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Abstract

:

Spectroscopic measurements of aurora emissions provide valuable insights into the altitude of electron atmospheric penetration and their maximum energy. To achieve this, the photometers used in the PAIPS (Pulsating Aurora Imaging Photometers System) project are equipped with spectrometers. These spectrometers enable the measurement of auroral emissions in narrow spectral lines with a temporal resolution of milliseconds. In this study, we present two cases of PsA (Pulsating Aurora) measurements in the 337 nm and 391 nm spectral lines. We demonstrate that during quiet geomagnetic conditions the ratio of night sky emissions in these bands is close to one and significantly increases during substorms. We propose and implement a special procedure for estimating this ratio. Our findings reveal that the intensity of emissions in both spectral lines correlates with the AL index of geomagnetic activity. However, the ratio between the emissions fluctuates around constant values over time and does not undergo significant changes throughout the entire PsA event, which can last for more than an hour.
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1. Introduction


The origin of pulsating auroras (PsAs) remains an unresolved problem in the field of aurora physics [1]. Pulsating auroras are characterized by rapid variations in emissions that occur in a quasiperiodic manner, with periods ranging from 2 to 20 s [2]. The intervals between pulses are not constant and can vary widely even within a single train of pulsations. Additionally, there is a fine temporal structure in the form of the modulation of the main period at a higher frequency of approximately 3 Hz [3]. The fluctuations in radiation brightness are not harmonic but, rather, consist of alternating “on” and “off” phases. It is interesting to note that the “on” phase is concentrated within two ranges (0.2–0.5 s and 2–6 s) depending on the type of pulsating aurora, while the duration of the “off” phase is widely distributed, ranging from fractions of seconds to minutes [4].



The most significant large-scale characteristic of pulsations is their association with auroral substorms. PsAs typically occur following an auroral breakup in the midnight sector of the auroral oval, predominantly during the recovery phase of the auroral substorm [5].



PsAs are observed to occur below the diffuse aurora. The difference in altitudes between these phenomena is attributed to variations in the energies of the precipitating electrons. A study by Brown et al. (1976) [6] demonstrated that the altitude of pulsating aurora emissions corresponds to electron energies in the range of 30–60 keV. In contrast, electrons with energies below 1 keV are responsible for the formation of diffuse auroras. This distinction in electron energy levels contributes to the variation in altitude between pulsating and diffuse auroras.



The role of high-energy charged particles in PsA formation is an important aspect of their study. Mathematical modeling [7] and measurements conducted using incoherent scattering radars [8,9] indicate the presence of a significant population of electrons with energies above 50 keV. These high-energy electrons contribute to additional ionization and luminosity at altitudes ranging from 60 to 80 km, whereas visible auroras predominantly occur above 80 km.



Relativistic electrons can be generated through wave–particle interaction processes in the magnetosphere. For instance, a study by Miyoshi et al. (2020) [7] demonstrated that chorus waves can produce electron fluxes spanning a wide energy range, including relativistic energies, with a temporal structure resembling that of PsAs. Coordinated observations involving ground-based fast cameras from the PWING project [10,11] and the ARASE satellite have indicated a potential association between intensity modulations of PsAs and successive discrete chorus elements, as well as chorus subpacket structures [12].



Direct measurements of precipitating relativistic electron microbursts (REMs) have been conducted using an HILT detector on the Solar Anomalous Magnetospheric Particle Explorer (SAMPEX) mission [13,14]. A correlation between REMs and patchy auroras, as measured using THEMIS all-sky cameras, has been identified [15]. However, it should be noted that the temporal resolution of the all-sky cameras used in this study was limited to 3 s. As a result, a direct comparison between variations in electron flux and aurora pulsations was not possible.



A potential connection between high-energy electron flux (>100 keV) and pulsating auroras was indicated in a recent study by Klimov et al. (2022) [16]. The TUS detector, located on the Lomonosov satellite, measured the pulsations of near-UV emissions in the auroral region during periods of high-intensity, long-duration, continuous AE activity. Simultaneously, charged particle detectors such as DEPRON on the same spacecraft [17] and the MSGI-M and SKL-M detectors on the METEOR-M2 satellite [18] were used to measure the charged particle fluxes. These observations provide a hint of the potential relationship between high-energy electron fluxes and pulsating auroras.



Estimations of precipitating electron energy can be indirectly made through measurements of altitude-dependent luminosity characteristics, such as the emission spectrum. However, spectroscopic measurements of auroras, particularly for PsAs, are relatively rare. These observations require high temporal resolution and sensitivity, making the use of ordinary cameras inefficient. Photometers based on photomultiplier tubes (PMTs) are commonly used for such measurements, as they allow for single photon counting and offer temporal resolutions of less than 1 ms. One case of spectrometric measurements of PsAs is presented and discussed in a study by Tobiska et al. (1993) [19]. PsAs were observed from a rocket using the EF-11 instrument [20], which had four spectral channels: 130.4 nm, 337.1 nm, 391.4 nm, and 557.5 nm. The auroral emission observed in this study was attributed to an electron flux with characteristic energies of 2–3 keV. It was demonstrated that the ratio of 391.4 nm to 337.1 nm emissions remained constant at all altitudes, particularly above 150 km, with a value of 6.25.



Indeed, while there are indirect indications of a relationship between the precipitation of high-energy electrons, including those with relativistic energies, and pulsating auroras, there is currently a lack of direct measurements that simultaneously capture the energy of precipitating electrons in the atmosphere and the corresponding glow at low altitudes (below 80 km). Direct measurements of both of these factors would provide valuable insights into the mechanisms driving pulsating auroras and their connection to high-energy electron precipitation.




2. Instruments and Data Selection


In order to clarify these issues on the Kola Peninsula, SINP MSU and PGI are creating a system of highly sensitive imaging photometers (PAIPS, Pulsating Aurora Imaging Photometers System) for use in measurements in the near-UV range (300–400 nm) and for use in reconstructing the spatial distribution of aurora emissions using a triangulation method. One photometer was already installed at the Verkhnetulomsky observatory (VTL, 68.63 N, 31.78 E) in September 2021. Observations were made close to zenith with a time resolution of 1 ms (41 ms before September 2022) in continuous monitoring mode. The second photometer is planned to be installed in autumn 2023 at the Lovozero observatory (LOZ, 67.98 N, 35.01 E), 150 km from the VTL. The photometer in Lovozero will be directed towards the horizon and will measure the altitude distribution of the emission intensity over VTL in a range from 30 to 120 km.



High sensitivity and spatial resolution are ensured by the use of a matrix of multianode photomultiplier tubes (MAPMTs) operating in the photon counting mode and the area of the optical system (20 cm   2   for VTL and almost 500 cm   2   for LOZ). A more detailed description of the equipment can be found in [21,22].



A pair of photometers placed hundred of kilometers from each other will allow for direct measurements of the lower border of aurora emissions and estimate the maximum energy of precipitating electrons. In a monoscopic mode, this task may be solved using spectroscopic methods. For this purpose, in addition to the main imaging part of the photometer, a multichannel spectrometer based on a PMT with interference filters located on the PMT entrance windows was installed in VTL. It was performed at the end of February, 2023. Thus, we got the opportunity to carry out spectrometric measurements for two months in the spring of 2023.



The spectrometer uses Hamamatsu R1463 PMTs with 13 mm diameter of entrance window and multialkali photocathode. The maximum sensitivity is in the near-UV range; the quantum efficiency is about 20%. The readout electronics consist of a 16 channel multiplexer (AD8184), preamplifier (AD8032), and fast ADC (AD9203). These PMTs and readout scheme were already successfully used for a number of ground-based and satellite projects of SINP MSU, such as the DUV detector on board the Tatiana and Vernov satellites or the TUS detector on board Lomonosov. A detailed description can be found, for example, in [23]. The spectrometer has a gain control system which allows one to conduct measurements in a wide range of intensities (from dark moonless night to daylight).



Thus, the VTL spectrometer can measure in 16 wavelength bands which are determined by filters in front of PMTs. For the first season, only five channels with the following filters were used: (1) UFS1 (300–400 nm); (2) KS11 (600–800 nm); (3) 337 nm CWL, 10 nm FWHM; (4) 390 nm CWL, 10 nm FWHM; and (5) 430 nm CWL, 10 nm FWHM. The data from only two channels are discussed here: 337 nm and 391 nm.



Of greatest interest are the measurements of the lines of the second positive nitrogen system (N   2   2P), 337.1 nm, and the first negative system (N   2 +   1N), 391.4 nm. For the first system, the lifetime of the excited state is about 50 ns, which ensures that the effective quenching altitude via collisions with the neutral component of the atmosphere is only about 30 km. For the second one, the lifetime is 70 ns; the effective quenching altitude is about 48 km [24]. Thus, the ratio of the intensities of these lines can be used to estimate the height of the emission (the larger the proportion of N   2   2P, the lower the source of the emission in the atmosphere), and, hence, the energy of the electrons causing this aurora (for a more detailed discussion, see below).



Since the spectrometer was operating from the end of February 2023, we have considered March and April data only to find periods of quiet and disturbed geomagmetic conditions for the further analyses and comparison with spectrometer data. Figure 1 demonstrates the behavior of AU and AL geomagnetic indices. Periods when the spectrometer was operating are highlighted in red. When analyzing the measured light curves, it was found that all channels of the spectrometer saturate during substorms, with a maximum value of the AL index exceeding 500 nT (for example, the substorm of 24 March 2023). Therefore, these substorms cannot be used to study the intensities of emissions in spectral lines and their ratio.



For the entire period, observation conditions were analyzed using the Polar Geophysical Institute (PGI) all-sky cameras data. In April, the solar zenith angle was quite large and the total background light was also significant. This led to data distortion and, in particular, to a change in the   R  391 / 337    ratio of intensities, measured with two spectral channels of the detector: 391 nm and 337 nm. Thus, these days were excluded from further study.



Other factors, including meteorological conditions, that have a significant impact on measurements are the position of the Moon, cloud cover, and the condition of the viewing window (presence of drops, snow, and ice). Examples of typical all-sky camera images for various conditions are presented in Figure 2.



Unfortunately, in most cases, the observational conditions (cloud coverage, precipitation, the position of the Sun and the Moon, and the level of geomagnetic activity) did not allow for the observation of the aurora. Therefore, in the following discussion, we will only focus on two nights of observations: 11/12 March 2023 and 17/18 March 2023.




3. Measurements Results


For two selected dates of measurements, the intensity of both channels, their ratio, and corresponding geomagnetic conditions were analyzed.



3.1. 11/12 March 2023


In Figure 3, the results for 11/12 March 2023 are summarized. Measurements were started on a clear sky with very quiet geomagnetic conditions. The AU and AL indices are close to zero. The Ratio   R  391 / 337    is close to one. To calculate the ratio, the following formula is used:


   R  391 / 337   =   N 391   N 337   ·    p 337    η 337    τ 337     p 391    η 391    τ 391    · ε ,  



(1)




where   N 391   and   N 337   are ADC codes of two channels with quantum efficiency of the photocathode    p 337  = 0.19  ,    p 391  = 0.18  , filter transparency    η 337  = 0.34  ,    η 391  = 0.49   and entrance window (blister) transparency    τ 337  = 0.83  , and    τ 391  = 0.9  . The PMT photocathode quantum efficiency is taken from the Hamamatsu datasheet [25]. Window and filter transparency were measured in laboratory before the installation of the detector. The relative sensitivity of two channels,   ε = 1.9  , which takes into account the ratio of the gains of the dynode system of two PMTs, was obtained during calibrations of the detector. Relative calibrations of the spectrometer were made before its installation in VTL. All channels of the spectrometer were uniformly illuminated at a wavelength 405 nm. Input flux and its uniformity was controlled using an NIST photodiode and Ophir LaserStar Dual Channel power meter1.



A minor substorm with an AL index of   − 200   nT initiates at 19:00 UTC, resulting in an observable rise in the intensity of the auroral glow in both channels, as well as an increase in the R391/337 ratio. The second substorm, characterized by the maximum decrease in the AL index (  − 400   nT), takes place at 23:00 UTC. This substorm is accompanied by a tenfold increase in the emission intensity, the emergence of sharp peaks in the lightcurve, and subsequent pulsations lasting over three hours. During this period, the   R  391 / 337    ratio exhibits significant fluctuations, reaching values as high as three.



It should be noted that during certain periods of measurements, cloudiness was observed within the field of view of the spectrometer. During these moments, the measured intensity of the aurora decreases. However, as demonstrated below, the measurement of the baseline level can be considered when correcting the calculation of the ratio.




3.2. 17/18 March 2023


The results of measurements for the night of 17/18 March 2023 resemble, in general, the previous case.   R  391 / 337    was obtained using the same procedure and parameters as described in a previous section. In Figure 4, it is well seen that for the quiet geomagnetic conditions after the sunset,   R  391 / 337    is close to one. From the beginning of a weak substorm with a maximum AL ∼  − 100   nT at ∼21:20 UTC, the intensity and   R  391 / 337    start to rise.   R  391 / 337    reaches a value of 1.5 by 22 UTC. At 22:15 UTC, a series of substorms started and they were accompanied by a bright emission at the very beginning and followed by continuous pulsations. The intensity of PsAs reached a maximum just after a midnight, as well as   R  391 / 337   .





4. Discussion


In a number of previous studies and reviews, it was shown that PsAs mainly occur during the substorm recovery phase [26,27]. In this study, also both cases of PsAs were observed in a substorm recovery phase. Small substorms with an absolute value of the AL index less than 200 nT are not accompanied by PsAs.



In the previous section, it was shown that during pulsations, the   R  391 / 337    ratio exceeds the value measured during a quiet geomagnetic period and clear sky by 2–3 times, reaching maximum values around three. On the one hand, this makes it possible to determine the presence of pulsating auroras, and on the other hand, it contradicts the existing model data on this ratio.



Thus, in the theoretical modeling [28,29] it was shown that in the upper part of the atmosphere (more than 100 km) the ratio of the intensities of the 2PG (337.1 nm) and 1NG (391.4 nm) lines is practically independent of altitudes and is about five. It is twice as large as what we observed with our spectrometer in VTL. However, these calculations were carried out for rather low electron energies from 0.1 to 16 keV.



For higher energies, a simulation of MeV electron beam transitions through the atmosphere was made [30]. Optical emission altitude profiles were obtained for different band systems of nitrogen and oxygen. The left panel of Figure 5 demonstrates the results of this modeling for the N   2   2P and N   2 +   1N band systems of nitrogen using solid lines.



From these results, the dependence of emission intensity in the 337 nm and 391 nm lines, which belong to different systems, on altitude can be derived. To accomplish this, we utilized the relative band intensities provided in Tables 4.9 and 4.11 of A.V. Jones (1974) [24]. In order to obtain the number of photons in the entrance pupil, we took into account atmospheric scattering, which is significant in the near-UV range and varies with wavelength and altitude. Additionally, we integrated the emission intensity over the thickness of the atmosphere corresponding to the radiation height, as the spectrometer is directed towards the zenith. These values are represented in the left panel of Figure 5 using rhombus markers. Finally the   R  391 / 337    ratio for emissions at the entrance pupil was obtained, and one can see from the right panel of Figure 5 that it changes with altitude and lies in the range from 1.65 (for a height of about 55 km) to ∼2 (for 100 km).



In [27], it is discussed that the altitude of peak emission during PsAs decreases in time. It was shown that events starting within the first 2 h of storm recovery phases have a wider distribution of altitude and no tendency to decrease, while the emission altitude of events starting later in the storm recovery phases decreases from 110 to 100 km. This behavior may be explained by the increase in precipitation electron energies. In this context, it makes sense to expect an increase in the fraction of emission in the 337 nm line, since it has a lower quenching altitude and corresponds to higher energies of precipitating particles. Thus, the ratio should decrease with time towards the end of the substorm.



From a first glance, in Figure 2 and Figure 3,   R  391 / 337    decreases at the end of the measurements and it follows intensity light curve. However, this ratio also includes the total background change, which influences the values of intensities. For example, during a full Moon or scattered sunlight,   R  391 / 337    increases. The appearance of clouds also causes smooth, slight changes in the ratio. Moreover, PsAs can occur in the background of constant precipitation of low-energy electrons, which cause a quasi-permanent auroral glow and follow the AL index variations (correlation coefficient is more then 0.85).



To obtain the ratio of the two lines that is caused by the electrons responsible for pulsations, it is necessary to subtract the baseline curve. In order to achieve this, the following procedure was developed and implemented:




	
All measurements for both channels during PsAs were divided into “on” and “off” phases. “Off” phases constitute the set of measurements with lower intensities and are considered as a background for the “on” phases. The separation was conducted via a subtraction from a light curve a moving average and a time window equal to 30 s.



	
Intensities during “off” phases were interpolated for the periods with pulses to obtain the values of background emissions during “on” phases. In Figure 6, the example of the measured PsA signal and background interpolation is shown for a short but typical case.



	
The background intensity values obtained in a previous step were subtracted from measured intensities.



	
New values of ratio (  R  391 / 337  *  ) were calculated as a ratio of two signals during “on” phases with a subtracted background. The example of the obtained   R  391 / 337  *   is shown in the bottom panel of Figure 6. It is well seen that average ratio is around three. There are some peaks at the edges of “on” phases—it is an artifact of the described procedure, and these points are eliminated from further analyses. It is interesting to note, rather, large variations in the ratio, which reaches values of about eight.








Since variations in the obtained ratio are rather large, we have calculated median values during each 2 min of measurements to study its global dynamics during PsA events. The example of a ratio distribution for 2 min is shown in the right panel of Figure 6.



In Figure 7 and Figure 8, the final information on the 391 and 337 nm emissions during the recovery phase of the substorms for the 11/12 March 2023 and 17/18 March 2023 events is presented. The upper panels show the dependence on time of the measured intensities. The bottom panels contain the initial values of   R  391 / 337    (black line), which does not take into account changes in background and new ones (red lines with dots) obtained using the procedure described above.



It is well seen that corrected values   R  391 / 337  *   are always larger that initial ones. There is no significant and monotonous change in the   R  391 / 337  *   ratio during the substorm. It has large variations, which are smaller in the middle of time intervals. The amplitude of the corrected ratio variations remains the same (∼25%), so the proposed procedure does not add artificial data scatter.



The intensity of the emission decreases at the end of intervals and follows the AL index behavior. The correlation coefficients between the intensity and the AL index for 11/12 March 2023 are 0.87 and 0.88 for 391 nm and 337 nm, respectively. For 17/18 March 2023, both correlation coefficients are equal to 0.85. It means that the flux of charged particles decreases at the end, while the energy spectrum does not change in such a way that it is measurable by our instrument. This can be understood if we look at Figure 5 one more time. The difference in the emission ratio reaches 10% if the altitude varies from 100 km to 65 km. This altitude corresponds to very high-energy electrons whose flux is orders of magnitude smaller than that of low-energy electrons that cause the main glow at altitudes above 100 km.



It is interesting to note that our experimental values of   R  391 / 337  *   lie between the results of two theoretical models for different energy ranges: 0.1–16 keV [28,29] and 1 MeV [30]. This is in line with the results of experimental studies, where additional ionization was observed at low altitudes due to precipitating electrons with an energy of more than 50 keV [8,9]. Also, other additional factors that affect the ratio of lines are possible and must be taken into account.




5. Conclusions


In February 2023, a new spectrometer was installed at the Verkhnetulomsky observatory as part of the PAIPS system. This spectrometer measures emissions in two nitrogen spectral lines: 391 nm and 337 nm. In this study, the ratio of emission intensity between these two lines was analyzed. It was found that the emission intensity in both wavelengths is correlated with the geomagnetic AL index, which reflects the total flux of charged particles into the atmosphere. For quiet geomagnetic conditions, the intensities in both channels are similar, and their ratio is close to one.



A special procedure was suggested and implemented to analyze the   R  391 / 337  *   ratio during PsAs since the subtraction of emission background is needed. It is shown that the   R  391 / 337  *   varies around 2.5 for the event on 11/12 March 2023 and around 3 for the event on 17/18 March 2023. These values indicate that the role of high-energy electrons may be underestimated in the current theoretical modeling [28,30].



There is no obvious dependence of the   R  391 / 337  *   ratio on time, which can be expected with a significant change in the spectrum of precipitating electrons. Apparently, the fraction of high-energy electrons in pulsating auroras is small, and its contribution to the emission is not visible when observing patches at the zenith direction.



A more detailed analysis of the fine temporal structure of PsAs and on a larger number of events will be performed in the future. Moreover, after the installation of the second telescope, which observes the aurorae at an angle to the horizon in the direction of VTL from the Lovozero observatory, it will be possible to directly observe the vertical structure of the glow in the near-UV range and thereby estimate the maximum energy of the precipitating electrons.
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The following abbreviations are used in this manuscript:



	DUV
	Detector of ultraviolet;



	LOZ
	Lovozero;



	MAPMT
	Multianode photomultiplier tube;



	PAIPS
	Pulsating Aurora Imaging Photometers System;



	REMs
	Relativistic electron microbursts;



	PsA
	Pulsating aurora;



	PMT
	Photomultiplier tube;



	PGI
	Polar Geophysical Institute;



	SAMPEX
	Solar Anomalous Magnetospheric Particle Explorer;



	SINP MSU
	Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University;



	TUS
	Tracking Ultraviolet Set-up;



	UV
	Ultraviolet;



	VTL
	Verkhnetulomsky.
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https://www.ophiropt.com/laser--measurement/laser-power-energy-meters/products/smart-displays/laserstar-dual-channel, accessed on 30 July 2023.
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Figure 1. Auroral Electrojet indices AL and AU. Time intervals when the spectrometer made measurements are highlighted in red. 
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Figure 2. Typical images of colored all-sky camera in VTL. Top left: Clear sky with a Moon in field of view. Top right: Dense opaque clouds. Bottom left: Sunlight scattered in clouds. Bottom right: Weak aurora in clear sky conditions. 
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Figure 3. 11 March 2023 event overview. Upper panel: 337 nm (blue line) and 391 nm (green line) channels’ lightcurves. Middle panel: time dependence of   R  391 / 337   . Bottom panel: AU and AL geomagnetic activity indices. 
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Figure 4. 17 March 2023 event overview. Upper panel: 337 and 391 nm channels’ lightcurves. Middle panel: time dependence of   R  391 / 337   . Bottom panel: AU and AL geomagnetic activity indices. 
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Figure 5. Left panel: Optical emission profiles for   N 2 +    1 N   and   N 2    2 P   band systems from [30] (solid lines) and calculated intensities of 391 nm and 337 nm lines at the entrance pupil (rhombus markers). Right panel:   R  391 / 337    obtained from optical emission altitude profile simulations. 
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Figure 6. Upper panel: intensity in 391 nm channel and interpolation of background using minimal values (light blue line). Central panel: intensity in 337 nm channel with a background interpolation. Bottom panel:   R  391 / 337  *   calculated as a ratio of two signals during “on” phase with subtracted background. On the right side, the distribution of   R  391 / 337  *  , including the time interval from the left panel. 
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Figure 7. Upper panel: intensities of 391 nm (blue line) and 337 nm (green line) channel during the event 11/12 March 2023. Bottom panel:   R  391 / 337    calculated as a simple ratio of intensities (black line) and   R  391 / 337  *   obtained using the procedure described above (red line). 
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Figure 8. Upper panel: intensities of 391 nm (blue line) and 337 nm (green line) channel during the event 17/18 March 2023. Bottom panel:   R  391 / 337    calculated as a simple ratio of intensities (black line) and   R  391 / 337  *   obtained using the procedure described above (red line). 
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