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Abstract. We report the first detection of two emission lines charge transfer reactions with neutral components of the at-
of the atomic oxygen doubly-charged ion at 495.8911 andmosphere and by radiative recombination with thermal elec-
500.6843 nm in the terrestrial upper atmosphere. They cortrons. The fluorescence around 500 nm is well known since
respond to the transitiod®,—3P; andD,—3P; of the O it has been used as a tracer of electron densities and temper-
ion, respectively. The measurements were performed on 3@tures in gaseous nebulae since the 1940s (e.g. Menzel and
October 2003 during the “Halloween” storms, with the Ultra- Aller, 1941). O lll night-time auroral emissions in the EUV
violet and Visual Echelle Spectrograph (UVES) mounted onrange have been tentatively reported in Paresce et al. (1983).
the Very Large Telescope (VLT) in Chile. The intensities of However, the terrestrial emission in the visible range has
these emissions are70 mRayleigh, and~260 mRayleigh,  never been observed. We report here its first positive detec-
respectively. These emissions constitute a new diagnostic aion with the UVES mounted on the VLT in Chile.

the state of the ionosphere.
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In the terrestrial atmosphere,™® is produced by photo-
duct ionization of O and @, and electron impact on O and
1 Introduction O™. 1t is lost by reactions with B O, and O, and by

blv-ch di h b died in lab _ recombination with free electrons. The list of key processes
pou y-charged ions have been studied in laboratories anqls given below (see Simon et al., 2005, for more details):
in the atmospheres of Venus (Fox and Victor, 1981; Gronoff

et al., 2007), Earth (e.g. Simon et al., 2005, and reference ;

herein), Mars (Witasse et al., 2002, 2003), and Titan (LiIen-]%rOdUCtlon (day)

sten et al., 2005). These species are difficult to measure IO+ 4y — Ot 426~

the atmosphere because of their low density and their charge

to mass ratio which is often equal to another singly-chargedO™ +4v — O™ +¢e~

ion. They are interesting to study for their exotic or unex-

pected photo-chemistry and their high reactivity (Thissen etProduction (day, aurorae)
al., 2011). This paper focuses on the Dion, which was
detected in the terrestrial atmosphere in 1967 by mass spe
trometry (Hoffman, 1967). A number of observations and _ _
studiesry hzgve been carrieci out, to further characterize the pro(—)+ +e —~ 0" 42e
duction, transport and loss of this ion (e.g. Breig et al., 1977
1982; Avakyan, 1978; Simon et al., 2005). *Ois pro-
duced by photo-ionization and electron impact, and lost byo*+ 4 N, — products

Q+e — Ot +3e

'Loss (day, night)

O*t*+0, — products
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Table 1. O lll and N Il transitions.

NIST wavelength  UVES wavelength Energy UVES intensity UVES width  Einstein A-coefficient Terms  Ji-Jk
(nm) (nm) (eV) (mR) (nm) &h
ol 495.8911 495.8947 814351 70 0.0075 6.21e-03 Spip 12
ol 500.6843 500.6845 260 0.0115 1.81e-02 Spip 22
NI 654.805 654.8071 90+14.534 - - 9.84e-04 Spdp 12
NIl 658.345 658.3438 400 0.012 2.91e-03 Splp 22

Source: National Institute of Standards and Technology (NIST) datab#pg/physics.nist.gov

4  QObservations

1
Dz
Spectra were obtained with the UVES mounted on the VLT,
from 29 October to 2 November 2003. Measurements of
500.6843 nm O™ ion and other emissions during the “Halloween” geo-
495.8911 nm magnetic storm were published by Sharpee et_ al. (2008).
All necessary information about these observations can be
found in this article and will not be repeated here. A fur-
ther look at these data indicated the presence of unidentified
3P lines, which we have attributed to the transitions between the
4 2 (] 1D and®P levels of the @ ion. Figures 2 and 3 display the
P1 two spectral regions of interest, around 495.9 and 500.7 nm.
The date of acquisition is 30 October 2003. The emission
Fig. 1. Energy levels for O Ill transitions. line at 495.8911 nm is actually found at 495.8947 nm. It is
0.0075 nm in width and the intensity is 70 mR. The emission
line of 500.6843 nm is found at 500.6845 nm, is 0.0115 nm
Ott+e —»OF wide, with an intensity of 260 mR. Both the wavelength and
the ratio of intensities are a clear indication that these lines
Measurements with mass-spectrometry techniques and mo¢yme from the de-excitation of thet® ion from thelD to

elling agree relatively well on the densities. Typically, the {he 3p levels, the analogues of the two optically-forbidden
O** densities reach 1cn? at 180km and 100¢n? at  peytral O-atom lines at 630.0 and 636.4 nm.

600 km. The densities are strongly dependent on solar activ-
ity latitude and solar illumination, i.e. day or night conditions fia
(Simon et al., 2005).

Many of the features appearing in these spectra are identi-
ble lines. An atlas has been published (Cosby et al., 2006)
in which 2800 lines have been categorized, most of them aris-
ing from either Q or OH. It is estimated that another 4000
lines can be identified, where the spectroscopic data are now
sufficiently precise to calculate positions accurately.
The energies of the first levels for the"® doubly-charged Another isoelectronic system is tAB—-3P multiplet from
ion are given in Fig. 1. Two transitions can occur betweensingly-ionized N. As seen in Fig. 4, these lines appear in the
the ground-state and the first excited states (betweefRthe same UVES spectrum. All three of these systems — O Il
ground states, and tH® excited state) at the corresponding NiII, and O | are calculated to have an intensity ratio*Di
wavelengths of 495.8911 and 500.6843 nm (see Table 1 and 3P,)/I(1D,—3P;) of 3.0 (National Institute of Standards
Fig. 1). and Technology (NIST) database). It has previously been
The ratio of intensities of both emissions is given by the shown that this calculation is quite accurate for O | (Sharpee
ratio of the Einstein coefficients, equal to 2.9 according toand Slanger, 2006), and evaluation of the UVES data shows
the NIST database, a value very close to that of Storey andhat the same holds for N Il and O Il within substantially
Zeippen (2000). As mentioned above, no positive detectiorarger error limits. The radiative lifetimes of tH® levels,
of these two emissions in the visible range in any planetaryas given by the National Institute of Standards and Technol-
atmosphere has been reported so far. ogy (NIST) database, are 41s for"®, 257 s for N, and
134 s for O. However, the most recent calculations give a
value for OtD) of 116 s (Sharpee and Slanger, 2006). Be-
cause collisional quenching of these species is expected to
be rapid, emission will be seen only from high altitudes.

3 Fluorescence
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Fig. 2. UVES spectrum of the O IfD,—3P; line acquired one hour

after sunset on 30 October 2003, Fig. 4. UVES spectrum acquired one hour after sunset on 30 Oc-

tober 2003, showing the NIDP-3P) emission line. The fitted
wavelength position is 658.3438 nm, with an intensity of 0.4 R, and

T a width of 0.012nm. The NIST position is 658.345 nm Features
Fo? ) to the long wavelength side may be nebular emission of the same
57%\ P transition.
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Fig. 5. Atomic oxygen (630 nm) intensities measured by the
2n_4
For the case of O("D-"S) at wavelengths of 372.603 and UVES/VLT through the nights of 29 October 2003 (open circles)

372.882 nm, it was estimated that emission originated ab,OV%nd 30 October 2003 (filles squares). Integration times are 40 min.
600 km (Sharpee et al., 2008), although here the NIST life-
time value is much greater than the above values, 5600 s.

High levels of O{D-P) red line emission are associated long integration times are used, and the viewing directions
with the geomagnetic storm effects where these ionic specieghange throughout the night.
are seen. Figure 5 shows the 630 nm intensity throughout the
nights of 29—30 October 2003. One sees that after about three
hours after sunset, the intensity is comparable for the twas Discussion
nights, but for the first measurement on 30 October, when the
various emissions we have described are at their maximumQbservations of O ions in the terrestrial upper atmosphere
the red line intensity is 8 times greater than on 29 Octoberwith mass spectrometry techniques have shown that the ion
The scatter in the data is not related to measurement uncedensity strongly increases during the recovery phase of a
tainty, but reflects the fact that the atmosphere is dynamicgeomagnetic storm (Avakyan, 1983; Murphy et al., 1984;
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Truhlik, 1997). In Truhik (1997), an enhancement by a fac- Hoffman, J. H.: A Mass Spectrometric Determination of the Com-
tor of almost 10 has been observed at mid-latitudes, at al- position of the Nighttime Topside lonosphere, J. Geophys. Res.,
titudes above 700km. During the recovery phase of a ge- 72,1883, 1967.

omagnetic storm, outflowing protons transfer momentum tolilensten, J., Witasse, O., Simon, C., Soldi-Lose, H., Dutuit, O.,
O+ ions by means of collisions. As a consequencé;O Thissen, R., and Alcaraz, C.: Prediction of 3 Nlayer in the
ions are transferred to the outer ionosphere. The UVES/VLT ggf_’fg i‘ton;glsgggggfngl'zaSnz’o%EOphyS' Res. Lett, 32, 103203,
observations reported in this paper were performed during fannucci, A. J., Tsurutani, B. T., ljima, B. A., Gonzalez, W. D.,
sttorm, and this could e>'<pla|n thg detection of the O IIl emis- Guarnieri, F. L., Kozyra, J. U. O., and Skoug, R.: Dayside global
sions. However, there is most likely a much better explana- jonospheric response to the major solar events of October 29—
tion. Mannucci et al. (2005) reported a 900 % increases into- 30, 2003 “Halloween storms”, Geophys. Res. Lett., 32, L12S02,
tal electron content during the “Halloween” storm. The pene-  doi:10.1029/2004GL021462005.

tration of interplanetary electric fields resulted in the daysideMenzel, D. H. and Aller, L. H.: Physical Processes in Gaseous Neb-
equatorial ionosphere being uplifted (Tsurutani et al., 2006). ulae. XVI. The Abundance of O llI., Astrophys. Journal, 94, 30,
lonospheric species are produced on the dayside in the photo- 1941.

chemical dominated region and subsequently moved to uppdfurphy, J. A., Naghmoosh, A. A,, Bailey, G. J., and Moffett, R. J.:
altitudes, where the lifetime of species is much longer against A theoretical study of the time-dependent behavnour?fu@the

loss via chemistry. This mechanism would explain the UVES Bn(;g'z'aé'é%%e F;,I;ST;gslphlee‘:gé Pllggitary and Space Science (ISSN
observations performed after sunset. However, no definitivqD k ). 32, - . '

| . hich hani te @ aresce, F., Chakrabarti, S., Kimble, R., and Bowyer, S., the 300-
explanation as to which mechanisms generd pro- to 900-A spectrum of a nightside aurora, J. Geophys. Res., 88,

vided in this article, since it is very difficult to fully assess  19247-10952. 1983.

the state of the upper atmosphere with one observation frongharpee, B. D. a’nd Slanger, T. G.;10Q_3P2,1,0) 630, 636.4, and

a ground-based telescope. Nevertheless, the measurement 0f639.2 nm forbidden emission line intensity ratios measured in the
these emissions provides a new diagnostic tool for the char- terrestrial nightglow, J. Phys. Chem. A, 110, 6707-6710, 2006.

acterisation of magnetic storms in the terrestrial atmosphereSharpee, B. D., O’Neil, E. R., and Slanger, T. G.: Astronomical sky
spectra from the 29-31 October 2003 geomagnetic superstorms:
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