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Relative abundances of quiet-time suprathermal ions at 1 AU
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AAbstract: Possible sources of suprathermal ion fluxes are investigated using ACE, WIND and SOHO observations at 
1 AU in 1998-2011. The energy spectra of C, CNO, O, Ne-S, Fe ions and their relative abundances are determined in 
the energy range of 0.03-3 MeV/n during quiet-time periods of solar activity. 51 quiet intervals were selected under 
the criteria of minimum contribution of particles arising from previous solar energetic particle events. The behaviour 
of the abundance ratios Ne-S/O and Fe/CNO confirms our previous finding that the background fluxes of suprather-
mal ions in the energy range of ~40-100 keV/n can be divided into three types. During the ascending, maximum and 
descending phases of the solar cycle the abundance ratios Fe/O for almost half of all quiet time periods coincide with 
the average element abundances of the solar corona whereas the rest were lie within the ratio intervals characteristic 
for impulsive solar energetic particle events. At solar cycle minimum the ratios are near their solar wind values. The 
results obtained indicate various origin of suprathermal particles - different seed populations accelerated and different 
acceleration processes in three quiet-time flux types. Except for quiet solar activity, suprathermal fluxes consist of ac-
celerated coronal ions in the half of quiet periods. In the other half of the periods the fluxes arise from particle accel-
eration processes similar to those in small impulsive solar flares rich in Fe. The latter population is assumed to be the 
seed population accelerated in solar energetic particle events. During solar minimum the bulk solar wind particles can 
serve as seed population.

Keywords: quiet time particles, solar corona, ion abundances

1 Introduction

Investigations of ion abundances in various phenomena 
of solar activity revealed considerable differences in 
relative abundances of C, O, Ne-S and Fe in solar atmos-
phere [1], in fast and slow solar wind [2, 3], in impulsive 
and gradual solar energetic particle (SEP) events [4-7], in 
particle fluxes accelerated in corotating interaction re-
gions (CIR) [8], and at interplanetary shocks [9].

Ion abundances in suprathermal particle fluxes during
quiet time periods of solar activity have been studied 
recently in [10-12]. They found that the values of C/O 
and Fe/O exhibited a clear dependence on the level of 
solar activity. At solar cycle (SC) maximum these ratios 
corresponded to their SEP values while at solar minimum 
they were close to the ratios in solar wind or in CIR
events with Fe/O monotonously increasing by almost a
factor of 10 from minimum to maximum. The value of
C/O decreased by a factor of 2 to 3.

Our previous investigation [13] of quiet-time Fe/O and 
C/O ratios showed that the background fluxes of su-
prathermal ions in the energy range of ~40-100 keV/n

split into three separate groups. During the ascending, 
maximum, and descending phase of the solar cycle the 
Fe/O values coincided with the average element abun-
dances of the solar corona in almost a half of the quiet 
time periods, whereas the rest lay within intervals charac-
teristic for SEP events. At solar cycle minimum these
ratios were near their solar wind values. In this paper we 
extend that study of possible sources of quiet-time su-
prathermal ions using ACE and WIND C, CNO, O, Ne-S,
Fe flux data during quiet periods of 23rd and the begin-
ning of 24th SC.

2 Selection of quiet-time periods

Quiet time periods were selected using the criteria 
worked out in [13]: 1) during quiet periods particle flux
enhancements of any origin – proton flares, coronal mass 
ejections, corotating and recurrent events, etc. – must not 
be present; 2) the daily average Fe intensity with energies
40-80 keV/n be J ������ -2�	m2 s sr MeV/n; 3) the daily 
average 4–8 MeV proton intensity should not exceed 10-4


�	�2 s����������������������������������������������
the period; 4) the intensity ratio H/He (4–8 MeV/n) 
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should be ��� . These criteria were fulfilled in 51 quiet 
time periods with durations of 2 to 34 days in 1998-2011.
The selection criteria of quiet periods accepted here en-
sured the absence of remnant particles from large SEP 
events during quiet periods.

3 Observations

This study uses measurements of heavy-ion abundances 
in the 0.03 to ~1 MeV/n energy range by ULEIS instru-
ment on ACE and WIND/STEP observations together 
with proton and He fluxes (4-8 MeV/n) by the 
COSTEP/EPHIN instrument on SOHO in 1998-2011.
For the 51 periods selected we compared the 40-80 
keV/n Fe/O abundance ratios with the mean relative ion 
abundances in the solar corona, in impulsive SEP events, 
and in the solar wind, respectively. The comparison pro-
vided confirmation of our findings [13] that the quiet-
time particle fluxes can be divided into 3 separate groups 
according to their Fe/O values and they corresponded to 
the average ratio observed 1) in SEP events, 2) in the 
solar corona, 3) in the solar wind, respectively.

Figure 1. Upper panel: time variation of the 40-80 keV/n
Fe/O value in 3 groups of intervals (ACE/ULEIS data) as
compared to lower limit of flare, average coronal, slow 
and fast solar wind values. Lower panel: similar com-
parison for 40-90 keV/n C/O values.

Figures 1 and 2 exhibit the values C/O, Fe/O, Fe/CNO, 
and Ne-S/O for 51 quiet-time periods. The ratio between 
low and high FIP ions (Fe/O and Fe/CNO) split into 3 
well separated groups discussed here whereas the other 
ratios do not exhibit such a clear separation (one can note 

in Fig. 1a the presence of another group – represented by 
black triangles - with very low Fe/O ratio in 2009-10
which can be attributed to the peculiarity of the very 
deep activity minimum).

The validity of separation is demonstrated further in 
Figure 3 displaying Fe/O, C/O, Fe/CNO and Fe/C distri-
butions. In Figs. 3a, c, d three distinct peaks can be ob-
served corresponding to the 3 groups in Fig. 1a.

Figure 2. Time variation of Fe/CNO (WIND/STEP) and 
Ne-S/O (ACE/ULEIS).

Figure 3. Distributions of log(Fe/O) and C/O (ACE/
ULEIS, upper panels), log(Fe/CNO) WIND/STEP and 
log (Fe/C) ACE/ULEIS (lower panels).

33.1 Abundance ratios as a function of energy
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The energy dependences of weighted averages of Fe/O,
Fe/C, Ne-S/O, and C/O ratios are displayed in Figure 4. 
In order to obtain these dependences the daily average 
ion intensities in each quiet period were summed up over 
all quiet periods in each group I, II, and III separately in 
each energy range. Then the sum obtained was divided 
by the total number of quiet days producing weighted 
averages of daily intensity.

In Figure 4 one can see that energy dependences of rela-
tive abundances below 1 MeV/n are different for differ-
ent ions. The ratio Fe/O and Fe/C between low and

Figure 4. Left panel: averages of Fe/O ratio of all data in 
1998-2010 for the 3 groups in 5 energy intervals. Right 
panel: C/O averages.

high FIP ions display significant differences in character 
of energy dependence for the 3 groups: I – ratio is ap-
proximately constant, II – it slightly increases and III –
decreases with energy. The Ne-S/O values differ by a
factor of 1.5 to 2 between the 3 groups but exhibit similar
energy dependence. On average, the energy dependence 
of C/O does not vary noticeably between groups I, II and 

III. The C/O values in quiet periods do not show any 
tendency to split into groups either. The average ratio for 
group II was only slightly higher than for group I over 
the entire energy range. These peculiarities of C/O beha-
vior in suprathermal fluxes can possibly be due to the
low variability of the ratio between the two high-FIP 
elements C and O [1, 14].

The obvious significant difference in the Fe/O and Fe/C
energy dependences of the 3 groups suggests the pres-
ence of different particle acceleration processes in these 
groups. [10] found that for impulsive events the lower 
limit is a little higher than 0.4 while for all impulsive 
flares the mean ratio Fe/O is near 1 [16]. In the energy 
dependence of the Fe/O ratio (Fig. 4a) in group I one can 
see that Fe/O  ����!�����������e energy range up to 0.8 
MeV/n. This value can be connected with an increased 
contribution of Fe accelerated by mechanisms similar to 
those in impulsive SEP events rich in iron.

On the other hand, it was established [1] that in the solar 
corona, when compared with the photosphere, elements 
having first ionization potential (FIP) ��������"���-FIP
ions) were often overabundant by about a factor 4–5
while elements with FIP #� ��� ��� "���� -FIP ions) re-
mained unchanged. The FIP bias is defined as the ratio of 
the low-FIP elemental abundance in the solar upper at-
mosphere (SUA) to its value in the photosphere. The 
magnitude of FIP bias is time dependent and in old active 
regions values as high as 15 were measured [1]. In our 
work the average Fe/O value in energy range 0.04-0.08
MeV/n in suprathermal fluxes of group I was estimated 
Fe/OI = 0.9 ± 0.05. In the photosphere Fe/Oph = 0.061 ±
0.006 [15] then (Fe/OI)/(Fe/Oph) = 14.8 ± 2.3. The value 
of FIP-bias obtained here coincides with the FIP bias in
SUA in old active regions. This result suggests that ions 
in these SUA regions can possibly serve as a seed popu-
lation accelerated to suprathermal energies thus forming 
group I fluxes.

33.2 Quiet-time C, O, and Fe energy spectra

Figure 5 shows weighted average Fe, C and O quiet-time 
spectra in the energy range from 0.03 up to >1 MeV/n for 
the three groups I, II, III as defined by their Fe/O ratio at 
40-80 keV/n. They correspond to different possible seed 

Figure 5. Weighted average C, O and Fe quiet-time spectra for the three groups I, II, and III.
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populations of particles accelerated to suprathermal ener-
gies: solar wind (green circles), coronal plasma (red
squares), and particles accelerated in minor impulsive 
flare events (blue triangles). The spectra were obtained 
using weighted average intensities of ions in all quiet 
periods in each of the group separately. They were fitted 
by a power law function (or two power law functions) of 
the form J(E) ~ E-$, where E is the particle en���%�����$�
is the spectral index.

The C and O energy spectra can be approximated by 

���������&��'����������
�'����� ����'��$�(��÷3 up to 
energies ~1 MeV/n for all groups of quite periods. As can 
be seen in the figure, the spectra corresponding to accele-
rated solar wind ions and coronal particles display mini-
ma at energies 1–2 and 2–3 MeV/n, respectively. It 
should be noted that the Fe spectrum in group I tend to 
roll-off at the same energy as that of O in contradiction to 
the finding [6] that in SEP events the oxygen and iron 
spectra roll-off at the different energies. This confirms
our suggestion of the absence of remnant SEP event
particles during the quiet time periods selected. On the 
other hand, the group II Fe spectra can be approximated 
by a single spectral index $�over the entire energy range 
up to 3 MeV/n. The steepest spectrum is observed in 
group III and has a minimum near 1 MeV/n. The differ-
ences in the spectral shapes found confirm our previous 
assumption that the acceleration mechanisms of ions in
the groups are different.

4 Conclusions

To determine the possible sources of low-energy particles 
on the Sun during the quiet activity periods including 
solar cycle minima we examined the values of the abun-
dance ratios Fe/O, Fe/CNO, Ne-S/O and C/O. It was 
found that the suprathermal particle fluxes observed can 
be divided into 3 groups according to their Fe/O values 
and they corresponded to the average ratios observed 1) 
in impulsive SEP events, 2) in the solar corona, 3) in the 
solar wind, respectively. During various phases of solar 
activity except minimum in ~50% of the quiet time peri-
ods the Fe/O values corresponded to mean element 
abundances observed in the solar corona, the other 50% 
was within the limits characteristic for impulsive flare 
events. At solar minimum the Fe/O ratio was near its
solar wind value. The observed difference in Fe/O (ACE)
and Fe/CNO (WIND) between different quiet-time 
groups suggests that different seed particle populations 
were accelerated to suprathermal energies.

It was also shown that the 3 C, O and Fe suprathermal 
ion flux groups exhibited different spectral forms and 
different energy dependences of the abundance ratios 
Fe/O and C/O. The differences found in the C, O, and Fe 
ion spectra in the energy range 0.03-2 MeV/n and in the 
energy dependence of the Fe/O ratio of the different 
groups suggest that different ion acceleration processes 
are at work in the 3 groups. Since one of our selection 
criteria of quiet periods required that H/He < 10, the 
contribution of remnant particles from large SEP events 
with low He content to the background particle fluxes 

had to be very small. Then the average value of Fe/O  ���
for group I can be explained by dominant contribution of 
Fe ions accelerated by mechanisms similar to those oper-
ating in impulsive SEP events, rich in Fe. On the other 
hand, the value of FIP-bias for group I ion fluxes ob-
tained here (Fe/OI) / (Fe/Oph) = 14.8 ± 2.3 is close to FIP 
bias (15) measured in SUA in old active regions. This 
result suggests that these SUA regions can contain the
ion seed population which, accelerated to suprathermal 
energies, form the group I background fluxes. We cannot 
exclude the possibility that these SUA ions are the seed 
particles accelerated in SEP events either. About the half 
of quiet-time particles at 1 AU during high solar activity 
due to preliminary results are particles accelerated in the 
solar corona in the region of coronal holes or in active 
structures appearing near coronal holes. At solar mini-
mum the quiet time ions of group III form the suprather-
mal tail of the solar wind.

Acknowledgements

The Russian authors appreciate the support from RFBR 
grant 09-02-00718. The experimental data were obtained 
from the URLs:
www.srl.caltech.edu/ACE/ASC/level2/lvl2DATA_ULEIS.html 
and www2.physik.uni-kiel.de/SOHO/phpeph/EPHIN.html.

References
[1] Feldman, U., Widing, K.G.., Space Sci. Rev., 2007, 
1130, 115–126
[2] Mewaldt, R.A., et al., 2007, Space Sci. Rev., 1130,
207–219
[3] Reisenfeld, D.B. et al., Space Sci. Rev., 2007, 1130, 
79–86
[4] Reames, D.V., Space Sci. Rev. 1999, 990, 413-491
[5] Mason, G.M., Wiedenbeck, M.E., Miller, J.A.,
Astrophys. J. 2002, 574, 1039–1058
[6] Cohen, C.M.S., Mewaldt, R.A., Leske, R.A., Space 
Sci Rev., 2007, 130, 183-194
[7] Kahler, S.W., Tylka, A.J., Reames, D.V., Astrophys. J. 
2009, 701, 561-570
[8] Mason, G. M. et al., Astrophys. J., 2008, 6678, 1458-
1570
[9] Cane, H.V., Richardson, I.G., von Rosenvinge, T.T.,
Space Sci. Rev., 2007, 130, 301-307
[10] Desai, M. I. et al., Astrophys. J., 2006, 6649, 470-489
[11] Desai, M. I., Dayeh, M. A., Mason, G. M., Proc. 31st 
Int. Cosmic Ray Conf., 2009, 0061
[12] Dayeh, M.A., et al., Astrophys. J., 2009, 6693, 1588-
1600
[13] Ishkov, V. N., et al., Adv. Space Res. (accepted)
[14] Grevesse, N., Asplund, M., Sauval, A.J., Space Sci. 
Rev., 2007, 130, 105–114
[15] Lodders, K., Astrophys. J., 2003, 591, 1220
[16] Mason, G.M., et al., Astrophys. J., 2004, 6606, 555-
564

Vol. 11, 118


