % values. Not all lines in Table 1 had a 
signal-to-noise ratio high enough for a reliable determination of the line width. Thus 
we selected those lines for which a determination of the width with an uncertainty bet-
ter than 10% of the FWHM was possible. The mean values in Table 2 are arithmetic  
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Table 1. J-values, energies and hf-constants A of the new even La I levels, and lines explained by these levels. If the level energy is given 
with 3 figures after decimal point, the standard uncertainty is 0.010 cm−1, otherwise 0.05 cm−1. If the wavelength (in col. 4) is given with 3 
figures after decimal point, the standard uncertainty is 0.002 Å, otherwise 0.01 Å. The wavelengths of the decay lines are given as integer 
values. tw—this work. 

New even level Line Combining odd level 

J Energy (cm−1) A (MHz) Wavelength (Å) J Energy (cm−1) A (MHz) B (MHz) Ref to cols. 7, 8 Decay lines (Å) 

1 2 3 4 5 6 7 8 9 10 

1/2 40329.487 −467(5) 5588.12 3/2 22439.347 149.5(32) −45(35) [13]  

   5857.10 1/2 23260.912 −405(1) 0 [8]  

   5950.36 1/2 23528.446 290.3(20) 0 [13]  

   6013.50 3/2 23704.816 105.1(20) −21(15) [13]  

   6483.66 3/2 24910.375 −301.3(5) 14(5) [13] 4495, 5655, 5802 

   6807.102 3/2 25643.001 270(5)  tw  

1/2 41199.88 370(10) 5572.91 1/2 23260.912 −405(1) 0 [8] 6748, 7032, 6237 

   5657.29 1/2 23528.446 290.3(20) 0 [13] 6134, 6233 

   5871.72 3/2 24173.830 −228.9(22) 30(11) [14] 4648 

5/2 41742.414 360(5) 5662.91 7/2 24088.541 −134.1(40) 72(30) [13] 4339 

   5845.25 3/2 24639.262 −199.6(10) 14(10) [13] 5743, 5895 

   5939.405 3/2 24910.375 −301.3(5) 14(5) [13] 4495, 4190 

   5965.60 5/2 24984.294 284.5(17) 22(20) [13] 4177 

   6001.07 7/2 25083.356 70.8(5) 25(15) [14]  

9/2 42088.998 105(5) 5603.824 9/2 24248.994 405(2) 8(4) [5]  

   5796.30 11/2 24841.410 422(5) 200(20) [7] 6700 

   5880.83 9/2 25089.316 5.0(34)  [13]  

   6649.73 9/2 27054.940 183(1) 164(30) tw 5848 

   6831.66 7/2 27455.312 358.0(16) 50(13) [13] 4090, 4172, 5715 

7/2 42415.382 −38(5) 5582.699 5/2 24507.871 188(2) 15(5) [5] 4079, 4262, 4650, 5714 

   5735.28 5/2 24984.294 284.5(17) 22(20) [13] 4549, 4652, 5563 

   5868.60 7/2 25380.280 391.0(5) −42(19) [13] 4109, 4469, 4568, 4703 

   6508.43 9/2 27054.940 183(1) 164(30) tw 5848 

   6541.44 7/2 27132.434 76(1) 54(50) [5] 5822 

   6654.908 5/2 27393.027 143.8(10) 32(14) [13] 4905, 5276, 5657, 5735 

3/2 42560.18 150(20) 5844.20 1/2 25453.951 −368.9(37) 0.00 [7]  

   6018.85 3/2 25950.323 478.5(19) 18(16) [13]  

   6749.78 1/2 27748.969 274.8(34) 0.00 [13] 5179, 5545 

   6851.34 3/2 27968.534 132.9(16)  [13] 5120 

7/2 42695.63 110(20) 5773.61 7/2 25380.280 391.0(5) −42(19) [13]  

   6391.81 9/2 27054.940 180.8(13) 217(100) tw  
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Continued 

   6559.71 7/2 27455.312 358.0(16) 50(13) [13] 4090 

7/2 42890.720 −20(10) 5583.035 5/2 24984.294 284.5(17) 22(20) [13] 4177, 4480, 4549, 4652 

   6300.206 9/2 27022.612 −147.7(16) 17(20) [13] 4105 

   6313.06 5/2 27054.940 183(1) 164(30) tw 5848 

   6450.787 7/2 27393.027 143.8(10) 32(14) [13] 4905, 5276 

   6476.81 7/2 27455.312 358.0(16) 50(13) [13] 4090, 4172 

   6567.89 5/2 27669.363 226.8(23)  [13] 3613, 4840 

   6731.57 7/2 28039.448 166.2(56) 0(20) [13] 5302 

5/2 42990.56 150(20) 5582.77 7/2 25083.356 70.8(5) 25(15) [14] 4160, 5744 

   6409.50 5/2 27393.027 143.8(10) 32(14) [13] 5276 

   6525.09 5/2 27669.363 226.8(23)  [13] 3613, 4840 

5/2 43036.11 200(20) 5610.79 5/2 25218.265 101(5)  [7] 4137, 5491 

   5662.26 7/2 25380.280 391.0(5) −42(19) [13]  

   5851.19 3/2 25950.323 478.5(19) 18(16) [13]  

   5987.37 5/2 26338.934 103.2(22) −29(20) [13]  

   6390.83 5/2 27393.027 143.8(10) 32(14) [13]  

   6505.76 5/2 27669.363 226.8(23)  [13] 4840 

7/2 43233.58 140(50) 5917.39 5/2 26338.934 103.2(22) −29(20) [13]  

   6423.21 5/2 27669.363 226.8(23)  [13] 4840 

   6579.67 7/2 28039.448 166.2(56) 0(20) [13] 3705, 5302, 5517 

9/2 43634.49 100(20) 5629.07 11/2 25874.500 44.0(5) 168(10) tw  

   6058.18 7/2 27132.434 76.11 106.36 [5]  

   6431.03 9/2 28089.180 393.0(52) 120(60) [13] 4065, 4171 

   6624.47 7/2 28543.068 −68.5(8) −50(30) [13] 4879 

7/2 43814.732 135(30) 5610.89 9/2 25997.181 414.3(20) 40(20) [13] 4570 

   6087.82 5/2 27393.027 143.8(10) 32(14) [13] 4905, 5276 

   6357.32 9/2 28089.180 393.0(52) 120(60) [13] 4065 

   6546.266 7/2 28543.068 −68.5(8) −50(30) [13] 3637, 4643, 4879, 5368 

7/2 44112.503 180(30) 5849.79 5/2 27022.612 −147.7(16) 17(20) [13] 4105 

   5860.87 9/2 27054.940 183(1) 164(30) tw 5848 

   5979.392 5/2 27393.027 143.8(10) 32(14) [13] 4905, 5169, 5276 

7/2 44297.398 220(50) 5798.03 9/2 27054.940 183(1) 164(30) tw 4243 

   5824.20 7/2 27132.434 76.11 106.36 [5] 5240 

   5913.993 5/2 27393.027 143.8(10) 32(14) [13] 3650, 3795, 4905, 5023, 5169 

9/2* 46082.03 0(100) 5584.11 11/2 28179.043 17.3(4)  [13] 5475 

   5765.83 11/2 28743.254 367(5)  tw 4060 

*J may also be 11/2 or 13/2. 
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Table 2. New even La I levels, spectral lines for which the width could be determined reliably, 
and observed widths. Assumed was a mixed line profile as described in the text. In column 6 
(Comment, C.) the letter B and a number is given when the investigated line shows up in a blend 
situation, thus the plasma conditions are exactly the same (e.g. lines 5582.699, 5582.774 and 
5583.035 Å show up in blend situation B10). The same numbers are used in Table 4. P is the 
parity of the levels. FWHM is a full width at half maximum of a single hf component, determined 
by the fitting program. 

New even level Line Width 

J P Energy (cm−1) Wavelength (Å) C. FWHM (MHz) % Gauss % Lorentz 

1 2 3 5 6 7 8 9 

1/2 e 40329.487 5588.12  870(80) 100 0 

   5857.10  900(80) 48 52 

   5950.36  920(80) 47 53 

   6013.49 B2 890(80) 20 80 

   6807.09 B1 900(80) 40 60 

   mean  900(40)   

5/2 e 41742.414 5939.405 B4 1170(110) 10 90 

1/2 e 41199.88 5572.91  1030(90) 40 60 

   5657.29  1090(90) 100 0 

   mean  1050(90)   

9/2 e 42088.998 5603.824 B5 1820(150) 0 100 

   5796.30  1880(150) 0 100 

   6831.66  2010(150) 0 100 

   mean  1900(110)   

7/2 e 42415.382 5582.699 B10 1080(90) 60 40 

   6654.908 B6 1100(90) 100 0 

   mean  1100(90)   

3/2 e 42560.18 5844.20  1630(150) 14 86 

   6749.78 B7 1900(150) 46 54 

   mean  1750(150)   

7/2 e 42695.63 6559.71  1900(200) 0 100 

7/2 e 42890.720 6450.787 B8 3800(300) 20 80 

   6300.206 B9 3800(300) 40 60 

   5583.035 B10 4000(300) 100 0 

   mean  3900(210)   

5/2 e 42990.625 5582.774 B10 2200(150) 4 96 

   6525.09 B11 2200** 0 100 

   mean  2200(150)   

5/2 e 43036.11 6390.83 B12 1900(150) 0 100 

   6505.76  1610(150) 0 100 

   mean  1750(150)   
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Continued 

7/2 e 43233.58 6423.21  4700(300) 0 100 

   6579.67  4650(300) 0 100 

   mean  4700(300)   

9/2 e 43634.49 6431.03  5600(300) 0 100 

   6624.47***  
5160(300) 
5190(300) 

0 
0 

100 
100 

   mean  5300(210)   

7/2 e 43814.732 6087.82  3850(300) 7 93 

   6546.266 B13 4680(300) 0 100 

   mean  4300(300)   

7/2 e 44112.503 5860.87  10,900(900) 0 100 

   5979.392 B14 6880(900) 0 100 

   mean  8900(900)   

7/2 e 44297.404 5798.027 B16 6700(500) 0 100 

   5913.993  7200(500) 0 100 

   mean  6950(500)   

9/2* e 46082.09 5584.091 B17 13,200(1000) 0 100 

*J may also be 11/2 or 13/2. **width fixed in the fitting procedure. ***width determined on two different recordings 
of this line. 

 
means and the uncertainties are mean standard uncertainties of the mean value. 

For comparison we investigated also the widths of spectral lines classified by already 
known even parity La I levels. These levels and the investigated transitions are given in 
Table 3. Beside these levels, also low lying odd La I levels, one La II level, and two Ar I 
levels were treated. 

The line widths determined from the hf patterns of the lines mentioned in Table 3 
are listed in Table 4. For some of the lines (La levels with low energy and both Ar lines) 
we determined the plasma temperature from the observed FWHM, assuming a Gaus-
sian line profile. This temperature is given in column 10. 

4. Discussion 

The observed width as a function of the energy of the upper level of the excited transi-
tion is shown in Figure 4. As can be seen, the line width is increasing continously until 
an approximately level energy of 43,000 cm−1 (vertical line in Figure 4). This can be ex-
plained by an increasing tendency to collision-induced depopulation of the exciting 
state. Indeed, for level energies higher than 40,000 cm−1 we could not observe “positive” 
LIF lines, that means, the collision-induced depopulation is so strong that radiative de-
cays are not observable. The collisions lower the life time of the energy states leading to 
a larger line width. 

At energies higher than 43,000 cm−1 we found a number of energy levels for which the 
observed lines show much higher values of the FWHM, and a practically pure Lorent- 
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Table 3. J-values, parities, energies and hf-constants A of the energy levels investigated additionally to the new levels. The spectral lines 
evaluated and their classification are also given. tw this work. The level 18235.558 cm−1 is belongs to La II. At the end of the table, two Ar 
I-levels are listed. If the energy of La I or La II levels is given with 3 figures after decimal point, the accuracy is 0.010 cm−1; otherwise the 
accuracy is 0.05 cm−1. The Ar I energies are from ref. [21]. tw—this work. 

Investigated energy level Line Combining energy level 

J P Energy (cm−1) A (MHz) B (MHz) Ref to cols. 4, 5 Wavelength (Å) J P Energy (cm−1) A (MHz) B (MHz) Ref to cols. 11, 12 

1 2 3 4 5 6 7 8 9 10 11 12 13 

             

3/2 o 15031.634 −672.6(4) −16(3) [16] 6650.800 3/2 e 0.00 141.1959(16) 44.781(14) [17] 

3/2 o 17797.301 1335(1)  tw 5617.270 3/2 e 0.00 141.1959(16) 44.781(14) [17] 

5/2 o 17947.135 539.9(33)  [11] 6543.1417 3/2 e 2668.176 −480.292 15.188 [18] 

3 o 18235.558 La II 148.9(3) 4.5(36) [19] 5936.215 2 2 e 1394.470 949.5(16) 49.8(126) [19] 

5/2 o 24507.871 188(2) 15(5) [5] 5940.857 5/2 e 7679.945 802.172 −34.186 [18] 

9/2 e 31923.960 72(5)  tw 5913.957 7/2 o 15019.496 673.9(3) 72(3) [16] 

3/2 o 33799.290 960(5)  [20] 6654.767 5/2 e 18776.615 9.9(20)  [13] 

5/2 e 35393.395 164(2)  [5] 5954.463 7/2 o 18603.922 226(1)  [5] 

9/2 e 36034.610 177(1) 36(12) [5] 6546.381 7/2 o 20763.214 194.5(16)  [13] 

3/2 e 36065.845 −62(2) 29(30) [5] 6300.049 1/2 o 20197.342 132.6(20) 0 [13] 

7/2 e 36220.338 157(1)  [5] 5936.267 5/2 o 19379.397 −58.1(6)  [13] 

5/2 e 36258.965 514(1)  [5] 6749.83 7/2 o 21447.854 121.5(2) −35.7(13) [21] 

7/2 e 36293.017 238(2) 55(68) [5] 6525.250 5/2 o 20972.166 −66.4(3) 35(3) [22] 

7/2 e 37692.380 14(5)  [7] 5979.129 5/2 o 20972.166 −66.4(3) 35(3) [22] 

9/2 e 38172793 238(2) −70(10) [5] 5954.702 9/2 o 21383.994 94.9(10) −20(15) [13] 

7/2 e 38178.025 180(5)  tw 5603.896 5/2 o 20338.250 259(2) −14(10) tw 

7/2 e 38566.480 212.4(30)  [23] 5914.129 7/2 o 21662.504 283.6(1) 58(2) [16] 

9/2 e 38626.230 163(2)  [8] 5798.104 9/2 o 21383.994 94.9(10) −20(15) [13] 

1/2 e 39326.050 205(6)  [7] 6806.962 3/2 o 24639.262 −199.6(10) 14(10) [13] 

3/2 e 39543.764 169(1) 40(10) [8] 6450.801 5/2 o 24046.095 325.8(17) −44(15) [13] 

3/2 e 40231.533 −70(5)  [5] 6525.119 3/2 o 24910.375 −301.3(5) 14(5) [13] 

3/2 e 40260.111 120(1)  [8] 6450.867 3/2 o 24762.602 418.0(10) 10(6) [13] 

3/2 e 40489.499 −318(1)  [7] 6546.451 5/2 o 25218.265 101(5)  [7] 

9/2 e 40732.18 133(5)  [23] 6390.93 9/2 o 25089.316 5.0(34)  [13] 

7/2 e 40878.18 140.3(30)  [23] 6450.704 7/2 o 25380.280 391.0(5) −42(19) [13] 

7/2 e 40878.170 140.3(30)  [23] 5954.408 7/2 o 24088.541 −134.1(40) 72(30) [13] 

7/2 e 40878.170 140.3(30)  [23] 5939.392 5/2 o 24046.095 325.8(17) −44(15) [13] 

5/2 e 41124.110 74(7)  [8] 5584.101 7/2 o 23221.097 −76.4(3) 59(4) [16] 

7/2 e 41132.703 188(2)  [23] 6013.433 7/2 o 24507.871 188(2) 15(5) [5] 

9/2 e 42100.194a 57(5)  [20] 5979.236 7/2 o 25380.280 391.0(5) −42(19) [13] 

13/2 e 43004.90b 105(5)  tw 5801.85 13/2 o 25773.798 373.5(5) 165(20) [20] 

13/2 e 43004.90 105(5)  tw 6743.11 11/2 o 28179.043 17.3(4)  [13] 

9/2 e 43145.55c 73(5)  [23] 5788.41 11/2 o 25874.500 44.0(5) 168(10) tw 
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9/2 e 43145.55 73(5)  [23] 6618.01 7/2 o 28039.448 166.2(56) 0(20) [13] 

9/2 e 43145.55 73(5)  [23] 6639.86 9/2 o 28089.180 393.0(50) 120(60) [13] 

11/2 e 43206.48d 65(10)  tw 5734.76 13/2 o 25773.798 373.5(5) 165(20) [20] 

11/2 e 43206.48 65(10)  tw 6413.82 9/2 o 27619.548 186.7(20) 35(30) [13] 

9/2 e 43344.94c 144.9(30)  [23] 5722.36 11/2 o 25874.500 44.0(5) 168(10) tw 

9/2 e 43344.94 144.9(30)  [23] 5762.83 9/2 o 25997.181 414.3(20) 40(20) [13] 

9/2 e 43344.94 144.9(30)  [23] 6846.61 11/2 o 28743.254 374(2)  tw 

11/2 e 43381.10e 53(2)  tw 5677.88 13/2 o 25773.798 373.5(5) 165(20) [20] 

11/2 e 43381.10 53(2)  tw 6829.70 11/2 o 28743.254 374(2)  tw 

5/2 e 43515.761c 217(5)  [23] 5820.17 5/2 o 26338.934 103.2(22) −29(20) [13] 

5/2 e 43515.761 217(5)  tw 6224.75 7/2 o 27455.312 358.0(16) 50(13) [13] 

11/2 e 43718.15c 96.0(30)  [23] 5571.23 13/2 o 25773.798 373.5(5) 165(20) [20] 

11/2 e 43718.15 96.0(30)  [23] 6433.60 11/2 o 28179.043 17.3(4)  [13] 

11/2 e 43718.15 96.0(30)  [23] 6676.00 11/2 o 28743.254 374(2)  tw 

9/2 e 44517.39f 20(20)  tw 6836.90 7/2 o 29894.913 467.9(22) 6(10) [13] 

1 e 121161.3235 Ar I 0 0 [24] 5860.310 1 o 104102.0990 0 0 [24] 

1 e 123882.2030 Ar I 0 0 [24] 5940.857 0 o 107054.2720 0 0 [24] 

a: given in ref. [17] with J = 11/2, A = 51.9(20) MHz. b: given in ref. [20] with A = 97.6(30) MHz. c: given in ref. [20]. d: given in ref. [17] with J = 13/2, A = 49(9) 
MHz. e: given in ref. [17] with A = 62(9) MHz. f: given in ref. [20] with J = 11/2 and A = 99.2(30) MHz. 

 
Table 4. Levels and spectral lines for which the width was determined for comparison. Assumed was a mixed line profile as described in the 
text. In colum 6 the letter B and a number is given when the investigated line is blended. For lines with the same blend number, the plasma 
conditions are exactly the same (e.g. lines 5936.215 and 5936.276 Å show up in blend B18). The same numbers are used in Table 2. 

Level Line Width 

J P Energy (cm−1) Element Wavelength (Å) C. FWHM % Gauss % Lorentz Temp. (˚C) 

1 2 3 4 5 6 7 8 9 10 

3/2 o 15031.634 La I 6650.800  640(50) 90 10 270(90) 

3/2 o 17797.302 La I 5617.270  640(30) 97 3 115(40) 

5/2 o 17947.135 La I 6543.142  710(50) 88 12 370(90) 

3 o 18235.558 La II 5936.215 B18 660(30) 100 0 185(40) 

5/2 o 24507.871 La I 5940.857 B19 730(50) 93 7 295(90) 

9/2 e 31923.960 La I 5913.957 B16 710(50) 100 0  

3/2 o 33799.290 La I 6654.767 B6 700(50) 100 0  

5/2 e 35393.395 La I 5954.463 B3 740(50) 60 40  

9/2 e 36034.610 La I 6546.381 B13 780(50) 85 15  

3/2 e 36065.845 La I 6300.049 B9 890(100) 90 10  

7/2 e 36220.338 La I 5936.267 B18 690(50) 0 100  

5/2 e 36258.965 La I 6749.83 B7 770(50) 90 10  

7/2 e 36293.017 La I 6525.250 B11 810(80 100 0  

7/2 e 37692.380 La I 5979.129 B14 750(50) 100 0  

9/2 e 38172.793 La I 5954.702 B3 750(0) 80 20  

7/2 e 38178.025 La I 5603.896 B5 780(50) 0 100  
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7/2 e 38566.480 La I 5914.129 B16 880(80 100 0  

9/2 e 38626.230 La I 5798.104 B15 1470(100) 20 80  

1/2 e 39326.050 La I 6806.962 B1 900(90) 40 60  

3/2 e 39543.764 La I 6450.800 B8 900(90)    

3/2 e 40231.533 La I 6525.119 B11 920(90) 100 0  

3/2 e 40260.111 La I 6450.867 B8 800(80)    

3/2 e 40489.499 La I 6546.451 B13 930(90) 20 80  

9/2 e 40732.18 La I 6390.93 B12 2120(200) 0 100  

7/2 e 40878.18 La I 6450.704 B8 2100(200)    

7/2 e 40878.170 La I 5954.408 B3 2050(200) 30 70  

7/2 e 40878.170 La I 5939.392 B4 2560(200) 30 70  

7/2 e 40878.170  mean  2200(115)    

5/2 e 41124.110 La I 5584.101 B17 1050(100) 50 50  

7/2 e 41132.703 La I 6013.433 B2 1170(100) 100 0  

9/2 e 42100.194 La I 5979.236 B14 1300(100) 100 0  

13/2 e 43004.90 La I 5801.85  790(80) 18 82  

13/2 e 43004.90 La I 6743.11  760(80) 50 50  

13/2 e 43004.90  mean  780(80)    

9/2 e 43145.55 La I 5788.41  1900(200) 3 97  

9/2 e 43145.55 La I 6618.01  2650(200) 40 60  

9/2 e 43145.55 La I 6639.86  2700(200) 42 58  

9/2 e 43145.55  mean  2400(140)    

11/2 e 43206.48 La I 5734.76  9850(1000) 0 100  

11/2 e 43206.48 La I 6413.82 B19 9750(1000) 0 100  

11/2 e 43206.48  mean  9800(1000)    

9/2 e 43344.94 La I 5722.36  2500(200) 7 93  

9/2 e 43344.94 La I 5762.83 B20 1900(200) 0 100  

9/2 e 43344.94 La I 6846.61 B21 2600(200) 0 100  

9/2 e 43344.94  mean  2300(140)    

11/2 e 43381.10 La I 5677.88  1050(100) 46 54  

11/2 e 43381.10 La I 6829.70  1100(100) 40 60  

11/2 e 43381.10  mean  1100(100)    

5/2 e 43515.76 La I 5820.17  2050(300) 20 80  

5/2 e 43515.76 La I 6224.75  1400(300) 0 100  

5/2 e 43515.76  mean  1750(300)    

11/2 e 43718.15 La I 5571.23 B22 2600(300) 0 100  

11/2 e 43718.15 La I 6433.60  2900(300) 5 95  

11/2 e 43718.15 La I 6676.00  2800(300) 0 100  

11/2 e 43718.15  mean  2750(210)    

11/2 e 44517.40 La I 6836.90  3000(300) 60 40  

1 e 121161.3235 Ar I 5860.310  1400(100) 70 30 310(100) 

1 e 123882.2030 Ar I 5940.850 B19 1650(150) 37 63 550(150) 
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Figure 4. FWHM as a function of the energy of the upper level of the excited transition. Apart 
from some exceptions, the FWHM increases continously until approximately 43,000 cm−1 (bold 
full line) but then, for some levels, a jump to much higher values is observed. The border between 
these two ranges is marked by a thin vertical line. Full squares: FWHM determined from new 
levels (Table 2). Triangles: FWHM determined from already known levels (Table 4). Circles: 
FWHM determined from already known levels (Table 4) having energies higher than 43,000 
cm−1. The value for the new level 46,082 cm−1 is not shown here.  

 
zian line shape. At the first glance an interpretation as autoionizing states seems to be re-
liable. 

The ionization limit of La I is given in ref. [11] to be 44,981 cm−1, quoted from the 
paper of Garton and Wilson [25], who investigated absorption lines converging to the 
6s2 (excited) level of La II, with a limit energy of 51,376(5) cm−1. Substraction of the ex-
citation energy of the La II 6s2 level at 7394.57 cm−1 leads to the first ionization poten-
tial of La I, 44,981(5) cm−1. On the other hand, the last even level in ref. [11] is located 
at 40,243 cm−1, and between 40,910 cm−1 and the ionization limit one can find only two 
odd levels (44978.6 and 44978.9 cm−1).  

From laser spectroscopy, a larger amount of levels, all of them having even parity, 
with energies higher than 40,243 cm−1 are known. But above 43,000 cm−1, apart from 
the new levels reported in Table 1, only 7 levels at energies between 43,004 and 43,718 
cm−1 are known from refs. [20] and [23]. One further level is reported to have 44,517 
cm−1 [23] (see Table 3). The existence of these levels was checked and confirmed dur-
ing our investigations, but sometimes we had to change the values of the hf constant A 
and/or the value of the angular momentum J. The highest level given in ref. [23] at 
44,570 cm−1 was introduced via one excited spectral line (5733.0 Å), but this line could 
be classified by us as a transition between already known levels, thus we think that the 
level at 44,570 cm−1 is not existing. The analysis of the FWHM-values of lines classified 
as transitions from these levels showed high and low values between 9800(1000) MHz 
for the level at 43,206 cm−1 and 780(80) MHz for the level at 43,004 cm−1 (see Table 4). 
The values are shown in Figure 4 as open circles. 

We found also some exceptions of the general trend: The levels at 38,626, 40,732 and 
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40,878 cm−1 show a much higher FWHM than most of the levels, while the levels at 
42,415, 43,004 and 43,381 cm−1 show a lower FWHM. For the level with the highest 
energy, at 44,517 cm−1, we found a FWHM value of only 3000(300) MHz. This shows 
that the treatment of the levels with very high FWHM as autoionizing states is too sim-
ple. Apparently the collision-induced probability for depopulation is dependent mainly 
on the electronic structure and not only on energy. A lowering of the ionization energy 
by electric fields is also possible. Such fields are present due to the discharge voltage, 
but also due to collisions of atoms with ions. This effect is known for long time, since it 
was shown already in 1930 in a famous spectrum of the hydrogen Balmer series in high 
electric fields, taken by Rausch von Traubenberg and Gebauer [26]. In this spectrum 
the quenching of the Stark components of each of the Balmer lines takes place at dif-
ferent field strengths, demonstrating the dependency of the ionization energy on the 
respective quantum numbers. 

The measured FWHM values have some scattering, even for one upper level, as is 
noticeable in Table 2 (the accuracy of the FWHM-values is the same for all investigated 
lines belonging to the same upper level). Partly this scattering may be explained by the 
fact that the discharge conditions were not exactly the same for all investigated lines. 
On the other hand, the variation of FWHM depending on the energy is not due to the 
fact of different discharge conditions, as can be seen in the following two recordings: 
here, due to blend situations, we can observe in one scan the variation of the FWHM 
(Figure 5 and Figure 6). Apart from these two examples, a large number of lines were 
investigated in blend situations (numbers B… in Tables 2-4). Such lines for sure were 
investigated under the same discharge conditions and the same experimental arrangements, 
 

 
Figure 5. Blend situation around 6546.3 Å. In one optogalvanic recording we observed three 
spectral lines, the two low-frequency lines are transitions between already known energy levels. 
The high-frequency line (right hand side of the picture) is classified by us as a transition to the 
new energy level 43,814 cm−1. The position of the hf components of the lines are shown by 
vertical bars (full or dotted lines), their length proportional to the theoretical component intensity. 
Around the highest hf component of each line the profile as found by the fit procedure is shown. 
The structures are well fitted by summing up all profiles (at the positions of the corresponding hf 
components) weighted by the theoretical intensities. The letters C mark the positions of the 
particular centers of gravity of the lines.  
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Figure 6. Blend situation around 5914.0 Å. In one optogalvanic recording we observed again 
three spectral lines. The low-frequency line is a transition between already known energy levels. 
The huge peak in the center with its wide spread wings is overlapped additionally by the hf 
components of a (already classified) spectral line with a widely spread hf splitting. The central 
peak is classified by us as a transition to the new energy level 44,297 cm−1. The position of the hf 
components of the lines are shown by vertical bars (full or dotted lines), their length proportional 
to the theoretical component intensity. Around the highest hf component of each line the profile 
as found by the fit procedure is shown. The structures are well fitted by summing up all profiles 
(at the positions of the corresponding hf components) weighted by the theoretical intensities. The 
letters C mark the positions of the particular centers of gravity of the lines.  

 
since the lines appear in one OG scan. Thus we claim that the observation of the varia-
tion of the FWHM depending on the upper level is correct. 

As can be seen in Table 4, a reliable value for the temperature of the plasma in the 
hollow cathode cannot be given. Let us discuss the values obtained from the levels at 
15,031 and 17,797 cm−1. Both upper levels are investigated using lines for which the 
combining even level is the ground state, 0 cm−1. Thus the level energy is at the same 
time the transition wave number. Assuming a pure Gaussian profile of a single hf com-
ponent, the Doppler width ΔνD of a spectral component is given by 

8 ln 2B
D

k T
c m
νν

⋅ ⋅ ⋅
∆ =                       (2) 

where ν is the transition frequency, c is the velocity of light, kB is the Boltzmann con-
stant, T is the absolute temperature and m is the atomic mass. 

From this equation it follows that ΔνD should be proportional to the transition wave 
number (which is ν/c). Nevertheless, we observed from the fit for both transitions the 
same FWHM of 640 MHz with uncertainties of 50 and 30 MHz, respectively. This leads 
to different temperatures T as is mentioned in Table 4, not agreeing within the error 
limits. For comparison we have determined the plasma temperature also from two Ar I 
lines (last two lines of Table 4). Here we observe temperatures between 300(100) and 
500(150)˚C. 

It should be mentioned again, that the plasma burns inside a cooled cathode region. 
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The wall (3 mm in diameter) would have liquid nitrogen temperature (−196˚C) if no 
plasma is burning. The plasma has a power consumption of ca. 30 W and heats the 
walls to a certain temperature not measurable by us. In the center, the plasma for sure is 
much hotter than on the border wall. Furthermore, the plasma is not dense enough to 
be in local thermodynamic equilibrium but will be a non-equilibrium low pressure 
plasma. Additionally, it is not sure that the laser beam intersecting the hollow cathode 
lamp was always exactly centered. Thus only a rough estimation of the plasma temper-
ature is possible, leading to the value of approximately 300˚C. 

5. Conclusions 

In this work, we present 16 new even La I energy levels in the energy range 40,300 to 
46,100 cm−1. These levels explain 67 spectral lines observed in OG spectra. For each of 
the levels, the FWHM of the single hf components were determined, leading to the re-
sult that up to ca. 43,000 cm−1 we observed a moderate increase of the width. The line 
shape is described by a sum of Lorentzian and Gaussian profiles with the same FWHM. 
With increasing energy, the Lorentzian part increases.  

For most of the new levels with energies higher than 43,000 cm−1, the line shape is 
described by a pure Lorentzian function having a much higher width. Such states are 
very effectively depopulated by collisions leading to a very short lifetime and thus high 
Lorentzian width. Apparently the depopulation probability is strongly dependent on 
the composition of the wave function of the respective state. This observation may con-
tribute to the theoretical description of the energy states of La I. 
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