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ABSTRACT

Aims. While solar spectra contain a lot of Cal and MgT infrared (IR) lines, no laboratory-measured spectra of these atoms have been
reported for wavenumbers below 2000 cm™!. This study reports Cal spectra in the 1300-4500 cm™! range and Mg spectra in the
1300-4500 cm™! range.

Methods. We performed a time-resolved Fourier transform infrared spectroscopy study of a plasma created by the laser ablation of
MgF, and CaF, targets in a vacuum. The oscillator strengths (f-values) were calculated using quantum defect theory (QDT), which
shows good agreement with the available experimental and theoretical results.

Results. We report several Cal and MgI IR lines that have not been measured previously in laboratory. The recorded spectra allow
the excitation energies of some Cal and MgT states with high orbital momentum (/ = 4,5) to be determined. We also provide a long

list of QDT-calculated f-values for Cal and Mg in the range of 800-9000 cm™'.

Key words. atomic data — methods: laboratory — techniques: spectroscopic

1. Introduction

Calcium and magnesium are important chemical elements for
studying the history of a-process nucleosynthesis. Both these
elements are observed relatively easily in the spectra of stars,
even in metal-poor star atmospheres, and their overabundance in
extremely metal-poor stars is one of the fundamental parameters
of the chemical evolution models for our Galaxy (Spite et al.
2012). The abundance of Ca and Mg is sensitive to deviations
from local thermodynamic equilibrium (LTE; Zhao & Gehren
2000; Mashonkina et al. 2007; Andrievsky et al. 2010; Spite
et al. 2012). Non-LTE corrections to Mg abundance are espe-
cially important since magnesium could serve as a better tracer
of the chemical evolution of the Galaxy than iron (Andrievsky
et al. 2010).

For the stars other than Sun, the non-LTE effects are
predominantly studied on the strongest Mgl and Cal lines
in the visible region (Mishenina et al. 2004; Mashonkina
et al. 2007). These effects correspond to the radiative transi-
tions from low-excited atomic states. However, including high-
excited (Rydberg) atomic states into the atomic models encoun-
ters several difficulties (Zhao et al. 1998) that are inherent to the
infrared (IR) region.

Although the great advantages of Fourier transform (FT) in-
frared spectroscopy, such as its constant high resolution and
energy throughput, have made the IR spectral region more

* Tables 5 and 6 are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/A+A/554/A24
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accessible for high-resolution spectral measurements (Nilsson
2009). The powerful capacities of IR astronomy cannot be fully
utilized without detailed spectroscopic information on atomic
line features (in particular, wavelengths, and oscillator strengths)
in the IR region (Biémont 1994; Johansson 2005; Pickering et al.
2011, see Civis et al. 2012b, for more references on space- and
ground-based IR astronomy). The IR spectrum of the most stud-
ied object, the Sun, has been recorded from the ground (Wallace
et al. 1996) and from satellite-borne FT spectrometers: ATMOS
(Farmer et al. 1989) and ACE FTS (Hase et al. 2010).

In the near-IR domain, lines, most widely used for diagnos-
tic calcium, belong to a well-known triplet (849.81, 854.21, and
866.21 nm), which is due to transition between low-excited 3d
and 4p states of singly ionized Call, while the IR lines of neu-
tral CaT are not so prominent. Three IR solar MgI lines were
observed without identification by ground-based (811.575 and
818.058 cm™!) and balloon-borne (1356.182 cm™!) FT interfer-
ometer measurements (Murcray et al. 1981).The strong diag-
nostic potential of the 12.22 and 12.33 micron MgTI lines was
demonstrated by Brault & Noyes (1983). The high Zeeman sen-
sitivity of IR lines (as compared to the visible) permitted them
to estimate magnetic field strength in solar low chromosphere.
Chang & Schoenfeld (1991) estimated the electric field strength
in the Sun using the Stark shift of the above IR MgT lines. The
formation scenario of these line profiles in atmospheres of the
Sun (Chang et al. 1991) and K giants (Sundgqvist et al. 2008) is
substantially explained by non-LTE effects. Using Rydberg for-
mula with a core-polarization correction (Edlén’s polarization
formula), Chang & Noyes (1983) identified these and some other
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MgT1 lines in the spectra reported by Murcray et al. (1981) and by
Brault & Noyes (1983) as due to transitions between 3s nl states
of Mg1 with high orbital angular momenta / > 3 (Chang 1987).
Some other solar MgT lines observed from Kitt-Peak National
Solar Laboratory and Spacelab 3 ATMOS experiment in the
800-900 cm™! and 1100-1200 cm™' ranges were studied by
Glenar et al. (1988).

Except for the most prominent features, atomic spectra are
virtually unchartered territory for wavelengths in the near-IR re-
gion and longer; therefore, high-precision IR wavelength cali-
bration requires continued laboratory analysis (Wahlgren et al.
2012).

In past decades only two measurements of MgT have been
reported in IR region. Using a hollow-cathode discharge tech-
nique, Biémont & Brault (1986) measured IR spectrum from
1800 to 9000 cm™!. Their Fourier transform spectrometer (FTS)
measurements gave the first laboratory observation of 3s ng ' G
terms of MgI with principal quantum number n < 8. In total,
Biémont & Brault (1986) reported 116 MgT1 lines with a pro-
claimed uncertainty not greater than 10~* cm™!. Lemoine et al.
(1990) measured 23 Mg1 lines between 740 and 1126 cm™" with
a precision of 0.0002 cm™! using a diode-laser spectrometer.
Their measurements of high-/ transitions 7/-9/ with [ = 5,6,7
and I’ = 6,7, 8 have corrected the correspondent line wavenum-
bers observed in the solar spectrum (Brault & Noyes 1983) and
calculated by Edlén’s formula (Chang 1987).

The laboratory IR spectrum of Cal was partly (v >
4414 cm™!, i.e. 1 < 2265 nm) recorded in a hollow cathode
emission measurement by Risberg (1968). Since that time the
only available laboratory study of CaT IR spectrum has been
done by Chang et al. (2000), who measured high-current hollow
cathode spectra of calcium from 2000 to 9000 cm™!, using the
FTS at the Kitt Peak National Solar Observatory at a resolution
of 0.01 cm™!.

The aim of the present study is to observe IR lines in the
13002000 cm ™! domain where no laboratory CaT or Mg1 spec-
tra have been recorded previously. We report first laboratory
observational evidence for some high-/ terms of these atoms
and provide calculated f-values for the transitions between
high-/ states. This work continues the series of Fourier trans-
form infrared spectroscopy (FTIR) spectroscopy studies of the
IR spectra of metal atoms (Civis et al. 2012b,c,a).

2. Methods

The IR emission spectrum of MgI and Cal was measured us-
ing high-resolution FTIR spectroscopy of the plasma formed by
the laser ablation of CaF, and MgF, target. The sample surface
was irradiated by a high-repetition-rate, pulsed, nanosecond ArF
laser (4 = 193 nm, laser pulse width 12 ns, frequency 1.0 kHz,
output energy 15 mJ) in a vacuum (1072 Torr). The emission
from the plasma was focused into the spectrometer by a ZnSe
(127 mm) lens for the spectral range below 1600 cm™! and by a
CaF, (100 mm) lens for the range above 1600 cm™'. The spectra
were measured in the different spectral regions with two differ-
ent detectors. In the 1300-1600 cm™~' range a HgCdTe detector
was used, while above 1600 cm™' we applied an InSb detec-
tor. Generally, the sensitivity of both detectors is different. In
our measurement we also applied the narrow interference filters
(with specific absorption profiles) to cut the strong laser emis-
sion. For that reason the absolute spectral intensity scale cannot
be estimated, and we can only get the relative intensities of the
emission lines inside a corresponding interference filter window.
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Fig. 1. A part of MgI and Cal emission spectra versus the ACE solar
spectra (Hase et al. 2010).

Several kinds of noise — electronic noise (PC, cables, con-
nectors, detectors), thermal noise (sample is heated by numerous
high-energy laser shots), and mechanical noise (vibrations of the
sample and spectrometer are caused by mechanical pumps) —
have a strong influence on detection limits but not on the ac-
curacy of the line position. The main source of the obtained
wavenumber’s error is the statistical errors due to fitting the
measured data arrays to a Lorentzian line profile.

For the measurements we used a Bruker 120 FTIR
spectrometer, which has a maximum unapodized resolution
about 0.003 cm™!. The absolute wavenumber scale is linear and
is defined by the internal control HeNe laser, whose frequency
is normally stabilized to ~107°. In our case, to achieve better
signal-to-noise ratio (S/N), we use a multiple-scan scheme, so
that our measurement are performed at the maximum resolution
about 0.017 cm™". Therefore the error due to instabilities of the
internal HeNe laser does not exceed the latter resolution value
and additional calibration is not needed. More details on the ex-
perimental setup are given in our previous papers (Kawaguchi
et al. 2008; Civis et al. 2010a,b,2011c,a).

The oscillator strengths were calculated using single-channel
quantum defect theory (QDT). This is reasonable for a two-
electron atom once only the transitions between 3snl states in
MgT and 4snl states in Cal are considered. The calculations
were done assuming LS coupling, and the intercombination tran-
sitions were neglected. We compared some QDT-calculated os-
cillator strengths with experimental and theoretical data avail-
able in the literature. As in our previous works (Civi§ et al.
2010a,b,2011b,2012b,c), the overall agreement of our QDT cal-
culations with the results available in other sources is quite sat-
isfactory.

For all tables, uncertainties are reported in parentheses im-
mediately following the values. They should be treated as the
rightmost significant digits; e.g., 123.4(56) means 123.4 + 5.6.

3. Results

A part of the recorded spectra are shown in Fig. 1, where
the most prominent lines of two multiplets are shown
(4s4f3F-455g3G for Cal and 3s5p3P-3s5d°D for Mg1). The
values of the total angular momenta of the lower and upper states
are specified above the corresponding lines as for J—J’. The ob-
served lines are shown together with the corresponding CaT and
Mg in solar spectra recorded by ACE-FTS (Hase et al. 2010).
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Table 1. Cal lines observed in this work.

Vi, cm”! Line parameters Identification
This work ACE Chang et al. (2000) I (arb.u) S/N  FWHM,cm™'

1374.276(5) 1374.30 8.53x10° 12.1 0.070(13) 4s5g 3G—4s6h H
1374.696(8) 1374.72 500x10°  6.16 0.074(23) 4s5¢ 'G—4s6h 'H
1426.794(12)  1426.83 1.81x10° 522  0.053(25) 4s5f 'F3—4s6g |Gy
1454.163(15) 1454.18 1.58 x 10> 3.57 0.066(44) 4s6p 3P,—4s7s 3S,
1467.915(4)  1467.94 1.24x10° 394  0.053(30) 4553 F,—4s6g°Gs
1468.182(16)  1468.19 346 x 10° 200 0.081(9) 455F°F, 3-4s62°G3 4
2015.695(5) 2015.73 2,16 x 10> 10.3 0.072(16) 455d 3D3—4s5f 3F,4
2018.097(6) 2018.12 1.56 x 10° 105 0.075(20) 4s5d *D,—4s5f 3F;
2019.608(5)  2019.62 1.06 x 10° 657  0.059(22) 4s5d 3D, -4s5f 3F,
2040.600(18)  2040.60 2.19x 102 3.04 0.045(54) 4565 3S,—4s6p 3P
2044.450(7)  2044.47 1.16 x 10> 104 0.074(18) 4565 S, —4s6p P,
2052.320(4)  2052.35 222103 156  0.080(12) 4565 3S,—4s6p 3P,
2185.628(11) 2186.06 6.73x 10> 5.34 0.078(34) 4s5g-4s7h
2244.032(4) 2244.03 320x 10> 3.27 0.080(28) 4s5f 'F3—4s7g 'Gy
2285.497(11) 3.06x 10> 4.63  0.06341) 4s5f 3F-4s7g 3G
2525.683(7) 2525.69 1.94x 10> 7.02 0.097(22) 4s6p 3P,—4s6d 3D
2530.833(4) 2530.31 2530.8394 1.42x 10" 6.80 0.112(14) 4s6p 3P,—4s6d 3D,
2531.644(8)  2531.74 928 x 10> 348  0.063(36) 4s6p 3P, —4s6d 3D,
2597.630(13)  2597.53 1.19x 10> 3.35 0.030(76) 4s6p 'P1—4s7s 'S
2703.832(7) 2703.85 2703.849 2.09x 10* 549 0.107(22) 4s4f 3F,—4s5g 3Gs
2704.276(14)  2704.29 2704.2862 1.92x 10*  4.02 0.123(67) 4s4f 3F3—4s5g 3Gy
2704.613(7) 2704.61 2704.6044 1.18 x 10" 2.80 0.113(24) 4s4f 3F,—4s5g 3G3
3263.342(10)  3263.35 343x 102 642 0.072(32) 4s5d 'Dy—4s6f 'F3
3414.338(3) 341435 8.15x 103 283 0.130(9) 455s'Sy—4s5p' P
4336.523(5) 4336.52 4336.5252 7.14 x 10" 16.1 0.096(13) 3d4p 'Fs—4s5g 'Gy
4380.739(12)  4380.72 291 x10* 3.78 0.089(42) 4s4d 'Dy—4s6p 'P,
4413.061(21)  4413.11 6.29x 10*  3.13  0.058(49) 454d 3Dy-4s4f 3F,
4413.554(4) 4413.58 1.24x10° 116 0.110(13) 4s4d 3D3—4s4f 3F,
4418.313(12)  4418.35 6.48 x 10*  3.48 0.058(38) 4s4d 3D,—4s4f 3F,
4418.684(4)  4418.69 8.54x 105 159  0.107(12) 454d 3D,—4s4f 3F,
4422.013(4)  4422.02 554% 105 11.1  0.108(13) 4s4d 3D, —4s4f 3F,

3.1. Ca lines s ACE solar spectrum

In Table 1 we list our observed lines of Cal with their parameters V

. . . . _ Ty

and identification. The measurements were performed in three ] | ol

spectral ranges: 1300—1600, 20004000, and 4000—4500 cm™". g104 S Tl =

The arbitrary units of intensity are valid only within the same (of < o =

the above three) spectral range. Zosd &)Y

Table 1 also shows a comparison of our results with % 5:0 Ca I ablation (this work)
other measurements, i.e. with laboratory high-current hollow- E ”
0,0

cathode spectra of calcium using the one-meter FTS at the
McMath-Pierce solar telescope operated by the National Solar
Observatory at Kitt Peak (Chang et al. 2000) and with a solar
spectrum atlas measured from the space-borne ACE-FTS (Hase
et al. 2010). The spectral resolutions of these two measurements
were 0.01 and 0.005 cm™' respectively. For the majority of
the lines, our wavenumbers agree with the other measurements
within the specified uncertainties. No laboratory measured Cal
have been previously available below 2530 cm™!'. As an exam-
ple, in Fig. 2 we plot two measured CaT ablation spectrum lines
corresponding to the 5g—6h transitions between the triplet and
singlet states. Since the fine splitting is very small for high-/
states, no fine structure of these lines is resolved in the present
spectrum or in ACE-FTS spectrum, which is also shown in
Fig. 2.

In Table 2 we compare some multiplet f-values (i.e., summed
over the fine structure components) with calculations by Hansen
et al. (1999) used a model-potential method. Although some of

1374 1376 1378 1380

Wavenumber (cm™)

1370 1372

Fig. 2. 5g-6h Cal lines from the ablation plasma spectrum (this work)
and ACE solar spectrum (Hase et al. 2010).

our values disagrees with Hansen et al. (1999) significantly, the
overall agreement is satisfactory and improves with the increase
in the principal quantum numbers n, n’, as it should be, given
that the higher-excited atomic states are better described by QDT
than by the low-excited states.

In Table 5 we present the matrix elements (f- and A-values)
for the transition involving the 4snd, 4snf, 4sng, and 4snh states
of Cal in the 800-9000 cm™' range. The Ritz wavenumbers v
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Table 2. Multiplet f-values for several 4snl S—4sn’l’ P transitions in Cal.

4sns « 4sn'p
5p 6p p 8p
Ig_1p ZS_ZP Ig_1p ZS_ZP Ig_lp ’is_?P Ig_1p 35_31)
6s [1] -0.4310 -0.7513 0.6041 1.802 0.1127 0.05513  0.03070 0.01133
[2] -0.7224 -0.7544 1.130 1.818 0.1891 0.06202  0.05094 0.01428
Ts  [1] -0.0879 -0.07423 -0.3403 -1.307 1.7170 2.268 0.1438  0.07550
[2] -0.0762 -0.07714 -0.3702 -1.298 2.064 2.253 0.1388  0.07864
8 [1] -0.0328 -0.02463 -0.0704 -9.717 -1.5708 -1.720 2.4519 2.694
[2] -0.0274 -0.02621 -0.0728 -9.659 —1.858 -1.703 2.646 2.680
4snp < 4sn’'d
5d 6d 7d
ls_lp 3s_3P ls_lp 3s_3P ls_IP 3s_3P
4p  [1] 0.2646 0.1119 0.04527 0.04933 0.02573
[2] 0.1167 0.08476 0.04013 0.03890 0.0124 0.02185
S5p  [1] 0.2513 0.3018 0.1352 0.1144 0.06512
[2] 0.2262 0.2909 0.1167 0.09789 0.0551 0.04839
6p [1] 0.6437 0.2497 0.1172 0.4253 0.1253
[2] 1.101 0.2193 0.0962 0.4574 0.0861 0.1399
Tp  [1] -0.0012 -0.1079 -0.7102 0.2655 0.5198
[2] —-0.00037 —0.009354 -0.8375 0.2359 1.799 0.5565
8p [1] -0.0002667 -0.02078 —0.0004333 -0.1427 0.1082
[2]  -0.003215 -0.01757 -0.0002868 -0.1339 —-1.086 0.09796
4snd « 4sn'f
4f 5fp o6f 7t
Is-1p 3S-3p Is-1p 3S-3p IS-1p 38-3p Is-1p 38-3p
5d [1] -0.1698 -0.1938 1.094 1.256 0.08856 0.1243  0.01982 0.03303
[2] -0.1984 -0.1816 1.347 1.295 0.1246 0.1439  0.03224  0.04196
6d [1] -0.00012 -6.0x 107 -0.2450 -0.3646 1.084 1.335 0.1704 0.1759
[2] -0.00352 -6.3x 1073 -0.2571 -0.3616 1.216 1.371 0.2021 0.1897
7d [1] -0.00004 —1.3x 10710 -0.02086 -0.001067 -0.06076  -0.4393  0.7998 1.278
[2] —-0.00032 -22x 107 -0.02938 -0.001719  -0.06599 -0.4604  0.9197 1.358

References. [1] Hansen et al. (1999); [2] This work.

and air wavelengths A were calculated using the energy level
values from the cited references.

3.2. Mg lines

The MgT lines we observed are presented in Table 3 with their
parameters and identification. These spectra were recorded in the
following spectral regions: 1200-1600, 1800-3200, 1800-3500,
4100-5000, and 5000-7000 cm™". As in Table 1, each region has
its own scale of arbitrary units for the emission intensity /i;. Our
measured wavenumbers in Table 3 are compared with experi-
mental wavenumbers listed in NIST Atomic Spectra Database
(ASD), which reproduces the data from the laboratory mea-
surement by Biémont & Brault (1986). Table 3 also shows the
wavenumbers from ACE solar spectra (Hase et al. 2010).

The majority of our lines appear in the work by Biémont
& Brault (1986) except for the transitions from the 6g, 7g,
and 7h states. In some cases we see only one line instead of
a pair of lines observed by Biémont & Brault (1986). The
other components of these multiplets was not resolved due
to their low intensity and close wavenumbers (i.e. fine split-
ting), which can be seen from the transition wavenumbers and
probabilities presented in Table 6 below. However, we did
observe two lines instead of the one 2291.50 cm™' line ob-
served by Biémont & Brault (1986). Most of our measured line
wavenumbers agree either with ACE (Hase et al. 2010) or with
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Biémont & Brault (1986). We were not able to restore the un-
certainty of the wavenumbers from Biémont & Brault (1986),
who refer to Brault (1976) where their spectrometer’s resolv-
ing power of 500000 is mentioned. One can conclude therefore
that in the 2000-7000 cm™' the wavenumber uncertainties of
Biémont & Brault (1986) are in the range 0.004—0.014 cm™".

Table 6 presents f- and A-values for the transition in-
volving the 3snd, 3snf, 3sng, and 3snh states of MgI in the
800-9000 cm™! range. As in Table 5, the wavenumbers and
wavelengths are calculated, see the references cited on the bot-
tom. This Table 6 also contains f-values taken from NIST ASD
(Ralchenko et al. 2011) for comparison. The agreement between
NIST values and our QDT calculations for Mg1 is better than in
the case of Cal; more than 80% of the QDT-calculated f-values
agree with NIST values over 20%.

Figure 3 shows a part of the recorded Mg I ablation spectrum
that contains one of the solar MgI lines with narrow emission
profiles superposed on broader absorption throughs (Chang &
Noyes 1983).

3.3. Revised energy levels

Most of the Cal and MgI level energies are already listed in
NIST ASD, but some of them were obtained not from laboratory
measurements. For instance, 3sng (n = 5-7) and 3s6h levels of
Mg1 are deduced from solar spectra (Chang 1987), and the same



S. Civi§ et al.: Ca and Mg IR spectra

Table 3. Mg lines observed in this work.

Vii» cm™!

Line parameters

Identification
This work ACE Biémont & Brault (1986) I (arb.u.) S/N FWHM, cm™!
1356.182(2) 1356.152 1356.182 * 1.79 x 10+ 13.0 0.056(12) 3s5g—-3s6h
1406.529(9) 1406.557 3.78 x 10 4.69 0.061(31) 3s5f 3F3-3s6g
2150.348(5) 2150.34 2150.353 420x 10> 103 0.064(19) 3555 1S¢-3s5p ' P,
2166.092(17)  2166.08 1.87x 10> 4.09 0.067(41) 3s5g—3s7h
2219.241(13)  2219.31 2.68 x 10> 5.90 0.093(38) 3s5f-3s7g
2291.377(8) 2291.463 2291.50 2.13x 10>  6.01 0.068(25) 3s4f3F,-3s5d 3D;
2291.528(27)  2291.55 ’ 1.63x 10> 3.70 0.101(89) 3s4f 3F3-3s5d °D,
2376.286(11)  2376.292 2376.305 2.06x 10> 532 0.088(38) 3s5s 38,-3s5p Py
2377.581(5) 2377.579 2377.595 6.06 x 10> 11.8 0.092(17) 3s5s 35,-3s5p P,
2380.223(5) 2380.222 2380.236 1.16 x 10> 12.8 0.097(15) 3s5s 38,-3s5p P,
2586.006(5) 2586.006 2586.021 6.92x 10° 3.08 0.148(15) 3s4f 3F,-3s5g 3Gs
2586.060(1) 2586.047 2586.068 6.51 x 10*  2.56 0.031(11) 3s4f 3F3-3s5g 3Gy
2586.108(6) 2586.10 2586.110 2.55x10° 213 0.069(23) 3s4f 3F,-3s5g 3G
2586.326(6) 2586.320 2586.328 1.31x10°  4.03 0.051(21) 3s4f 'F3-3s5g 'G,
2715.485(3) 2715.502 2715.448 228 x10° 199 0.116(10) 3s5p *P,—3s5d *D;
2718.164(4)  2718.165 2718.119 1.16 x 10> 11.1 0.108(14) 3s5p *P;-3s5d °D,
2719.450(11)  2719.474 2719.430 2.60x 10>  6.12 0.081(34) 3s5p *Py—3s5d D,
2943.680(5) 2943.694 2943.701 6.44x10> 153 0.094(16) 3s3d 'D,-3s4p 'P;
3011.893 3 3s4d ’D,-3s5f ’F,

3011.885(12)  3011.975 3011.973 1.89 x 10 3.57 0.173(35) 354d D,-3s5f °Fs
3012.046(5) 3012.049 2.88x10°  6.80 0.144(16) 3s4d 3Ds-3s5f °F,
3209.436(3) 3209.449 3209.447 1.67x10° 342 0.106(9) 3s4p 'P;—3s5s 'Sy
4190.106(8) 4190.103 4190.109 3.40x 10+ 7.52 0.090(25) 3s5p 3P,—356d *D;
4192.791(17)  4192.785 4192.750 1.35x 10*  4.20 0.093(52) 3s5p 3P, -356d *D,

4194.069 4194.071 3s5p 3Py-356d D,

4383.144 4383.179 3s4d 3D, -3s6f ’F,
4383.140(6) 438321 4383225 2.16 x 10°  5.38 0.142(18) 354d *D,-3s6f °F
4383.267(4) 4383.28 4383.279 3.08 x10° 7.78 0.142(15) 3s4d 3D;-3s6f 3F,
4746.817(8) 4746.796 539x10*  10.6 0.141(24) 3s4f 3F,-3s7g 3G
4747.101(10) 4747.097 2.09 x 10*  6.20 0.086(33) 3s4f 'F3-3s7g 'G,
5843.403(2) 5843.407 2.13x10°  46.1 0.133(5) 3s4s 1Sy—3sdp 'P,
6341.100(3) 6341.095 9.81 x10° 255 0.120(8) 3sdp *Py—3s4d *D;
6347.891(5) 6347.880 485x10° 125 0.115(15) 3sdp *P1-3s4d D,
6351.233(9) 6351.220 1.29x10°  8.07 0.089(25) 3sdp *Py—3s4d *D,
6643.714(5) 6643.712 2.84x10° 13.8 0.121(14) 3s4s 38, -3sdp Py
6647.013(3) 6647.011 1.12x10°  14.7 0.142(10) 3s4s 35, -3sdp P,
6653.760(3) 6653.757 2.08x10° 16.4 0.154(9) 354538 ,-3s54p 3P,
6719.592(4) 6719.596 1.26 x 10°  4.58 0.058(12) 3s3d D -3s4f ’F,

6719.674 5 3s3d D,-3s4f 3F;

6719.714(1) 6719.71 2.35x 10 8.58 0.062(4) 353d *Ds_3s4f °F,

Notes. ) Observed by Murcray et al. (1981).

| ACE solar spectrum

2,4
z Fel Fel Fel
£ 1,6- .
£
& 3s5g<3s6h ;
= H
‘% 0,8+
=
2
=
=

Mg I ablation (this work)
0,0

1355 1356 1357

Wavenumber (cm)

1354

Fig. 3. 5g—6h Mg1 lines from the ablation plasma spectrum (this work)
and ACE solar spectrum (Hase et al. 2010).

is the case for 4sng and 4snh (n = 6,7) levels of Cal (Chang
et al. 2000). The energy of the 3s7h level of MgI is known only
from a theoretical estimation (Chang 1987). Table 4 shows the
energy values of g and h levels for MgT and CaT extracted from
the spectra measured in this work.

For Mg1 we obtain the energies of g levels using the en-
ergies of singlet f levels form Martin & Zalubas (1980) and
triplet f levels form Biémont & Brault (1986). In the case of
Cal, we use f level energies from Sugar & Corliss (1985) ex-
cept for the 4s5g 'Gy level whose energy is calculated from the
3d4p 'F; level (Sugar & Corliss 1985). The 5¢g level energies
of both atoms are extracted from four lines of the 4f—5g multi-
plet (see Tables 3, 1). However, the resulting energy values of
g levels with different total angular momentum coincide within
the uncertainty range (i.e. the fine structure of g levels is not re-
solved). The exception is the 4s6g >G4 term in Cal, which is
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Table 4. Values of ng, nh energy levels involved in the observed transitions.

Level Term Mgl Cal
This work Others This work Others
5g iG4 57262.764(8) 44874.416(17)  44874.149 [3], 44 875.95 [4]
3Gy 57262.762(8) 44874.827(17) 44 874.818 [3], 44 875.96 [4]
3Gy 57262.761(5) }57 26277 [11,57262.760 (21 41 074'83421)  44874.844 [3], 44 875.96 [4]
3Gs  57262.761(7) 44874.858(17)  44874.875 [3], 44 875.96 [4]
6g iG4 46231.672(20) 46231.7 [3]
3G; 46231.014 [3]
36, }58 610.783(10) }58 610.80 [11,58610.795 [2]  }46230.802(23) 46231033 [3]
3Gs 46231.033(16) 46231.051 [3]
7g G, 59423.539(11) 47048.910(16) 47048.894 [3]
3
3G, 47048.619 [3]
Gy [59423.53200) }59 423.54[1],59423.537 121 }47 045.619(19) 47048.636 [3]
3
3Ge 47048.645 [3]
6h 'H 46249.112(19)
i }58 618.944(8) }58 618.942 [2] 46249.116(21) }46249.150 [3]
7h I3 59428.854(18) 59428.853 [2] 47 060.468(24) 47060.478 [3]

References. [1] Biémont & Brault (1986); [2] NIST (reproduces the data from Chang 1987); [3] Chang et al. (2000); [4] Sugar & Corliss (1985).

clearly resolved. For Mg1, the singlet-triplet separation is also
unresolved within the uncertainty. For the h levels, both the fine
and the singlet-triplet separation should be even smaller than that
for g-levels, and therefore it is also not resolved.

4. Concluding remarks

This work continues a series of FTIR spectroscopy studies of
IR spectra of metal atoms (Civi§ et al. 2011b,2012b,c) and re-
ports 26 Cal lines and 3 MgI lines not observed previously

in laboratory measurements. To our knowledge, there are no

laboratory-measured spectra of these atoms below 2000 cm™,

therefore this study reports first laboratory observational evi-
dence of some Cal and Mg1 states with high angular momen-
tum (nh and ng states with n = 6,7). A long list of f-values for
Caland MgT in the range of 800-9000 cm~! demonstrates good
agreement with other experimental and calculated values (when
available).
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