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Abstract. On the basis of the Prognoz 7 selective plasma measurements of a
inlag anAd nratarne ~rarralatiana I

particles and protons the correlations of helium paraimmeters ueldmve abundance

Na/Np, veloc1ty difference AV = |V,|—|V},|, and temperature ratio T /T},) with bulk

+a1dinad TTalis ahiind a
parameters in different types of solar wind streams are studied. Helium abundance

increases with increasing wind velocity in quasi- stationary streams from 1.7 + 2.6%
in the heliosn ]’\_PY‘I(‘ current sheet (HCS) up to 4.7 + 6.6% in the coronal streamers
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(CS) and 6. 6 + 8.0% in the coronal holes (CH). The maximum value of ny/n, of
10.5 & 10.1% is observed in coronal mass ejections (CME) and an intermediate

value between HCS and CS 3.4 £ 4.2% in the shocked plasma. Helium abundance
increases with increasing mass flux and density in streams from CHs and decreases
in streams from CSs. Velocity difference AV increases with increasing velocity in
HCS and streams from CSs and CHs, but it is usually small or negative in CMEs

and in shocked plasma. The temperature ratio T, /Tp increases with i mcrea,smg
VP]()(‘IfV in the HCS and in streams from (‘qf\‘ and it ig annrnxnmafn‘v constant in

streams from CHs, CMEs, and shocked plasma No ev1dence has been obtained

that the processes of o particle acceleration differ from each other in streams from
CSs and CHs, but they differ from the one in the HCS. In contrast to processes of
acceleration, the processes of a particle heating in streams from CHs and CSs are
suggested to differ from each other, but they may be the same in streams from CSs
and HCS. The value of « particle and proton heating in streams from CHs increases

with increasing absolute value of velocity difference of « particles and protons.

1. Introduction

Study of the solar wind helium is important for two
main reasons. On the one hand, the relative helium
abundance under different conditions in the solar wind
gives us valuable information about conditions and pos-
sible mechanisms of solar wind formation in the solar
corona. Such information is important for investigation
of the more common and unresolved problem of solar
corona heating and solar wind formation. On the other
hand, owing to their small but significant abundance
and their mass per charge ratio of 2 instead of 1, as for
hydrogen, the observed properties of helium ions pro-
vide important information on the physical processes in
the interplanetary medium [Hundhausen, 1972; Neuge-
bauer, 1981a, 1982; Geiss, 1985; Bochsler, 1992; Yer-
molaev, 1994a, b.
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Many space experiments have indicated different rela-
tionships between a particle and proton hydrodynamic
parameters in different types of solar wind streams. The
main conclusions of these studies are as follows: average
values of velocity difference, AV = |V,|—|V}|, tempera-
ture ratio of « particles and protons, T, /T, and helium
abundance, nq/n,, are small in low-velocity streams,
that is, in the heliospheric current sheet (HCS) and
streams from coronal streamers (CS), and in streams
disturbed by arrivals of interplanetary shocks; values
increase in high-velocity streams from coronal holes
(CH). In coronal mass ejections (CME) the ratio ny/n,
is higher than in CHs, but AV and T, /T, are lower
than in CHs (see reviews by Neugebauer [1981a], Neuge-
baver et al. [1994], Yermolaev [1994a], and references
therein).

Correlations of helium parameters with various bulk
parameters in different types of solar wind streams have
been studied in a limited number of papers. The Prog-
noz 7 data were used to obtain two-dimensional depen-
dences of helium parameters on density n = Y n; =~
np and velocity V, [Yermolaev, 1991, 1992a]. One-
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dimensional dependences of helium abundance n,/n,
on density n, and mass flux n,V,, AV versus V,,, AV
versus 7, [ Ts, To /Tp versus AV, Ty, [T, versus Vy,, Ty [T)
‘versus T /7.(where 7. is time of solar wind expansion
and 75 and 7, are times of momentum and energy ex-
change due to Coulomb collisions, respectively) were
studied by Yermolaev [1992b, 1994b, 1995] and Yermo-
laev and Zastenker [1994]. Dependences of ng/n, on
Vp were researched on the basis of ISEE 3 and IMP 6-8
data by Neugebauer [1992].

In this paper we present additional information about
the dependences on several hydrodynamic parameters
of the relative abundance, velocity difference, and tem-
perature ratio of a particles and protons in different
types of solar wind streams as observed on the Prognoz
7 satellite. Obtained results are used to study the phys-
ical processes of formation, acceleration, and heating of
helium ions in different types of wind.

2. Methods of Measurement and Data
Processing

The Prognoz 7 satellite was launched on a highly el-
liptical orbit with an apogee of ~ 203,000 km, a perigee
of ~ 500 km, and a period of ~ 98 hours. In this orbit
the spacecraft spent 50-70% of the time in solar wind
that was undisturbed by the bow shock or by the mag-
netosphere of the Earth.

The proton and « particle energy distributions and
ion flux, nV, (where n = ) n; = n,), were measured
with SCS plasma instrument on the Prognoz 7 satel-
lite. The experiment is described in detail by Vaisberg
et al. [1979] and Yermolaev et al. [1989]. An important
advantage of these measurements was that the energy
distributions of « particles and protons were selectively
measured with an electrostatic analyzer with a Wien fil-
ter. The high sensivity of this selective analyzer allowed
measurements of proton and « particle energy spectra
over a wide range of solar wind parameters. The in-
tegral ion flux was measured with wide-angle Faraday
cups. More than 11,000 energy spectra for each ion
component (with a time resolution of 8 min) and about
54,000 values of ion flux (with a time resolution of 10 s)
were obtained during the period from November 1978
to June 1979. The magnetic field was measured with
the magnetometer SG-70 with a time resolution of 10 s
(E.A.Gavrilova et al., preprint, 1986).

The hydrodynamic parameters of protons and « par-
ticles, that is, the bulk velocities, V, and V},, the tem-
peratures, T, and Tp, and the density ratio, ns/np,
were derived from the measured spectra based on the
assumption of convected, isotropic Maxwellian velocity
distributions. As the energy distributions of both ion
components were measured along the Earth-Sun line,
only the radial components of hydrodynamic parame-
ters were derived. Because of restrictions on the velocity
ranges (230-900 km/s for protons and 170-620 km/s for
a particles), dependences on V), were limited to V, <
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550 km /s and dependences on other parameters to Vj, <
620 km/s. The SCS measurements of proton parame-
ters show that time intervals with V, > 620 km/s con-
tain less than 3% of total time of Prognoz 7 observations
and distribition of these intervals over different types of
solar wind streams is as follows: 7% in streams from
CHs, 14% in CMEs and 79% in shocked plasma (i.e.,
shocked plasma intervals with V, < 620 km/s contain
about 70% of total observations in shocked plasma).
Obtained values of ion flux nV], and proton velocity
allow the determination of ion density n. The accu-
racy of the velocity determination is about 2-3%; that
of the temperature, 20-30%. Actual values of helium
abundance n, /np, may differ from the measured one by
a factor of ~ 2. To increase the reliability of results
we exclude 1-hour intervals near interplanetary shock
fronts from the analysis, and in several cases use hourly
averaged data for the analysis.

On the basis of solar wind parameter distributions
on the ”density-velocity plane”, we selected five dif-
ferent types of solar wind streams which may be re-
lated to well-known solar coronal structures and phe-
nomena: (1) the heliospheric current sheet, (2) streams
from coronal streamers, (3) streams from coronal holes,
(4) solar wind streams observed after the passage of
interplanetary shocks, and (5) plasma of coronal mass
ejections [ Yermolaev, 1990; 1991]. The method of data
selection is described in the appendix.

The time intervals for the five types of solar wind
streams were published by Yermolaev and Stupin [1992].
Yermolaev [1995] reanalyzed data related to the fourth
and fifth types of streams and presented refined inter-
vals. The large part of CME intervals coincided with
the ISEE 3 observations of bidirectional superthermal
electron streams, which have been identified as coronal
mass ejections by Gosling et al. [1987].

Refined data on average values of several hydrody-
namic parameters in five types of solar wind streams
are presented in Table 1. The average values of helium
abundance nq /np, velocity difference AV (as well as the
value of AV/V4, where V4 is the Alfven velocity), and
temperature ratio Ty / T, should be discussed in detail
in several cases because the differences between aver-
age values in different types of solar wind streams are
found to be less than derived dispersions, o, and this
raises the question of the significance of the derived dif-
ferences. To reduce the probability of error in all cases
of the averaging of « particle parameters (this is true for
the results presented in Table 1 as well as those shown
in the Figures 1-8), we performed additional checks of
the results.

First, we identified error points that deviated far from
average values. For this purpose, points that deviated
more than 3o from the average value (these points, as
a rule, were not more than 1-3%) were dropped from
the data set, and statistical characteristics were recal-
culated for the remaining data set. As a result of this
procedure, the average values changed not more than
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Table 1. Average Parameters of Plasma and Magnetic Field in Five Types of Solar Wind Streams
Types of Solar Wind Streams
SW Parameters HCS CS CH Shocked SW CME

Vo, km/s 351 £45 359 % 33 449 + 52 539 + 84 504 £ 67
T, 10* K 5.3+44 54+5.1 9.8 £8.5 19.8 +13.6 6.7+6.2
Tp, cm™® 29.6 +10.0 9.6 +4.2 6.1+34 8.2+6.1 6.3 £28
B, nT 6.3+23 7.2+3.0 6.9+27 10.3 +6.6 10.2£5.2
Va, km/s 28+9 53 £19 66 + 24 67 £ 23 91 £ 35

p 20+£1.7 0.5+0.6 0.6 £0.6 1.0£0.8 0.3+0.3
npVp, 10% cm~2s7! 10.5 + 3.9 34+14 27415 4.2+3.1 3.1+14
mpnpVp?, 107 8dyn/cm?®s 6.3+2.2 2.1£1.0 21412 3.7£3.0 2.6+1.3
mpnpVe3/2, erg/em?s 1.13 +0.56 0.38 £ 0.20 0.47 £0.28 1.00 & 0.92 0.68 £ 0.38
Ne[np, % 1.7+2.6 4.7+6.6 6.6 £8.0 34+42 10.5 +£10.1
[Val = Ve, km/s 1+18 —1+19 9422 —2+24 1+21
(IVal = Vo) /Va 0.03 + 0.70 0.03 £ 0.40 0.12 +0.38 ~0.03 +0.27 0.03 + 0.32
Vo /Ve 1.001 +£0.056 0.996 £ 0.05 1.020 £ 0.05 0.995 + 0.06 1.004 £ 0.05
T /Ty 2.7+£3.0 42136 44+30 3.3+26 3.9+28
Te[Ts 1.11 £1.27 0.31 £ 0.62 0.06 = 0.20 0.02 +0.03 0.13+0.35
Te[Te 2.43 +2.60 0.64 +1.26 0.10 £0.32 0.04 £ 0.06 0.21 £0.52
10-15%. The average values for nq/n, and To/T), are 12 1 L T
found to be systematically larger than the main peaks
of distributions. This allowed us to conclude the follow- i . © ]
ing: (1) arbitrary deviations are absent, and (2) the AV < 8} i
distribution has a sufficiently symmetric shape, but the °a + .
ne/np and T, /T, distributions have asymmetric shapes Ed i H o T
with long, low tails. S 4L . i

Second, we examined the stability of statistical char- + o *

acteristics as a function of the number of points in a bin. i . o ° T
Since a goal of this paper is to study the relationship of o b4 1 L L L
average helium parameter values to variations in several 300 400 500
other parameters, helium parameters were binned over Vp, km/s
specified ranges of the plasma parameters of interest Figure 1. Dependence of the helium abundance

(velocity, density, flux, etc.). The average values were
checked by dividing the number of points in the bin
into parts and comparing the two new (for shorter data
set) averages to the previous (total data set) average.
When the results differed by more than 30%, the bin
sizes were increased to improve statistics. The number
of measurements in the final averaging bins varied from
50 to 4600.

3. Results

We first describe correlations of helium abundance
with MHD parameters of solar wind. Velocity of solar
wind allows selection of data over two large groups: low-
and high-velocity streams of solar wind [Hundhausen,
1972; Schwenn, 1983]. The dependence of helium abun-
dance ny/n, on the solar wind velocity V}, is presented
in Figure 1 separately for low velocity (V,, < 450 km/s)
streams in the HCS (open circles) and streams from CSs
(crosses) and for high velocity (V, > 350 km/s) streams
from CHs (closed circles) and streams of shocked plasma
(asterisks) and plasma of CMEs (triangles). An aver-
age error bar is also shown in the figure. To increase
statistics in each velocity interval, the data have been

N /np on the solar wind velocity V}, in the HCS (open
circles); streams from CSs (crosses) and CHs (filled cir-

cles), streams of shocked plasma (asterisks) and plasma
of CMEs (triangles).

averaged over a V), range of 50 km/s. Table 2 presents
coefficients of linear approximations for all types of so-
lar wind streams in Figures 1-8. The symbols in Figures
2-8 are the same as those in Figure 1.

In the low-velocity range, with 275 <V, < 425 km/s,
the helium abundance n, /n, increases from 0.4t02.1%
in HCS and from 1.0 to 7.3% in streams from CSs . In
the high-velocity range, with 375 < V}, < 525 km/s, the
behavior of nq/n, in different types of streams differs:
in streams from CHs the value of n,/n, slightly in-
creases in the range from ~6 to ~7%; in shocked plasma
the value of nq/n, decreases from 5.3 to 3.7% and in
CME:s it is high and decreases from 11.8 to 10.0%.

The values of density n and ion flux nV, were used by
Gosling et al. [1981] to select the dense plasma streams
in the HCS and from CSs on the basis of the ISEE 3
data. So, it is interesting to analyze the dependences of
helium abundance ny/np on density n and ion flux nV,
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Table 2. Approximation Parameters in Five Types of Solar Wind Streams for Figures 1-8
Types of Solar Wind Streams
Figure Approximation * HCS CS CH Shocked SW CME
1 e [np = AVp % 1072 A=230+0.30 8.00 = 0.45 0.54 £ 0.28 —2.94+40.32 —3.99+0.84
+B x 10 B =-057+£011 -2.2440.16 0.67 £ 0.13 2.00 £0.16 3.40 £ 0.42
2 Ne/np = AnV, x 107° A=-003+034 -928+1.03 2724095 226+071 —10.0=+3.59
+B x 10 B =0.23 £0.04 0.95 £ 0.04 0.83 +0.03 0.41 £0.04 1.73 £0.13
3 N [np = An X 107! A=-028+0.14 -4.70+0.36 1.11 £ 0.41 1.72 £0.36 —2.47+1.80
+B x 10 B =0.32+0.04 1.09 £0.04 0.84 + 0.03 0.36 + 0.04 1.57£0.13
4a [Va| = |Vol = AV, x 1071 A=134+015 008011  0.09+0.12 —046+0.13 —0.51+0.14
+B x 10 B=-456+055 0.15+0.39 0.16 +£0.29 2.70 £ 0.65 2.68 +£0.71
4b To/Tp = AVp X 10724+B A =200%0.30 3.57 £0.29 -0.10+£0.13 -0.22+0.19 1.54 £ 0.33
B=-373+108 -7.40+1.06 5.94 +0.59 5.15 +1.00 —2.43 +1.66
5a [Va| = [Vo] = AVa x 107! A =5.86+0.97 3284030 0.14+0.22  057+041 —1.78+0.30
+B x 10 B=-112+£0.29 -1.4040.18 0.15 £ 0.16 0.02 £0.28 1.61 £ 0.30
5b To/Tp = AV4 % 100'+B A=142+0.19 1.22 £0.09 0.03 £ 0.04 —0.01 £ 0.06 0.00 £ 0.07
B =-0.11+0.55 0.00 £ 0.53 5.20 = 0.32 3.98 +£0.44 5.294+0.72
6 T./Tp=AX+B A =349+027 4.13+0.18 1.74 £ 0.16 —0.25 +0.49 1.70 £ 0.43
B =3.5240.17 5.91+0.13 5.29 £ 0.09 4.06 +0.18 5.19+0.27
7a [Val = |Vl = Are/7s x 10 A= —-0.56+0.05 —056+006 -120+0.17 —572+2.35 —0.25+0.25
+B B =749+1.08 0.34 £0.53 9.52 + 0.49 5.27 +1.28 1.84 +£1.26
b ([Val = [Vol)/Va = Are/7s A= -024+003 —046%004 —0.17+0.05 —1.63+0.38 —0.46+0.12
+B x 10 B =2.50+0.52 1.08 £0.18 1.35+0.13 0.95 +0.23 0.70 +0.24
8 To/Tp = Ate/7e x 10+ B A=-007+001 -0.15+0.01 -022+002 -1.07+0.18 -0.14+0.04
B =15.1440.20 6.41 +0.14 5.73 £ 0.09 4.46 £0.18 5.46 £+ 0.28

2Used parameters have the following dimensions: [na/np] = %; [Vp] = [Va] = [Va] = km/s; [n] = em™3; [nVp] = em™ 2571

in different types of streams obtained from the Prog-
noz 7 data and presented in Figures 2 and 3. The
dependences on n and nV, in corresponding types of
streams are similar to each other. In streams from CSs
and HCS the value of n, /n, decreases along a common
curve from 5 to ~1.5 with increasing n and nV,. The
helium abundance slightly increases respectively from
~2 to ~4 in shocked plasma and from ~5 to ~6.5% in
streams from CHs. In CMEs the value of ne/n, de-
creases from ~11 to ~6%.

Correlations of the velocity difference and tempera-
ture ratio of « particles and protons with the solar wind
parameters make it possible to study processes of accel-
eration and of heating of « particles relative to the main
ion (proton) component of the solar wind. The depen-
dences of the alpha-proton velocity difference AV and
temperature ratio T, /T, on the solar wind velocity V,
in different types of streams are presented respectively
in Figures 4a and 4b.

As can be seen in Figure 4a, as proton velocity V,
increases from 275 to 375 km/s, the velocity difference

AV increases from -9 to 7 km/s and from -8 to 5 km/s
in HCS and streams from CSs, respectively. The veloc-
ity difference AV increases slightly from 7 to 10 km/s
as proton velocity increases from 425 to 525 km/s in

I I
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| . e L,
0 S A " deedenddnded. i A
nVp, cm-2s-1
Figure 2. Dependence of helium abundance ng,/n,

on density n in different types of streams. Symbols are
the same as those in Figure 1.
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Figure 3. Dependence of helium abundance n,/n,

on ion flux nV, in different types of streams. Symbols
are the same as those in Figure 1.

streams from CHs. AV decreases from ~5 km/s to ~0
in shocked streams. AV is not monotonic in CMEs.
Dependences of temperature ratio on wind velocity
in different types of streams (see Figure 4b) are similar
to those of velocity difference. Nevertheless, in contrast
to Figure 4a, where the curves of velocity difference for
streams from CSs and CHs have approximately similar
slopes and are located near a general curve, the curves
of temperature ratio in these types of streams differ:
To/T, increases from 1.5 to 5.0 as velocity increases

o4

a

0 = 1 ) 1 L 1 L 1
400 500 600

Vp, km/s

Figure 4. Dependence on the solar wind velocity V),
of (a) velocity difference AV = |V,| —|V,| and (b) tem-
perature ratio T, /T), for a particles and protons in dif-
ferent types of streams. Symbols are the same as those
in Figure 1.
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from 275 to 375 km/s in streams from CSs, but is ap-
proximately constant in the range 425 < V,, < 575 km/s
in streams from CHs. Temperature ratio varies only
slightly from 3 to 4 in shocked streams and increases
from ~3 to ~5 in CMEs as velocity increases from 425
to 575 km/s.

The acceleration and heating of o particles in the so-
lar wind are suggested to be caused by interaction of
Alfven waves with plasma. Many space experiments
yield correlations between AV and the value of Alfven
velocity V4 (see reviews by Neugebauer[1981a] and Yer-
molaev [1994a]). Dependence of T, /T, on V4 has been
derived from the Prognoz 7 data by Yermolaev [1994a].
The dependences of the alpha-proton velocity difference
AV and temperature ratio Ty /T, on the Alfven veloc-
ity V4 in different types of streams are presented in
Figures 5a and 5b, respectively.

The velocity difference AV increases from -8 to 16
km/s in HCS as V4 increases from 10 to 40 km/s. In
the range 30 to 60 km/s the value AV increases from
~ -10 to ~ +10 km/s in streams from CSs and CHs,
respectively; it continues to grow to ~ 14 km/s at V4 =
80 km/s in streams from CSs, but decreases to ~ 8 km/s
at V4= 100 km/s in streams from CHs. In shocked
plasma the curve of AV changes similarly to ones in
streams from CSs and CHs in the range of V4 = 40-80
km/s. No simple relationship exists between AV and
Va4 in CMEs: AV is 6-8 km/s when 50 < V4 < 70 km/s
and AV is -4 to -6 km/s when 80 < V4 < 110 km/s (in
this range the data were averaged in wider intervals).

The temperature ratio To /T, in HCS and streams
from CSs increases along a common straight line from
~1to ~8 as V4 increases from 10 to 80 km/s. In streams
from CHs, T, /T, grows slightly from ~ 4 to ~ 6 as V4
increases from 30 to 100 km/s. The temperature ratio
changes slightly from 2.5 to 3.5 and from 4 to 5 for
50 < V4 < 100 km/s in shocked streams and CMEs,
respectively.

The Prognoz 7 measurements allow us to study the
relationships between preferential heating and accel-
eration of o particles in the different types of solar
wind streams. The dependences of the ratio of a par-
ticle to proton temperatures T, /T, on their velocity
difference relative to their average thermal velocity,
X = AV/[2k(To/ma + Tp/mp)]*/?, in different types
of streams are presented in Figures 6. In the HCS the
value T, /T, monotonically increases from 1.5 to 8 as
X increases from -0.6 to + 0.8. In streams from CSs
the dependence is similar, but the temperature ratio is
higher than that in HCS and increases from 2 to 11
as X increases from -1.0 to +0.9. The dependence for
streams from CHs is not monotonic, and the temper-
ature ratio decreases from 8 to 4 as X increases from
-1.0 to 0 and increases from 4 to 9 as X increases from
0 to +1.0. In shocked plasma T, /T, changes slightly
from 3 to 4 in the range of X from -0.4 to +0.4. The
temperature ratio in CMEs increases from 3 to 5.5 as
X increases from -0.6 to 0.4.
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Figure 5. Dependence on the Alfven velocity V4 of
(a) velocity difference AV and (b) temperature ratio
To/T, for a particles and protons in different types of
streams. Symbols are the same as those in Figure 1.

Coulomb collisions are suggested to equalize veloci-
ties and temperatures of « particles and protons [Neuge-
bauer, 1981a; Yermolaev and Stupin, 1990b]. Thus it is
interesting to compare the velocity differences AV and
AV/V4 with the ratio of time of solar wind expansion to
the time of momentum exchange due to Coulomb colli-
sions 7. /75 ( Figures 7) and to compare the temperature
ratio Ty /T, with the ratio of solar wind expansion time
to the time of energy exchange due to Coulomb colli-
sions 7. /7. ( Figures 8) in different types of solar wind
streams. The parameters 7. /75 and 7. /7. were derived
on the basis of the Prognoz 7 measurements using the
formulae presented in papers by Neugebauer [1981a] and
Yermolaev and Stupin [1990b].

In Figures 7a and 7b the dependences of the veloc-
ity differences AV and AV/V4 on 7. /7, are presented
for the HCS, streams from CSs and CHs, and shocked
plasma and CMEs. These figures show that in a colli-
sionless plasma (7./7s < 0.3), the discrepancy between
curves for streams from CHs and CSs is small, but in
collisional plasma (7./7s > 0.3) it reaches ~10 km/s
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Figure 6. Dependence of a particle and proton tem-
perature ratio To /T, on relative velocity difference X
(see text) in different types of solar wind streams. Sym-
bols are the same as those in Figure 1.

and 0.3, respectively, and for both types of streams the
velocity differences are negative. An unexpected result
is the fact that the velocity differences in the HCS are
higher than in streams from CHs and CSs. It should
be noted that the number of observatins in collisionless
plasma in the HCS is not large (~ 27% of the total
number observations in HCS, or about 27 hours of ob-
servations). The behavior of AV in shocked plasma and
CME:s is similar to that found in streams from CSs and
CHs.

In contrast to the velocity differences, the temper-
ature ratios of o particles and protons (see Figure 8)
in streams from CHs and CSs differ, and the curve for
streams from CSs is higher than the one for streams
from CHs and is close to the one for HCS. The curve
for shocked plasma is close to the one for streams from
CHs, but the curve for CMEs is lowest of all. All curves
reach ~ 1 in a collisional plasma (7. /7. > 0.3).

4. Discussion of results

Most of the dependences presented above have been
published in other formats on the basis of measurements
on different spacecraft. In this paper we present them
in a single format after sorting the Prognoz 7 data over
different types of solar wind streams. This approach
makes it possible to find variations from one type of
stream to another.

In general, data on n,/n, versus V, dependences pre-
sented in Figure 1 agree with those obtained without
selection on Vela 3 [Hirshberg et al., 1972a, b}, Ex-
plorer 34 and 43 [Ogilvie, 1972), Heos 1 [Moreno and
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Figure 7. Dependences of « particle and proton (a)
velocity difference AV and (b) velocity difference rel-
ative to Alfven velocity AV/V4 on the ratio of solar
wind expansion time to time of momentum exchange
due to Coulomb collisions 7, /75. Symbols are the same
as those in Figure 1.

Palmiotto, 1973], IMP 6-8 [Bame et al., 1977}, OGO 5
[Neugebauer, 1981a), ISEE 3 [Ogilvie et al., 1989], and
Prognoz 7 [ Yermolaev and Stupin, 1990a; Yermolaev et
al., 1990].

Only in the paper by Neugebauer [1992] were the
ISEE 3 and IMP 6-8 data sorted over five different types
of streams: three quasi-stationary types (plasma sheet
(PS), interstream (IS), coronal holes (CH)), and two
transient types (bidirectional electron streaming (BES)
and helium abundance enhancements (HAE)). The first
three types of stream are likely to be similar to our first
three types and may be compared to each other. It is
our opinion that the BES and HAE types of plasma
may be compared to CMEs, but there is no analogy in
the paper mentioned above for the shocked plasma.

Both studies show that helium abundance correlates
with solar wind velocity in all three quasi-stationary
types of streams and anticorrelates in CMEs and HAEs.
In addition, the Prognoz 7 data show that the shocked
plasma has the same helium abundance as in the ini-
tial (before arrival of any interplanetary shock) quasi-
stationary streams and are accelerated up to higher ve-
locity. The anticorrelation of no/np and Vj, in shocked
plasma agrees with the conclusion that conditions near

HCS are favorable for expansion of interplanetary shocks.

On the whole, the ny /n, versus nV}, dependences pre-
sented in Figure 2 are in good agreement with those
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Figure 8. Dependence of o particle and proton tem-
perature ratio Ty /T on the ratio of solar wind expan-
sion time to time of energy exchange due to Coulomb
collisions 7, /7.. Symbols are the same as those in Fig-
ure 1.

obtained without selection on Vela 3 [Hirshberg et al.,
1972a], Explorer 34 and 43 [Ogilvie, 1972], Heos 1
[Moreno and Palmiotto, 1973], OGO 5 [Neugebauer,
1981a), and Prognoz 7 [Yermolaev and Stupin, 1990a;
Yermolaev et al., 1990].

On the basis of the Prognoz 7 data it has been
shown that helium abundance correlates with ion flux
in streams from CHs and anticorrelates in streams from
CSs [Yermolaev, 1992b]. Figure 2 also shows that in
HCS the helium abundance is almost independent of
ion flux; it correlates with flux in shocked plasma and
anticorrelates in CMEs.

The anticorrelation of helium abundance nq/n, and
ion density n has been derived from the Explorer 34
data [Ogilvie and Wilkerson, 1969]. Later on the ba-
sis of the Heos 1 data no no/n, versus n dependence
has been found [Formisano et al., 1970]. The Vela and
IMP data showed that in slow and dense streams (from
streamers) of solar wind, the helium abundance anti-
correlates with density [Gosling et al., 1981; Feldman
et al., 1981]. On the basis of the Prognoz 7 data it
has been shown that helium abundance correlates with
ion density in streams from CHs and anticorrelates in
streams from CSs [Yermolaev, 1992b]. Figure 3 also
shows that the helium abundance correlates with den-
sity in shocked plasma and anticorrelates in the HCS
and CMEs.

Thus Figures 1-3 show that mechanisms of solar wind
helium abundance for different types of streams dif-
fer. In particular, the obtained results support some-
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what the hypothesis by Geiss et al. [1970] that only
in CHs the minor ions may be dragged out from the
solar corona into the interplanetary medium due to
Coulomb friction with the proton component [Yermo-
laev and Stupin, 1990a; Yermolaev, 1991]. On the other
hand, the qualitative model based on IMP and Vela ob-
servations during 1971-1978 [Borrini et al., 1981; Feld-
man et al., 1981; Gosling et al. 1981] is likely to operate
in the HCS and streams from CSs. The helium abun-
dance in shocked plasma may be the same as in the
HCS, streams from CSs, and CHs and may depend on
conditions of interplanetary shock expansion. The he-
lium abundance in CMEs is connected with processes
of plasma acceleration in the solar atmosphere, and it
calls for further investigation.

The data on the AV versus V, dependence presented
in Figure 4a are in good agreement with those obtained
without selection on Vela 3 [Hirshberg et al., 1974],
IMP 6-8 [Asbridge et al., 1976; Feldman et al., 1978],
Heos 2 [Grunwaldt and Rosenbauer, 1978], OGO 5 and
Explorer 43 [Neugebauer, 1981a), Helios [Marsch et al.,
1982], and ISEE 3 [Ogilvie et al., 1982] over the total
range of solar wind velocity, if for analysis in the range
Vp > 400 km/s we use results obtained for streams from
CHs and ignore CME and shocked plasma [ Yermolaev,
1994a].

On the whole, the data on the T, /T}, versus V, de-
pendences presented in Figure 4b are in good agree-
ment with observations obtained without selection on
Vela 3 [Feynman, 1975), Prognoz 1 [Bosqued et al.,
1977), OGO 5 and Explorer 43 [Neugebauer, 1981a,
ISEE 3 [Klein et al., 1985], and Prognoz 7 [Yermolaev
and Stupin, 1990a; Yermolaev, 1994a] over the total
range of velocity. (The ISEE 3 data were derived from
the dependence of To /T, on t = R/V, presented by
Klein et al. [1985] where the plasma expansion time ¢
is determined as the ratio of distance R = 1 AU and
the local velocity of the solar wind).

On the basis of Prognoz 7 measurements it was noted
that the maximum velocity difference and temperature
ratio are observed in streams from CHs [Yermolaev et
al., 1991; Yermolaev, 1991]. On the other hand, based
on the results of recent papers and especially on the
data shown in Figures 4a and 4b it is evident that AV
is small or negative in shocked solar wind streams and
CMEs; To /T, is usually less than 4 in shocked plasma
and varies in the range 4-6 in CMEs. It should be noted
that the most negative value of velocity difference and
the least temperature ratio are observed during first 10-
30 min downstream of the shock front. The fact that
negative velocity differences and low temperature ratios
were observed downstream of interplanetary shocks has
been previously reported on the basis of the first a parti-
cle and proton selective measurements on the Prognoz 1
[Zertsalov et al., 1976a, b] and more recent selective ex-
periments on the ISEE 3 [Ogilvie et al., 1982] and the
Prognoz 7 and 8 satellites [Zastenker and Borodkova,
1984a, b; Avanov et al., 1987).
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Performed analysis shows that the Prognoz 7 data do
not contradict the results of earlier papers and confirm
the conclusion that at 1 AU there is a strong difference
between « particle and proton velocities in fast streams
from CHs, but it is absent in CMEs and it may be small
or negative in streams behind interplanetary shocks and
HCS and streams from CSs; the temperature ratio is
low in HCS and streams from CSs and it is high in

streams from CHs, CMEs, and behind interplanetary
shocks (see Table 1).

Furthermore, the data of Figures 4a and 4b allow us
to make some new conclusions. Figure 4a shows that
AV correlates with V}, in HCS and streams from CSs
and CHs and that these three curves are aligned with a
common straight line. The velocity difference is likely
to anticorrelate with V,, in shocked plasma and shows no
unambiguous dependence on V, in CMEs. In contrast
to the velocity difference, the temperature ratio slope
in streams from CHs differs from those in HCS and
streams from CSs: the value of T, /T, correlates with
Vp in HCS and streams from CSs and does not depend
on V} in streams from CHs. Temperature ratio is likely
to correlate with V,, in CMEs and does not depend on
Vp in shocked plasma.

The data on the AV versus V4 dependence presented
in Figure 5a in general agree with those obtained with-
out selection on Vela 6 and 7, OGO 5, Explorer 43
[Neugebauer, 1981b] and Prognoz 7 [ Yermolaev, 1994a).
In accordance with the Prognoz 7 data the value of AV
correlates with Alfven velocity in the range 10 < V4 <
60 km/s in HCS and streams from CSs and CHs; the
curves for CSs and CHs are very close to each other,
and the curve for the HCS is confined to low values of
Va. The velocity difference for streams from CHs and
after interplanetary shocks is almost constant at V4 >
60 km/s, and it anticorrelates with V4 in CMEs.

Dependence of the temperature ratio T, /T, on Alfven
velocity V4 has been studied only with the Prognoz 7
data [ Yermolaev, 1994a). In contrast to the velocity dif-
ference, the curves for the HCS and streams from CSs in
Figure 5b are close to each other and the value of T,, /T,
correlates with Vy; it slightly correlates in streams from
CHs and is likely to be independent of V4 in shocked
plasma and CMEs.

Figure 6 shows that T, /T, correlates with relative
velocity difference X = AV/[2k(To/mq + Tp/m,)]*/?
in HCS, in streams from CSs and CMEs. In shocked
plasma the value of T /T}, is likely independent of X.
The behavior of the temperature ratio in streams from
CHs is the most interesting: it anticorrelates with nega-
tive X and correlates with positive X. So, on the basis
of Figure 6 data we can suggest that in streams from
CHs the preferential heating of a particles does not de-
pend on the sign of the velocity difference and that it
increases with increasing absolute value of the velocity
difference. Thus it may be concluded that mechanisms
of a particle heating in streams from CHs must differ
from those in other types of solar wind streams includ-
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ing streams from CSs [Yermolaev and Stupin, 1990b;
Yermolaev, 1991; 1994a, b].

The data on AV versus 7./7, and AV/Vy4 versus
Te/Ts dependences presented respectively in Figures 7a
and 7b agree with those obtained without selection on
OGO 5 [Neugebauer, 1976), Heos 2 [Grunwaldt and
Rosenbauer, 1978; Neugebauer, 1981b], Explorer 43
[Neugebauer 1981a] ISEE 3 [Klein et al. 1985] Ulysses
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al., 1990, 1991; Yermolaev, 1994a, b]. For all types of
solar wind streams AV and AV/Vy anticorrelate with
the time ratio 7. /75 in accordance with the hypothesis
that Coulomb collisions lead to equalization of veloci-
ties of ion components. The curves for streams from
CSs and CHs, shocked plasma, and CMEs are close to
each other but the curve for the HCS (in a collisionless
plaSi‘l‘la with le/ Ts 5 0. o) reaches 111511\:1 values of AV.

The data on T,/T, versus 7./7. dependences pre-

sented in Figure 8 agree with those obtained without se-

lection on IMP 6 [Feldman et al., 1974], OGO 5 [Neuge-
bauer, 1976, ISEE 3 [Klein et al., 1985], and Prognoz 7
[Yermolaev et al., 1990, 1991; Yermolaev, 1994a, b].
For all types of solar wind streams T /T), anticorrelates
with the time ratio 7./7. in accordance with the hy-
pothesis that Coulomb collisions lead to equalization of
temperatures of ion components. The curves for HCS
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higher than those for other types of streams. The curves
for streams from CHs and CMEs are close to each other
and go between the common HCS-CS curve and the
curve for shocked plasma. '

The fact that AV versus V4 (Figure 5a), AV ver-
sus 7¢/7. and AV/Vy versus 1./7s (Figure 7) depen-
dences are close to each other in streams from CHs and
CSs and differ from those in HCS favors the hypothe-
sis that processes resulting in a velocity difference of a
particles and protons may be similar to each other in
streams from CHs and CSs and differ from those in the
HCS. However, Figures 4-8 allow us to suggest that pro-
cesses which lead to preferential heating of o particles
are likely to be the same in HCS and streams from CSs,
but they differ from the ones in streams from CHs [ Yer-
molaev, 1994a, b]. The arrival of interplanetary shocks
and CMEs results in a decrease in velocity difference
and temperature ratio of  particles and protons.

nd ctroame fro
ana streams irom

5. Conclusions

Mass-spectrometer measurements of a particles and
protons separately in different types of solar wind streams
on board the Prognoz 7 satellite (November 1978 through
July 1979) allow us to reach the following conclusions.

1. The relative helium abundance n,/n, correlates
with the solar wind velocity in the HCS and in streams
from CSs and CHs, and it anticorrelates in shocked
plasma and CMEs.

2. The helium abundance correlates with solar wind
flux and density in streams from CHs and shocked
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plasma, and it anticorrelates in the HCS and in streams
from CSs and CMEs.

3. The discrepancies in the helium abundance depen-
dences on the solar wind flux and density in streams
from CSs and CHs indicate that conditions and/or
mechanisms of solar wind formation in these solar corona
regions differ from each other.

4. The velocity difference of o particles and protons
AV correlates with wind velocity and Alfven velocity in
the HCS and in streams from CSs and CHs, but their
temperature ratio T /T}, correlates only in the HCS and
in streams from CSs, and it is approximately constant
in streams from CHs.

5. The temperature ratio correlates with velocity dif-

£ oA | a an 3
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correlates with the absolute value of the velocity differ-

ence nn streams from CHg
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6. The processes of a particle acceleration are likely
to be similar to each other in streams from CSs and
CH and differ from that in the HCS.

7. In contrast to acceleration, the processes of a par-
ticle heating in streams from CSs and CHs may differ
from each other, but they may be the same in streams

from CSs and the HCS.

Appendix

On the basis of selective measurements of proton and
a particle bulk parameters and magnetic field on the
Prognoz 7 satellite, the large-scale structure of solar
wind has been studied and compared with the known
structure of the solar corona [Yermolaev, 1990, 1991].
For that purpose the magnetic field value, B, proton
temperature, T}, ratio of proton thermal and magnetic
pressures, 3, and relative helium abundance, ng/ny,
were represented as distributions on the n — V, (so-
lar wind ion density-proton velocity) plane; that is, the
two-dimensional dependences of these parameters on
the density and velocity were studied. The average val-
ues and different behavior of these parameters on the
n—V), plane allowed us to identify five regions (i.e., types
of solar wind streams), which are shown in Figure 9b by
numerals 1 through 5 and may be related to well known
solar corona structure and events: (1) the heliospheric
current sheet, (2) streams from coronal streamers, (3)
streams from coronal holes, (4) streams behind inter-
planetary shocks, and (5) coronal mass ejections, which
are shown in Figure 9a.

While selecting data from above-mentioned and sub-
sequent papers, the limits of time intervals for the five
types of streams were determined in the following man-
ner. All data were averaged over 1 hour. If values V,
and n lay inside the regions (we suggested that regions
for shocked plasma and CME are the same ones) of the
n -V}, plane presented in Figure 9b and any two param-
eters from B, Ty, 3, and ny /n, fell within the predeter-
mined and sufficiently wide ranges of given parameters
(see Table 3), the considered measurement was assumed
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Figure 9. (a) A schematic view of different types

of solar wind streams and their connection with solar
corona structure and phenomena and (b) distribution of
different types of streams on the density-velocity plane.
From Yermolaev [1994b, Figure 1]. Reprinted with kind
permission of Kluwer Academic Publisher.

to be identified. This procedure was found to be reli-
able for the three first (quasi-stationary) types of solar
wind and insufficiently reliable for the two later (nonsta-
tionary) types of streams. Some points were identified
simultaneously as fourth and fifth (or even third) types
of wind, and these points were used for data processing
of each type.

More recently we reanalyzed data related to the fourth
and fifth types of streams [ Yermolaev, 1995]. First, we

Table 3. Ranges of Parameters Used for Selection of
Five Types of Solar Wind Streams

Types of Solar Wind Streams

Value HCS CS CH  Shock CME
Previous Publications
Vo, km/s <450 250 —450 >350 > 400 > 400
np,em™% > 10 3-10 2-20 >2 > 2
T, 10°K <10 1-10 3-20 >10 >5
B,nT <10 3-15 3-15  >7 > 7
By >05 01-1 01-1 >03 >03
Nafnp, % <2 2-6 3-8 3-8 >3
New Publications

Vo,km/s <450 250 —450 >350 >400 > 400
np,em™® > 10 3-10 2-20 >2 >2
T,,10°K <10 1-10 3-20 >10 >3
B,nT < 10 3-15 3-15 >7 > 7
B > 0.5 01-1 01-1 >03 <1
Ne/np, % <2 2-6 3-8 2-8 >6

YERMOLAEV AND STUPIN: HELIUM IN DIFFERENT SOLAR WIND STREAMS

changed the ranges of several parameters (see Table 3).
Second, we analyzed not only a single parameter of sin-
gle measurements but temporal variations in the total
set of data. This new approach allowed more reliable se-
lection of data in fast solar wind, and a smaller fraction
of the points (not more than 10% of the total number
of points for each type of solar wind streams) is simul-
taneously observed in two or three types of streams.
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