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Abstract—Data from the Prognoz-7 and Prognoz-8 satellites are analyzed with respect to the relative helium
aoundance, ny/n,, of the low-velocity solar wind in the Earth-orbit region. On the basis of the whole data st,
the conclusion i confirmed that Nny/n, experiences a considerable decrease when a satellite traverses aregion
where the interplanetary magnetic field changes sign. This line corresponds to the neutral line of the global
magnetic field (the projection of the symmetry plane of the low-latitude streamer) in the solar corona (in par-
ticular, at the so-called source surface located at a distance of 2.5 solar radii from the center). A possible inter-
relation between n,/n,, peaks and their sources at the Sun, which are located near the places of sign change of

intermediate-scale magnetl c fields, is noticed.

1. INTRODUCTION

The direct measurement of characteristics of heavy
ionsin the solar wind gives unigue information on both
the conditions in the outflow source and processes in
interplanetary space. Thisinformation includes the rel-
ative abundance of various elements and their tempera-
turesin the outer layers of the corona, the state of ioniza
tion, and acceleration efficiency for various ions [1, 2].
Due to the transition from the coronal layers, where
plasmaionization is determined by electronimpact and
the plasma ion composition is formed, to the collision-
free flow, ionization states of ions become “frozen,”
retaining information on the temperature in the forma-
tion region [3]. At an MHD approximation, the relative
abundance of ions does not vary in interplanetary space
after aflow with the identical bulk velocity of ions has
been formed [4]. It is significant that the detailed com-
position of the solar wind is very sensitive to the mech-
anisms providing ion escape from the solar chromo-
sphereinto the solar coronaand then into interplanetary
space; thus, it can serve as atest to verify our concepts
of these processes [5].

Corresponding measurements with instrumentation
significantly differing in capability have already been
carried out for 30 years (for example, seereferencesin
[1, 2, 6]). In general terms, the accumulated data have
confirmed the notion of the solar corona as a source of
solar wind, the abundance of elements in the corona,
and the ionization states. It has been shown that the
abundance of heavy ions with respect to hydrogen is
low in alow-velocity solar wind and increases by afac-
tor of two to four in the high-speed streams. The maxi-
mum abundance of heavy ions is observed in plasma
clouds gjected during unsteady phenomena at the Sun.

Both the higher and lower degrees of ionization are
observed for ionsin these clouds.

A detailed interpretation of the observation datawas
found to be very complicated, particularly the solution
of the following problems: What structures in the solar
corona are related to the arrival of flows with specific
properties to the Earth? Which flow properties are
explained by their genesis in one or another solar
region, and which arise due to flow propagation
through interplanetary space? These problems and
ways of their solution are addressed in [7]; some
aspects of thiswork are discussed below.

The most extensive data accumulated to date are on
the relative abundance of “He** ions (a-particles) in the
solar wind. The correlations between this parameter
and various features of flows are very complicated (see
[8-10]). In general, the characteristic behavior of arel-
ative helium abundance isthe same as mentioned above
for al minor ion components. These peculiarities were
taken into account in a preliminary classification of
solar wind streams over the whole set of parameters
describing these streams [7].

Several circumstances stimulated us to carry out a
new and more detailed analysis of the problem of o par-
ticle abundancein thewind. In addition to datafrom the
Prognoz-7 satellite, we included data accumulated by
Prognoz-8. This allowed us to investigate not only the
phase of solar activity maximum but also the onset of
the decay phase, when effects related to the large-scale
magnetic field of the Sun become significant. More-
over, certain concepts of the solar corona and the wind
flowing out from it have changed in the past few years,
to alarge extent owing to observations by the Yohkoh
and other satellites. It is important to reveal the more
dynamic character of the solar corona, as well as to
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improve the concepts of mechanisms that form high-
and low-speed streams of the solar wind [11]. So, tak-
ing account of the results of [ 7], we have decided that it
makes sense to carry out an additional correlation
between the peculiarities in relative helium abundance
and possible sources of flows in the solar corona; a
semi-empirical formula was used for this purpose that
links the transport time (the difference between the
time of flow ejection from the solar corona and the
moment of its detection) with the flow velocity in the
near-Earth space. We have restricted our consideration
to quiescent flows; moreover, the data measured within
the epoch close to the solar activity maximum do not
allow usto investigate in detail the high-speed streams
related to coronal holes due to their absencein low lat-
itudes. Therefore, we consider below the peculiarities
of low-velocity solar wind.

The subject of this paper is to analyze peculiarities
of the relative helium abundance in the low-speed
streams of the solar wind and their possible relations
with structures at the Sun’s surface.

2. TECHNIQUE OF MEASUREMENTS
AND DATA ANALYSIS

The plasma complex SKS-04 mounted aboard the
Prognoz-7, which permits the measurement of energy
spectraof a particles and protons, aswell as of integral
ion flux, is described in detail in [12]. To measure
energy spectra of a particles and protons aboard the
Prognoz-8 satellite, similar SKS-04 sensors were used;
however, the MONITOR instrument sensors [13] were
used to measure the ion flux values. The advantage of
measurements with the Prognoz-7 and Prognoz-8 satel -
litesisthe separate measurement of energy spectraof a
particles and protons by eectrostatic analyzers with
Wienfilters. Intotal, more than 11000 and 17000 spec-
tra for both ion components in the solar wind, undis-
turbed by the Earth’'s magnetosphere, were accumu-
lated aboard Prognoz-7 (November 1978-June 1979)
and Prognoz-8 (January—July, 1981), respectively. The
time resolution was 8 min.

Hydrodynamic parameters of protonsand a-particles
(velocities V,, V,, and temperatures T, T,) aswell asthe
relative abundance of a-particles (n,/n,) were deter-
mined by the data of a selective analyzer under the
assumption of the vaidity of the convective Maxwellian
velocity distribution of ions, while the total ion density
was found from measurements of the total flux by inte-
gral sensors. When averaging over intervals not shorter
than 1 h, estimation uncertaintiesfor these parametersdo
not exceed 2 to 3% for velocity, 20 to 25% for tempera-
ture, 20% for total ion density, and about 80% for therel-
ative abundance of o particles[14].

On the basis of statistical analysis of large-scale
variations in a number of hydrodynamic parameters
obtained by the Prognoz-7, a technique was proposed
to select five different types of solar wind flows, which
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can be linked with known structures and phenomena of
the solar corona[7]. One of these types was correlated
with crossing of the heliospheric current sheet (the
extension of alarge streamer into interplanetary space)
by a near-Earth spacecraft. On the basis of data accu-
mulated by the IMP 6-8 satellites during 1971-1978,
the authors of [15] have concluded that such crossings
of sector boundaries are related to a significant deple-
tion of helium abundance.

One of the difficulties we face in interpreting the
data on relative abundance of heliumionsisa problem
of extrapolation from measurementsin theregion of the
Earth’s orbit to conditionsin the source inside the solar
corona. In this case, we must estimate the transport
time T for specific conditions of low-speed solar wind
streams. There is good reason to believe that the veloc-
ity of the streams varies with distance only dightly all
the way from the Sun to the Earth [16]. However, vari-
ous radio observations indicate a part of corona where
the wind velocity increases up to the values typical for
interplanetary space. In the formula for transport time,
this segment makes only a small change, compared
with the case of low-speed flow with avelocity remain-
ing constant all the way from the Sun to the Earth. We
allowed for this effect by introducing afactor Ainto the
formulafor transport time, as follows:

T = Ar/V,, (1)

where V, is the wind velocity at the Earth’s orbit, and
r = 1 au. The use of this formula has demonstrated that
it describes fairly well the transfer of structural pecu-
liarities of the solar corona into interplanetary space.
Thefactor Ain (1) isabout 1.1 (see below).

3. RESULTS OF MEASUREMENTS

We had at our disposa data on the relative helium
abundance in the solar wind and its other gas-dynamic
parameters. Primarily, overview plotswere constructed
for the two main parameters: the helium abundance
ny/Nn, and proton velocity V,,, separately for the periods
1975—1979 and 1981. Bascally the hourly averaged
values were analyzed. Although the total data set was
very large, sometimes the analysis was made difficult
by gapsin the observational data. Only time periods of
afairly low velocity of wind were of interest for us; i.e.,
both flare and recurrent high-speed streams were not
considered. Unfortunately, the time periods under con-
sideration were characterized by pretty high solar activ-
ity; asaresult, they were unfavorable for investigations
of quiet-wind phenomena.

Using the overview plots, it was possible to identify
two classes of phenomena. One of them is the case of
monotonous decrease of helium abundancein thewind,
well pronounced against the background level before
and after the event. Phenomena of another type were
characterized by local peaks. For identified events of
both types, all the detected gas-dynamic parameters
with the required time resolution were considered fur-
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Table 1. Events stemming from crossing of IMF sector
boundaries

Ng/Np
Date to Vo
about ty |ty + aday
Nov. 30, 78* 30.0 350 2 6
Dec. 34,78 3.9 280 0.5 25
Dec. 11-12,78 | 115 270 0.5 15
Dec. 16, 78 16.0| 400 15 10
March 11-12, 79| 120 | 450 25 10
May 4-5, 79 5.0 350 35 7
May 7-9, 79* 8.5 370 15 6
June5, 79 5.8 270 0.5 1
Jan. 10, 81 10.7 370 1 4
Jan. 26, 81 26.8 350 1 3
March 4, 81 43| 400 0.5 5
March 25, 81 25.0 330 0.5 25
Apr. 30, 81 30.3 360 2 4

ther. Thisanalysis has shown, first of all, that events of
thefirst type arerelated to crossing of the sector bound-
aries of the interplanetary magnetic field (IMF) by a
satellite.

Events of crossing the sector boundaries are col-
lected in Table 1, where the date, the time t, of crossing
the sector boundary in accordance with [17], the aver-
age wind velocity V,,, and the average values of n,/n, at
tp (as well as those of about one day before and one
after the event) are given. In total, eleven events when
the satellite crossed the sector boundaries and two
events when the satellite approached the sector bound-
ary were analyzed (these events are marked by asterisks
in Table 1). The helium abundance in these cases was
0.5 to 3%, which is lower by a factor of two or more
than the val ues detected one day before or one day after
the moment of crossing the boundary. A decrease of the
relative abundance of a-particles was observed during
intervalsof 12 hto 2.5 days. The sector boundarieswith
subsequent arrival of high-speed streams show a dis-
tinct decrease of the relative abundance of heliumions.
Thisconclusionisvalid for all events of crossing sector
boundaries, excluding the May 4-5, 1979, event, where
helium abundance depletion is not so clear. The effect
mentioned takes place also in cases when the satellite
only approaches the current sheet and does not crossit.
In other words, avelocity jump is not observed, but the
sector boundary can be identified according to [17], or
its presence can be discovered from a map of magnetic
fields given in [18] (see aso below). The two events
asterisked in Table 1 are of this class.

Asis known, a maximum of the solar wind density
is often detected in front of the sector boundary. It
would be possible to assume that precisely the absolute
increase of n, causesthe decrease of theratio of helium

BADALYAN et al.

to hydrogen atoms. However, analysis has not demon-
strated a dependence of the n,/n, value on the presence
or absence of the narrow densty peak preceding the
sector boundary.

Asanillustration, Fig. 1 shows data on the relative
abundance of helium ions and proton velocities for an
event on March 25, 1981, obtained by measurements of
the Prognoz-8 and averaged over 1 h intervals, as well
as the values of angles between the vector of the inter-
planetary magnetic field and the direction toward the
Sun, according to [17]. Before the moment of crossing
the boundary on March 25, extremely low values of
ny/n, were observed at some moments; similar events
were detected only afew times during the whole period
of observations. The event shown in Fig. 1 coversalit-
tle more than a day; several events of this type have
durations of 2 to 3 days. Asis seen in Fig. 1, certain
variations of n,/n, near the sector boundary are some-
times observed and sometimes, during a very quies-
cent wind, they can be absent. The increase of proton
velocity at the boundary is clearly seen, which is spe-
cific for undisturbed boundaries of sectors. An original
record by [17] of the interplanetary magnetic field azi-
muth shown on the lower panel in Fig. 1 demonstrates
that, until March 25, theinterplanetary magneticfieldis
directed, on average, along the Parker’s spiral toward
the Sun, whereas it starts to be directed away from the
Sun after crossing the sector boundary. We have
selected the March 25, 1981, event as an illustration due
to clear recording of the sector boundary in both field and
velocity, which occurs rarely during the solar activity
maximum. Let us note that for other events, primarily
decreases of the n,/n, value were seen (see Table 1).

Thedistinctly demonstrated correl ation between the
Nn,/N, decrease and sector boundaries allows us to ana-
Iyze the question of which structural features of the
solar corona might be associated with the phenomenon
under consideration. When using the above formulafor
the transport time and the synoptic map of the solar
corona, we found a point at the “source surface
located at a distance of 2.5 solar radii from its center
[18], that is a source of the given flow with a velocity
measured by satellite in the region of the Earth’s orbit.
As was expected, the IMF sector boundaries corre-
spond closely to the change of sign of the global mag-
netic field at the source surface. The best agreement
was achieved by selecting the factor A in (1) equa to
1.1. Such asmall difference from unity means that the
segment where the quiescent-wind velocity increases
near the Sun makes only anegligible contribution to the
value of the transport time.

From the point of view of solar physics, the main
boundary of the interplanetary current sheet in the
corona is the symmetry axis of the helmetlike beam
(streamer). These large-scal e coronal structures present
a source of low-velocity solar wind. The wind velocity
increases with distance from the interplanetary current
sheet.
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Fig. 1. Relative abundance of helium and proton vel ocity from the Prognoz-8 satellite (hourly data) on March 23-26, 1981. A copy
of the original record of the IMF azimuth angle$ from [17] for the period of March 1729, 1981, is given on the lower panel. The
change of mean values of thisangle by 180°, related to crossings of the interplanetary current sheet, is recorded in the beginning of

the day on March 25, 1981.

It is significant that in spite of a sharp increase of
velocity (which corresponds to crossing some sector
boundaries), it was found that in order to pass from the
region of the Earth’'s orbit to the surface of the wind
source in the solar corona, it was necessary to use just
the low velocity value in the above-mentioned formula
for the transport time. For instance, for the event of
March 25, 1981, the flow vel ocity was 330 km/s before
crossing the sector boundary, and the transport time
was 5.8 days. If one usesvelocity val ues behind the sec-
tor boundary (usually 500600 km/s), such a correla-
tion of the source of low-velocity wind, depleted in
helium, with the boundary of the global field of the Sun
1999
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(the streamer symmetry axis) is not observed, as the
delay timein this case is much smaller.

Thus, our results refine and supplement the conclu-
sions of [15], where the discussed effect of the n,/n,
decrease related to crossing the sector boundary (the
streamer) was first found. In our work, this effect is
illustrated by 11 events and shown to be solely a pecu-
liarity of the low-velocity solar wind.

Records of relative helium abundance also include
events of the second type with increased values
Ny/n, = 3-10%. This local maximum persists within
intervals from 12 hours to one and a half days. More
than half of these events are located fairly close to the



138 BADALYAN et al.

8
6k
CCL
\U 4k
[
2k
0 1 1 1 1 1 1
500
>CL 400k /V\/\/\/\//\/
1 1 1 1 1 1
300 30 31 1 2
"307297287 277267257247 237227217207 19718" 177 16" 15" 14" 13
L May, 1981
B Q 3p 6p 9p 1?0 150 1%|30
1708

Fig. 2. Relative abundance of helium and proton velocity as measured by the Prognoz-8 satellite (hourly data) from May 30 to June 1,
1981. A synoptic map of photosphere magnetic fieldsis given on the lower panel from observations at Stanford Station, USA (from
Solar Geophysical Data, Carrington rotation no. 1708). Longitudes and dates are plotted on lower and upper axes, respectively. The
position of the source determining the peak in relative helium abundance on May 30-31, 1981, is asterisked near the solar equator
at alongitude of 61° (the abscissa).
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sector boundaries, athough some events are observed
that arelocalized in the middl e of asector. Note that the
increases related to the detected solar or interplanetary
unsteady disturbances (flares or large transients fol-
lowed by magnetic storms) were excluded from consid-
eration.

When using the same expression (1) for the trans-
port timewith A= 1.1, we found the point of flow €jec-
tion from the Sun on the synoptic map of photospheric
magnetic fields [18]. Already at the first scan of the
Prognoz 7 data, it was discovered that these events are
closely adjacent to boundaries of large-scale photo-
spheric fields. Although these fields are prominent on
the Stanford maps, they are not seen at all on calculated
maps of magnetic fields at the source surface [18]. The
average distance between the peaks of these fields was
from 30° to 50° in 1979 and alittle lessin 1981 (within
the Prognoz-8 period). One case of enhanced relative
abundance of a-particles is shown in Fig. 2, together
with records of the photospheric magnetic fields (Stan-
ford maps). The local maximum of the helium abun-
dance on May 30, 1981, was |located in aregion of qui-
escent low-velocity wind. A noticeable velocity
increase occurred approximately two days after the
event under discussion. The position of the source caus-
ing the increase in helium abundance, on the ecliptic
projection (noted by “>" and “<” symbols at the left
and right on the lower panel in Fig. 2), ismarked by an
asterisk on the Stanford synoptic map of magnetic
fieldswith aresolution of two angular minutes (Fig. 2).

L ocal magnetic fields, which cause the devel opment
of active regions, large-scale fields as large as tens of
heliographic degrees, and fields comparable in size
with the Sun’s radius, are observed in the photosphere.
Higher above, at the surface of the source, only the
most recent and large-scale fields are clearly pro-
nounced, which determine the appearance of the sec-
toral structure in interplanetary space. During most of
the activity cycle, the boundary separating the polarity
of these fields in the interplanetary space is positioned
near the solar equator plane. Both the existence of this
surface by itself and its wavy structure influence the
propagation of particles and magnetohydrodynamic
disturbances in interplanetary space, giving rise to a
number of phenomena.

The above-mentioned large-scale photospheric
fields of intermediate size decay into isolated “islands”
of unipolar fields, which are often located inside the
sectors. The lower the activity, the more rarely the
“hills’ of these large-scale fields are found, and the
more reliable the correlation between their polarity
boundaries and phenomena observed in the interplane-
tary space. The periods under discussion were suffi-
ciently close to the maximum of the activity cycle; up
to five or six idands of unipolar fields were found on
the synoptic map (all longitudesincluded) at the line of
intersection of the solar surface by the ecliptic plane.
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Table 2. Events of enhanced relative abundance of helium
ions

Date to Vo Na/Ng A
Nov. 17, 78 17.7 350 3 5
Dec. 16-17,78 |16.8 450 20 5
Dec. 23-24,78 |23.7 450 10 2
Jan. 26-31, 79 285 500 10 5
Jan. 17, 79 17.2 400 8 <1
Feb. 6-8, 79 8.0 350 10 <1
March 1, 79 1.0 360 7 2
March 8, 79 8.0 350 10 <1
March 19-21, 79 |20.3 370 10 3
Apr. 8-10, 79 9.5 400 10 3
Apr. 13-14, 79 14.2 450 12 <1
Apr. 18-19, 79 18.6 450 8 2
May 11-13, 79 125 500 8 5
May 16, 79 16.5 450 7 0.5
Jan. 16, 81 16.5 440 4 2
Jan. 25, 81 255 380 35 4
Jan. 31, 81 315 360 55 4
Feb. 4-5, 81 45 400 3 2
Feb. 13, 81 135 360 5 <1
March 19, 81 19.7 450 3 4
March 31, 81 315 400 25 <1
Apr. 21,81 215 500 3 <1
Apr. 28-29, 81 285 530 35 3
May 23, 81 235 500 3 5
May 28, 81 28.0 350 4 <1
May 30-31, 81 30.2 340 6 5
June 12-13, 81 125 350 5 5
June 28, 81 285 450 5 3

Table 2 lists 28 events of enhanced abundance of
o-particles. Notation isthe same asin Table 1, with the
exception of t,, which means here the moment of alocal
maximum. Thelast column displaysthe distance AA (in
terms of heliographic degrees) from the position of a
helium-ion source, reduced to the Sun, to the boundary
of large-scale photospheric fields. This value was mea-
sured along aline—the projection of the Earth’smation
onto the photospheric synoptic map—as the distance
between a calculated flow source and the nearest
boundary of alarge-scale photospheric magnetic field.
As seen from Table 2, the AN value in specific casesis
aslarge asfive heliographic degrees (in absolute value),
and its average valueis 2.5. The imperfect coincidence
of the source of a flow with enhanced helium abun-
dance and the indicated field boundary is related to
uncertainties in time of the increase maximum for cer-
tain eventsand in the transport time, aswell asthe com-
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plicated topology of the boundary between magnetic
field polarities. Although in some cases, the precision
of coincidence between the source of the flow with
higher helium abundance and the boundary of polarity
of the large-scale photospheric magnetic field is rather
poor (about 5° at a typical distance of ~30° between
peaks of photospheric fields), the statistical signifi-
cance of this conclusion for the 28 events considered
seems to be sufficiently reliable. This result could not
be predicted in advance; however, the regularity found
is demonstrated both by the isolated examples and,
more clearly, by the total data set.

4. DISCUSSION

Therefore, a decrease of helium relative abundance
at the sector boundary is observed with assurancein the
data of Prognoz-7 and Prognoz-8. This is a reliable
confirmation of the phenomenon discovered earlier [8,
10, 15]. Most often, the source of alow-speed stream is
an equatorial streamer—the base of the interplanetary
current sheet. Although the wind velocity sharply
increases at the sector boundary, it was necessary for
the performed correlation to use only a low velocity
preceding the arrival of a high-speed stream. Further-
more, the effect was found to be unrelated to the forma-
tion of anarrow compaction, which is produced in cer-
tain cases in the space behind the sector boundary. The
physical origins of the depletion of this region of
helium nucle are still unclear. In principle, diffusion of
protons and a-particles during their propagation
through the Sun’s vicinity can occur in different ways
for particleswith various charge and mass or charge-to-
mass ratio. This process occurs in a magnetic field that
decreases toward the streamer symmetry plane and
changesitssign behind it. Furthermore, in this case, the
field’'s tangential component, which appears to be due
to helix swirling of field lines and development of
small-scale instabilities in the streamer, probably may
have an effect. Solving the corresponding theoretical
problem on the preferential escape of a-particles as
compared with protons from the vicinity of the inter-
planetary current sheet seemsto be an urgent problem.

The phenomena that cause an enhanced abundance
of heliumionsin the wind require further investigation.
They are obvioudy unrelated to flares and transients,
although we cannot exclude the possible influence of
weak unsteady disturbances. Our analysis has discov-
ered a tendency for sources of these phenomena to be
localized in regions positioned above neutral lines of
large-scale photospheric magnetic fields of intermedi-
ate size. We did not expect such a correlation a priori,
and its origin is as yet unclear. One can only assume
that magnetic fields of such dimension influence the
properties of the solar-wind source in the corona above
the demarcation line between the polarities of these
fields.

Let us note that thiswork considers the problems of
low-velocity solar wind. The wind velocity varies

BADALYAN et al.

rather slightly with distance, which justifies the use of
our formulafor transport time. Most likely, the source
of this wind is the plasma located above the loops of
theinner corona. Magnetic fields of various scales pri-
marily influence the velocity of solar wind and, as a
result, determine its decrease in streamers. Our work
apparently gives evidence that magnetic fields also
affect the relative abundance of helium ions, n,/n,
and probably ions of other elements as well; fields of
various scales indirectly influence relative helium
abundance in different ways. One cannot exclude that
weak unsteady processes in the solar corona result in
some increase of the relative abundance of helium
ions. If so, the role of microflares can be significant
for corona heating, wind acceleration, and the relative
abundance of helium and heavier elements of the
wind.
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