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LA POLARISATION: LES PARAMÈTRES DE STOKES 
La polarisation linéaire 

rayonnement incident non polarisé 
polarisation diffusée 

dipôles vibrants 

1/ la diffusion à angle droit est un mécanisme polarisant: polarisation par diffusion 

faisceau incident d'électrons ou d'ions 

polarisation observée    tangentielle (à haute énergie) 

2/ observation à angle droit d'un faisceau d'e– incidents: polarisation par impact 

2 causes: 
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LA POLARISATION: LES PARAMÈTRES DE STOKES 
La polarisation linéaire 

rayonnement incident non polarisé 
polarisation diffusée 

dipôles vibrants 

1/ la diffusion à angle droit est un mécanisme polarisant: polarisation par diffusion 

faisceau incident d'électrons ou d'ions 

polarisation observée    radiale (à basse énergie) 

2/ observation à angle droit d'un faisceau d'e– incidents: polarisation par impact 

2 causes: 
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– raie rouge: doublement interdite 
      transition singulet-triplet 
      elle est polarisable: 
      niveau supérieur J = 2 ≠ 0 

– raie verte: non polarisable 
      niveau supérieur J = 0 
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OBSERVATIONS 
Bref historique 

• Bricard & Kastler (1947, 1950) 
 – ont observé la polarisation des raies rouge et verte du ciel nocturne 
 – longues campagnes (un mois), lieu ? 
 – polariscope de type Lyot opérant par contraste de franges 
 – le seuil de détection du polariscope était réglé à 1.5%: 
  => ce taux de polarisation n'a pas été détecté 
  => il en est conclu que le taux de polarisation est < 1.5% 

 
• Duncan (1959) 

 – opérant à la latitude de Sydney (34° S) 
 – mesure par polaroïd tournant 
 – a mesuré UNE FOIS (sur un mois d'observations) un taux de 30%, 
    avec une direction de polarisation perpendiculaire au champ magnétique local 
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ABSTRACT

The thermospheric atomic oxygen red line is among the brightest in the auroral spectrum. Previous observations in Longyearbyen,
Svalbard, indicated that it may be intrinsically polarized, but a possible contamination by light pollution could not be ruled out.
During the winter 2010/2011, the polarization of the red line was measured for the first time at the Polish Hornsund polar base
without contamination. Two methods of data analysis are presented to compute the degree of linear polarization (DoLP) and angle
of linear polarization (AoLP): one is based on averaging and the other one on filtering. Results are compared and are in qualitative
agreement. For solar zenith angles (SZA) larger than 108! (with no contribution from Rayleigh scattering), the DoLP ranges be-
tween 2 and 7%. The AoLP is more or less aligned with the direction of the magnetic field line, in agreement with the theoretical
predictions of Bommier et al. (2010). However, the AoLP values range between ±20! around this direction, depending on the auro-
ral conditions. Correlations between the polarization parameters and the red line intensity I were considered. The DoLP decreases
when I increases, confirming a trend observed during the observations in Longyearbyen. However, for small values of I, DoLP
varies within a large range of values, while for large values of I, DoLP is always small. The AoLP also varies with the red line
intensity, slightly rotating around the magnetic field line.
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1. Introduction

In the nightside ionospheric F region, typically from 150 to
400 km, the main source of ionization and excitation is the par-
ticle precipitations of solar/magnetospheric origin. This region
is collisional, with elastic as well as inelastic collisions. Chem-
ical reactions including both neutral and ionized species also
take place at these altitudes. The thermospheric emissions come
from the deactivation of excited atoms, molecules, or ions. The
atomic oxygen is one of the main contributors to the glow in the
visible light. Its main emissions correspond to transitions from
state 1S to 1D, and 1D to 3P. The first transition gives rise to the
green line at 557.7 nm, and the second one forms the triplet at
630.0, 636.4, and 639.2 nm, which constitutes the red line
emission. The production of the excited states D is due to dif-
ferent phenomena (Witasse et al. 1998 and references therein):
energetic electron impact, photodissociation, chemical reaction
with N(2D) or N+, cascade from an upper level, and dissociative
recombination with O2

+. The photodissociation, the chemical
reactions, or the cascade from upper energy levels is isotropic.
Isotropy also happens with the dissociative recombination when
thermal electrons are involved, because the thermal distribution
is spatially isotropic (maxwellian). Therefore, in the diurnal
case when the source is the electromagnetic Extreme Ultraviolet

(EUV) radiation, no polarization of the oxygen emission is
expected. At night, when the main source is energetic particle
impact, the presence of a magnetic field imposes a collimated
pitch angle. In this case, emission could be polarized because
the excitation source is anisotropic. This happens during night-
time with a larger probability when the energies of the incom-
ing electrons are relatively homogeneous. The polarization of
the thermospheric atomic oxygen red line at 630 nm has been
discovered recently (Lilensten et al. 2008). During this
campaign, the emission was observed with a dedicated spec-
tro-photo-polarimeter (SPP) placed in the Svalbard Archipelago
(78! N latitude). Observations were made only in one direction,
namely to the North, such that the line of sight was
approximately perpendicular to the magnetic field line at an alti-
tude of 210 km. In a previous paper (Lilensten et al. 2006), pre-
vision, it was foreseen that the angle of polarization should be
perpendicular to the line of sight when looking perpendicular
to the magnetic field. Morever, 210 km corresponds to the
altitude where the red line is expected to be the most intense
(Johnsen et al. (2012) and reference therein). During the follow-
ing campaigns, we were able to demonstrate that a southward or
a parallel to the magnetic field (B) pointing reduces drastically
the degree of linear polarization (Barthélemy et al. 2011).
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– Nouveau site sans pollution lumineuse: Hornsund (Pologne, sud Spitzberg) 
 avatar de la précédente campagne: 
 contamination par la diffusion Rayleigh de la lumière d'une ville voisine  
 (Longyearbyen, Svalbard) 

 
– Polarimètre: polaroïd tournant & photomultiplicateur 

 – Polarisation instrumentale: anisotropie du photomultiplicateur 
    corrigée après mesures de calibration 
 – Futur instrument en cours de construction: 
     polarimètre à séparation de faisceau pour mesure instantanée de la polarisation 
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days. The DoLP exhibits a rather large scatter when the inten-
sity of the red line is faint (less than 100 counts). For example,
during period 4, between 20:00 LT and 1:00 LT the next day, it
ranges from ~4% to 6%. A maximum of around 7% is observed
during the night between December 6 and 7 (period 5). This
maximum corresponds also to a period with an intensity smaller
than 100 counts but the variations of the AoLP ensure that this
polarization is not due to noise. When there is an aurora, which
strongly increases the intensity of the red line (see e.g. period 4
between 2:00 LT and 5:00 LT), the DoLP strongly decreases to
values of around 2%. This was already observed during previ-
ous campaigns and is confirmed here.

To better quantitatively estimate these variations, the values
of the DoLP are plotted versus the intensity of the red line in
Figure 13. Only data obtained at night (SZA > 108!) during
all periods are considered, thus preventing any contribution
from Rayleigh polarization of sunlight. The DoLP ranges from
~2% to ~7%. These values are much larger than the instrumen-
tal polarization and ensure that most of the polarization
observed is intrinsic.

The range of the DoLP decreases when the intensity
increases. This result is encouraging to try to use the DoLP
as a proxy for geomagnetic conditions. However, before draw-
ing any conclusion, additional observations especially during
more active geomagnetically conditions are necessary. Indeed
during this campaign, the geomagnetic conditions were too

Fig. 7. Upper panel: solar zenith angle in degrees. Lower panel:
total intensity of the red line in count rates (see text). The error bars
are given in gray. The next two panels below show the DoLP in %
and the AoLP in degrees. 0! is vertical and 90! is horizontal. The
dashed red line represents the measured instrumental AoLP. The
vertical full line indicates midnight.

Fig. 9. Same as in Figure 7, for period 3. Notice that for November
9, the statistics shows that the polarization should be regarded with
more care. The red crosses show the result of the averaging data
process.

Fig. 8. Same as in Figure 7, for period 2. Upper panel: the dashed
horizontal line shows the 108! limit.

Fig. 10. Same as in Figure 7, for period 4.
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homogeneous. However, it is worth noticing an interesting fea-
ture. The Ap index reaches a maximum on December 7. In Fig-
ure 11, the DoLP maximizes at a value of ~7% on the same day
at 1:30 LT. This is the maximum value obtained at night over
the whole dataset. It occurred while the red line intensity
remained small and almost constant for a few hours. This
may be a clue that the DoLP could be sensitive to the geomag-
netic activity.

4.2. Angle of linear polarization (AoLP)

In order to calibrate the AoLP, we measured the polarization of
a computer screen (Mac Book Pro). From a calibrated analyzer,
we verified that this direction is !45! ± 1! (the sign being as in
the trigonometric circle). The two processing methods retrieve
this polarization angle.

Because we point perpendicular to the magnetic field at low
elevation in one direction only, we see the AoLP projected on
the sky as on a screen, i.e. in two dimensions. An AoLP of zero
degree corresponds to the vertical.

In Figure 9, we also present a comparison between the two
methods for the AoLP. The behavior is the same of course,
although there is more dispersion with the averaging method.
Interestingly, the values are the same, and no trend is seen in
any processing. Therefore, we only provide the AoLP with
the filtering method in the other periods. During the day (i.e.
when the solar zenith angle is smaller than 108!), the dominant
polarizing mechanism is the multiple Rayleigh scattering. The
AoLP becomes systematically negative (in the actual conven-
tion). The maximum amplitude observed during the 4 days
when observations are available at noon is !45!. The variation
from one day to the other seems to indicate that with more data,
it may be possible to infer the influence of the geomagnetic
activity on the thermosphere from the polarization but again,
since the major contributor is probably the aerosols, this will
necessitate a large modeling effort.

The AoLP at night is close to the vertical during several
hours in periods 2 and 4 and also during several night spans
in period 5. During period 6, the AoLP is vertical the first night.
During the second night, it remains slightly positive until about
midnight. Shortly after local midnight, it turns almost exactly
vertical. The same pattern occurs during period 3. Again, the
sparsity of the data prevents us from drawing general conclu-
sions. The fact that the AoLP at night is close to zero, corre-
sponding to a full alignment with the magnetic field line, is

Fig. 13. Night DoLP (%) versus the intensity. We checked that this
global behavior does not depend on the time span around midnight
as soon as the solar zenith angle is larger than 108!.

Fig. 11. Same as in Figure 7, for period 5. The vertical dashed line
shows 12:00 LT. Notice that for December 9, the statistics shows that
the polarization should be regarded with more care.

Fig. 12. Same as in Figure 7, for period 6.
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in agreement with the theoretical prediction of Bommier et al.
(2010). However, the average value over all the nights is not
exactly zero but about 2.2!. This may indicate that we are
not pointing absolutely perpendicular to the magnetic field, or
that the actual field lines in the pointing direction are slightly
tilted. This is however quite different from the previous exper-
iments at Longyearbyen where a 20! (i.e. Eastward-directed)
AoLP was found. A possible explanation of this shift of the
AoLP is a contamination by a light pollution component.

The AoLP is also affected by the intensity of the red line
during the night. In several cases, it turns positive when the
intensity increases and comes back to zero when the aurora is
faint. A good example may be seen during the period 2 at
19:30 and 20:00 LT: two small increases in the intensity result
in the variation of the AoLP (while the DoLP decrease in coor-
dination). However, this is not a systematic trend: for low inten-
sities, the directions range from !20 to +20!. The geomagnetic
activity seems to influence the AoLP as well. Coming back to
the December 7 (period 5) with an Ap of 7, we see that when
the DoLP maximizes at 1 LT, the angle turns negative.

In Figure 14, we plot the AoLP versus the intensity around
local midnight (±1 h). It is distributed around 0! (i.e. parallel to
the magnetic field line) for low intensity. For high intensities,
the AoLP seems to narrow around zero but here again, it is dan-
gerous to draw further conclusions because of the small number
of hours in the database (<200). The variation of the AoLP
clearly indicates that the measured signal is not pure noise.
Would it be so, the measured AoLP would be of any value
between !90! and +90!.

5. Discussion and conclusion

The polarization has been measured in a polar station, without
any artificial light. The main results are:

– We confirmed that the atomic oxygen red line is partially
polarized and thus the light pollution is not the only
polarization component in Lilensten et al. (2008) and in
Barthélemy et al. (2011).

– IThe DoLP ranges between 2% and 7%. This value is
much smaller than the 17% theoretically predicted by
Bommier et al. (2010). This might indicate a depolariza-
tion effect due to atmospheric collisions, as already pointed
out by Chamberlain (1959). Since these collisions depend
on the density, it raises some hope to use the polarization
as a neutral atmospheric density proxy. The red line DoLP
is larger when the intensity is fainter, confirming the first
observations. This anti-correlation can be interpreted as
follows: electrons from the polar rain, with a mean energy
of several hundreds of electronvolts, constantly precipitate
in the atmosphere, resulting in a permanent polarization of
the red line emission. These electrons are at the origin of
the background polarization that is continuously observed
with the instrument. During an auroral event, the electron
fluxes around 500 eV increase, resulting in an enhance-
ment of the red line intensity and of the difference
Q = Imax ! Imin. However, the sum Imax + Imin increases
more than Q. The DoLP P is the ratio of these two quan-
tities and is therefore decreasing. Moreover, during an
auroral event, there is also additional high-energy electron
precipitation. If the latter creates less polarization, the ratio
P will decrease while Q increases. In Bommier et al.
(2010), the DoLP is independent from the electron energy.
This seems to contradict our interpretation. However, high-
energy electrons do not only excite, but mainly ionize the
ambient gas with more efficiency.

– The nighttime AoLP is close to the direction of the mag-
netic field line but it fluctuates during periods of low inten-
sity. This is in good agreement with Bommier et al. (2010).
In their conclusion, they suggest that without auroral
events, the observed polarization is either of instrumental
origin or due to scattered parasitic light. There is no para-
sitic light in Hornsund and the fact that the AoLP does not
remain constant does not support an instrumental origin.
The actual data processing using the Mueller matrix clears
the data from this artifact. Moreover, the mere fact that the
AoLP is always 0 ± 20! when the sun is low enough is
direct evidence that the DoLP measurement is real. There-
fore, we believe that the observations are not due to instru-
mental polarization. When averaged at night, the AoLP is
not exactly vertical but close to 2.2!. We have no clear
explanation to this feature, which can be simply caused
by the fact that the angle between the instrument and the
magnetic field is not exactly perpendicular.

– One goal of this experimental campaign was to link the
polarization to the geomagnetic activity. Unfortunately,
severe polar conditions caused the instrument to fail after
a few weeks of operation and it has not been possible to
recover it. Since the geomagnetic conditions were very sta-
ble during the operating periods (with less than 200 use-
able hours), it is not possible to correlate the polarization
parameters to the geomagnetic activity. However, the

Fig. 14. AoLP (in degrees) versus the intensity, ±1 h around local
midnight.
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taux de polarisation direction de polarisation 

Pendant les aurores: 
 – le taux de polarisation est faible (2%) 
 – la direction de polarisation est quasiment parallèle au B local 
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Abstract. We are presenting a semi-classical theory of the
impact polarization due to a quadrupolar electric excitation,
which is the case of this forbidden line. In addition, this line
is also radiatively forbidden being a triplet-singlet transition.
This last feature is overcome by scaling the semi-classical
result to a full quantum calculation at a single energy value.
The cross-section and impact polarization are thus obtained
as a function of energy, in agreement with the quantum cal-
culations that exist only for the cross-section. The behav-
ior of the impact polarization is found to be quite different
than that of the usual dipolar electric interaction. Let us de-
note as radial the polarization parallel to the incident beam or
magnetic field, and as tangential the perpendicular polariza-
tion. In the case of the dipolar electric interaction (permitted
lines), the polarization is radial at low energy, and tangen-
tial at high energy, and it vanishes at energy about twelve
times the threshold energy. In the case of the quadrupolar
electric interaction, we observe quite different behavior, with
the polarization vanishing point much closer to the threshold
energy. This leads us to reanalyze the auroral red line polar-
ization observation by Lilensten et al. (2008). From polariza-
tion observations made at Svalbard, they conclude to a rather
strong tangential polarization observed during a 4-h record-
ing including two auroral events. The existence of tangential
polarization is questioned by our new theory, which leads
to reconsidering the contribution of scattered parasitic light
from a neighboring city that was mentioned but discarded by
the authors. Finally, we conclude that the line is only weakly
radially polarized by electron impact, and only during the au-
roral events. The weak polarization level leads to taking the

Correspondence to: V. Bommier
(v.bommier@obspm.fr)

competing depolarization by collisions with the neighboring
O atoms into account, and by the competing isotropical (thus
depolarizing) processes for populating the line upper level:
the dissociative recombination of O+

2 colliding with thermal
electrons, and above all the reaction N(2D)+O2. The final di-
agnostic could be a density determination by depolarization,
but it may be rather complicated because it involves several
species.

Keywords. Atmospheric composition and structure (Air-
glow and aurora) – Space plasma physics (Charged particle
motion and acceleration; Radiation processes)

1 Introduction

Since the auroral intense red and green lines, which are for-
bidden lines of neutral Oxygen, are formed by collisional
excitation due to electrons coming from the Sun and prop-
agating along the local magnetic field lines, they are prime
candidates for displaying impact polarization as a result of
their excitation by directed particles. The green line (5577 Å)
is however unpolarizable. This is because the total kinetic
momentum of the upper level is 2s22p4 1S0 is J = 0, so
that this level has only one Zeeman sublevel of momentum
M = 0 and thus, cannot be polarized (because polarization
results from a differential Zeeman sublevel population). On
the contrary, the red line (6300 Å) may be polarized having
as an upper level 2s22p4 1D2 with J = 2, giving five Zee-
man sublevels. The lower level of the line is 2s22p4 3P2, so
that the line is, however, doubly forbidden: first because it
occurs inside the fundamental configuration 2s22p4, which
prevents the usual dipolar electric character for the transi-
tion (which is then dipolar magnetic or quadrupolar electric);

Published by Copernicus Publications on behalf of the European Geosciences Union.

– théorie semi-classique-perturbations, type thèse S. Sahal-Bréchot (1969), 
 

 – étendue au cas de la polarisation par prise en compte 
    du transfert de moment et d'énergie pendant la collision (Bommier, 2006) 

 
 – adaptée au cas de l'excitation quadrupolaire électrique 

 
 – calibrée sur un point d'un calcul quantique (Barklem, 2007) 
    pour franchir l'interdit triplet-singulet 



THÉORIE: POLARISATION PAR IMPACT 
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ÉQUILIBRE CHIMIQUE 
Thèse Olivier Witasse, Grenoble, 2000 

direction: Jean Lilensten 

Autres processus contribuant à peupler le niveau supérieur O(1D): 
 
– la recombinaison dissociative de O2

+ 

 O2
+ + e-  O + O(1D)  constante k3 

     
– la réaction chimique 

 N(2D) + O2  NO + O(1D)  constante k5 
 
finalement, la polarisation résulte de l'équilibre d'ensemble  
impact (thermique & suprathermique) & réactions chimiques & cascades radiatives 
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! 0"2 section efficace de création d'alignement (ou polarisation) 
! 0"0 section efficace de création de population (ou excitation globale) 



MODÉLISATION 

Approche numérique:  
 

code TRANSCAR de modèle d'ionosphère 
 

Prochaine étape: 
 

y améliorer les calculs d'anisotropie des électrons 
 

pour calculer une polarisation modèle 
 

prenant en compte l'équilibre chimique 
 

collaboration en cours 


