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Abstract

This paper describes results obtained from the PROGNOZ-8

ion composition experiment which indicates that He4 ions

may be more abundant in the solar wind than previous

measurements have indicated. The experiment has a suffi-

ciently high mass resolution to accurately discriminate

between H+, He++, He+ and 0+ ions over the energy range

0.35 - 5.2 keV/e. Furthermore, the fact that the experiment

is continuously monitoring in the solar direction means

that fairly good statistics can be aquired as well. In a

few cases, He+/He++ ratios up to »0.05 have been found, but

in most cases when He+ was observed, it was generally of

the order 0.3 - 3% of the He++ content.

We compare our results with previous measurements of He+

ions in the solar wind and discuss also other constituents

with M/q«4 as alternative candidates. Finally, a possible

explanation for the high He+ abundance in the disturbed

solar wind is given.
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1. Introduction

The first observation of He+ ions in th«. solar wind was

reported by Bame et al. (1968). Analysis of the (E/q)

spectra of solar wind ions by the Vela-3 electrostatic

analyzer has revealed three cases with E/q * 4(E/q)u+.

Under the assumption that all ions are moving in the solar

wind with the same velocity the above ions could be identi-

fied as He+ ions.

A more detailed analysis showed that in two of the three

cases the observed peaks could be attributed to the pre-

sence of 28Si7+, 3 2 S 8 + or l|0Ca10+ ions in the solar wind

(Bame et al., 1970). In the third event (October 8, 1965)

when the He+ ion content was (3.1±1.5)x10"3 of the He++

content, the presence of He+ ions was more confidently

identified. This result was unexpected, as T-(1 to 2)x106K

in the inner corona of the Sun, which leads to an essen-

tially full ionisation of all ions there, and the ion is a-

tion states of the expanding corona become frozen at R»

1.5 RQ. At 1 A.u. the He+/He++ number density ratio

should be about 10"6 for T-106K (Kozlovsky, 1968). To

explain the observed He* content in the solar wind a hypo-

thesis was put forward that He* ions are of interstellar

rather than solar origin (Hundhausen et al., 1968, Blum and

Fahr, 1970, Holzer and Axford, 1971).

In 1974 Feldman et al., thoroughly analyzed their early

data from Vela-3 together with new results from the Vela-5

and -6 satellites and did not reveal any anomalously high

content of He4 ions. They concluded that the upper limit of

the He+/He++ ratio in the solar wind is 2.5x10~6.

In 1980 new observations of He+ ions in the solar wind were

reported based on Helios-1 measurements. Schwenn et al.

(1980) investigated the He-rich plasma which is often

observed in the so-called piston 10 to 14 hours after the

interplanetary shock front passes by the spacecraft. In one

of the 105 events observed over the period from December

1974 to Nay 1978 (on January 29, 1977) a peak at E/q •
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4(E/q)H+ was recorded and reliably identified as due to

He4* ions. The ion content in this event corresponded to a

He+/He++ ratio of -0.1.

An other event (on July 29, 1977) was analyzed in a succee-

ding paper by Gosling et al. (1980). He+ ions were then re-

corded by the IMP-7 and IMP-8 satellites in a "piston"

plasma as well. In this case the He+/He++ ratio was »0.3.

The two cases (January 29 and July 29, 1977) indicate that

- for some yet unknown reasons - a relatively cold chromo-

sphere plasma penetrates to the heights were the ionized

state of the solar-wind plasma is "frozen".

This paper offers new observations of He+ ions in the solar

wind, obtained with the PROMICS-2 mass-spectrometer aboard

the high-apogee Prognoz-8 satellite. No attempts to perform

a detailed analysis of solar and interplanetary conditions

which have led tc the excess abundance of He4, are made

here. A more extensive report on this matter will be sub-

mitted for publication in the near future.

2. Measurement results

The Prognoz-8 satellite, carrying the PROM1CS-2 experiment,

was launched on December 25, 1980 into a highly elliptic

orbit with an apogee altitude of about 32 Rg. The

satellite spin axis was pointing towards the Sun, the spin

period being about 122 s. The orbital period was 4 days

and the satellite remained in the solar wind or in the

magnetosheath most of the time («3/4).

The PROMICS-2 experiment comprised three electrostatic

analyzers for measuring ions and electrons (0.03 to 31

kev/q) and (0.5 to 47 keV)respectively, and 3 ion composi-

tion spectrometers (ICSss) for the 0,7 to 30 M/q range. The

ICS:s were all of the type Wien filters placed in front of

hemispherical electrostatic analyzers and with funnel-

mouthed channel multipliers as sensor elements. Two ICS:s,

D1 and D2 were oriented perpendicular to the satellite spin

axis (energy range 0.05 to 0.83 keV/q and 1.0 to 17.0



keV/q). The third ICSr D6, was oriented 10° with respect to

the spin axis (energy range 0.35 to 5.2 keV/q). The energy

resolution of D6 was 6.6% and the field of view was 4°x5°.

The PROMICS-2 experiment was very similar to the PROMICS-1

experiment, flown on the Prognoz-7 spacecraft. A more

detailed description of PROMICS-1 was given by Lundin et

al., 1982. One important difference was that on PROMICS-2

the ICS-D6 had an improved mass resolution and was directed

closer to the satellite spin axis (directed towards the

Sun).

The instrument could operate in several modes. In the mode

with the highest information rate each ICS performed mass

scans (32 levels) for 16 energy values, the entire measure-

ment cycle time being »10 s. The accumulation time for each

step was »20 ms. In a slower "magnetospheric" mode energy

spectra (4 levels) were successively measured for the major

ion constituents H+, He2 + , He+, and 0+. The complete

measurement cycle time in that mode was about 20 s.

An example of the instrument response for solar wind ions

is shown in Figure 1. The data contained in Figure 1 was

selected for periods when the solar wind ion mass composi-

tion was sufficiently well defined to allow for a complete

separation of the individual mass components. The H+ and

He2* peaks were for instance taken during a period with low

abundances of heavier ions. The He+ peak was measured

during a period with one of the highest He+ abundance.

Notice from this figure that the instrument "background"

due to the presence of other ion constituents can easily be

deduced. The He2+ background due to the presence of H+,

marked by the circle on mass-channel 9 of the H+ peak, is

not more than «2x10~l* at 0.81 keV/q. Similarly, the He +

background due to the presence of He2+ is about 10~3 at

2.06 keV/q. The latter figure may be regarded as the lower

limit by which He+ may be separated from He2+* However, the

solar wind normally has a bulk velocity much greater than

the thermal velocity, which means that He+ and He2+ are



also well separated with respect to the energy per charge.

Thus, the He2+ background is usually not significant for

the accuracy by which He+ may be identified (at least not

within 10~3)# but rather by the presence of other compo-

nents with M/q near 4. Whenever such components are present

one is also helped by the energy dispersion. An example of

this is also given in Figure 1 where a mass-peak at M/q-5.6

(Si5+ or Fe10+) is shown for a case when He+ was observed

around 3 keV/q (not shown in Figure 1). Figure 1 illustra-

tes the good quality of the experimental data. The mass

resolution is for instance quite sufficient for completely

separating the H+, He2+ and He+ ions in the solar wind. The

noise background in the sensor was also very low (<0.3

cts/s). The calibrated mass response of the instrument at a

fixed energy, given by the dashed curves in the He2+ and

He* peaks, also agrees quite well with the "in flight"

response over the entire energy window.

An anomalously high He+ content in the solar wind (He+/He++

-0.05) was recorded on December 30, 1980. At that time

Prognoz-8 was at a distance of about 28 RE on the evening

side (SE coordinates X = 0.62 RE, Y = 16.5 RE, Z = 22.8

R E).

Figure 2 shows an isointensity contour plot of ion count

rates in the E/q and M/q-pl£ne from this event. The data

has oeen accumulated during -1 minutes ("3.5 spin) and the

contours, drawn by means of a spline-interpolation

technique, represent counts in a logarithmic scale (3, S,

10, 22, 47, 100, 300, 1000 etc). Notice the well defined

peak at an energy of *3.0 keV/q and an M/q=4. This peak

falls directly on the mass/energy dispersion line( broken

line) which traverses the H+ and He2+ peaks. The dispersion

line indicates equal bulk velocities for all ions. The

figure also shows that ions with M/q greater than 4 were

present. The mass resolution was, however, in this case not

sufficient to unambigously identify these elements. Notice

that the time in Figure 2 is given in MT (MT-UT+3 Hours).



It seems very difficult to invoke anything but He+ as the

cause of the M/q=4 peak in Figure 2. Most other candidates

(eg 0** + , Si 7 + and Fe1***) can be eliminated directly on

basis of their low abundance at other ionization states.

The fact that we from our rather limited data set (22

cases) have such a clear He+ event, is astonishing in view

of the rareness of previous observations.

With the assumption of Maxwellian velocity distributions

we may estimate the solar wind parameters in the above

event as: V-370 km s"1, TH"1.3«10 5 K, THe+»2.5»10
5 K,

THe++w2.2»105K. The relatively high temperatures for the

ions may be attributed to the fact that 5 minutes before

the instrument was changed into the high data rate mode

(7.39 UT) a crossing of an interplanetary shock front was

observed. Notice that at such temperatures («105 K) a peak

at E/q = 4(E/q)n+ cannot be resolved with an electrosta-

tic analyzer solar wind experiment. Before the shock front

crossing the solar wind parameters were: V"»31O km s~l,

TH+»5»10"* K, THe++-10
5 K. At that time, however, the

PROMICS-2 instrument was operating in a mode providing no

information about the He+ ions.

The percentage of He2+ in the post-shock solar wind was

quite high (He2+/H+*0.18), indicating a possible

correlation between high He + and He+ abundances. We will

later see tnat such a correlation does not seem to exist.

Figure 3 shows another solar wind case plotted in the same

way as the previous one. Again we may see that the mass

peak falls on the mass/energy dispersion line, this time

indicating a velocity of 390 km/s. The He+ peak is not as

appreciable as in the previous case, but it is yet fairly

easy to resolve from the other neighbouring ion

constituents (eg Si8+, Si6+, Si5+ and Fe l 0 +). The ridge or

plateau interconnecting M/q=4 and M/q=2 indicates chat

other constituents such as Si8+ or O 5 + (open circle) were

present as well. The mass resolution is unfortunately too

low to clearly determine the ion constituents.



This case differs from the previous on%r in may respects.
The temperture is much lower and the He2* content is closer
to the "average" solar wind content (He2+/H+"0.05). The
He+/He2+ ratio is, however, yet quite high (1.0 ± 0.2%).
This suggests that a high He+ content dbes not necessarily
require a high alfa to proton ratio.

In total 22 data taking periods with high data rates in the
solar wind have been analyzed (14 with -7 minute periods).
A few other cases could also be added, but then the solar
wind bulk velocity was too high and an identification of
solar wind He+ was not possible (energy of peak exceeding
5.2 keV/q). In about half of these cases, ions with M/q«4
were identified as He* - the percentage ranging from "0.3
to 3.4% of the alpha-particle content. In the other half
there were either not significant counts in the M/q«4
channel or simply not possible to identify an M/q«4 peak
due to high contrates in neighbouring mass channels.

Figure 4 summarizes our observations by showing the
He+/He2+ percentage (count ratios in mass peaks) versus the
He2+/H+ percentage. Each point represents ratios given
during a data accumulation period ranging from «7 minutes
to "30 minutes. The vertical bars represent statistical
errors in determining the He+/He2+ percentage. The statis-
tical error in determining the He2+/H+ percentage is
usually so small that the error bars fall within the exten-
sion of the dots.

Pilled symbols represent cases which we have identified as
He4* events whilst open symbols represent cases which were
doubtful or not significant. Broken line at 0.1% gives a
fairly conservative "background" limit caused by a He 2 +

tail. Notice from Figure 4 that we have 6 cases with
He+/He2+ percentages exceeding 1.3%. These cases were
regarded as very significant, the contours in the E/q,
M/q-plane strongly suggesting a separate He+ peak as
Figures 2 and 3 show (the latter "only" having a percentage



of 1.0%). All observations of solar wind He+ were in fact
made during January-February 1981. The main reason for this
was that the line of apsides of Prognoz-8 after March 1981
passed the terminator and went into the tail region with
few solar wind encounters. Another reason was simply that
the majority of the high speed data taking periods in the
solar wind where taken when the line of apsides pointed
towards the Sun. However, we cannot exclude the possibility
that these two months were "favourable"» although such a
conclusion would be too presumptuous.

An important result from Figure 4 is that there was little
correlation between the He+/He2+ and He2+/H+ ratios. Thus,
the presence of He+ in the solar wind does not seen to
depend on the alpha-proton ratio. In fact our 22 examples
show a considerable span in alpha-proton ratios, from
0.088% to 26%.

The most controversial conclusion which can be drawn from
Figure 4 is, however, that He* ions may be much more
abundant in the solar wind than previous measurements have
indicated. We believe that the main reason for the very few
observations reported up to now is that the combined mass
and energy resolution has been insufficient in solar wind
measurements, most of them performed by means of energy per
charge spectrometers. The events published, were indispu-
table because of their very outstanding feature in the E/q
spectrum which mainly resulted from a very low temperature
(<2x10l* K). In fact none of our cases could with a reason-
able significance be identified as He+ events based on E/q
measurements only. Common for all cases were that the tem-
perature was either too high or the percentage too low to
give an unambiguous identification in an E/q spectrum. In
view of this, one may expect that previous investigations
about enhanced abundances of He+ in the solar wind
(>2.5x10~6) were mainly made for very special, low tempera-
ture, solar wind conditions. Moreover, it may even be that
the probability of finding He+ is considerably higher when-
ever the solar wind temperature is "sufficiently" high. The
latter will be the subject of a future paper.



It should be noted that we cannot completely exclude the
possibility that in the events where the He4 percentage was
less than 1%, the peaks at M/q«4 as measured by PR0GN0Z-8
can be due to 0** + , Si 7 +, S 8 + or Fe1"* ions. Most of these
ions, however, should be present with a high (or higher)
abundance of other ionization states (other M/q) which
would either smear out the M/q»4 peak or completely

' dominate over the M/t;«4 component (eg 0 5 + and 0 6 + ) . The
' very variable nature of the "sidelobes" around M/q»4 is

rather an indication of a masspeak not being related to
other masspeaks in the M/q-range » 3 - 5 .

3. Discussion

As have been mentioned already, only three events associ-
ated with He+ ions in the solar wind have been reported in
the literature before. In 1982 the Los-Alamos group once
again analyzed their solar wind observations for the period
from 1972 to 1980 by the IMP-7, 8, ISEE-1, 3 satellites
(Zwickl et al. 1982). Two more events were observed on
December 1 and 4, 1977. The first event coincided with the
"piston" observation in the solar wind and the second one
was associated with a "Non-compressive density enhancement"
(NCDE). The authors emphasized that only three events with
He+ were observed during 7.5 years, i.e. each case of He*
observation is a unique event and all occurred in one year
during a period of activity growth in the 21st solar cycle.

It has been known for some time that mass motions in the
solar corona (transients) with a sufficiently high energy
release (eg in a strong solar flare) can form a shock wave,
or, if the energy is not sufficient, can produce an NCDE in
the solar wind (Gosling et al. 1977). The passage of the
shock wave usually rises the temperature in the plasma
behind the front. Often in 10-14 hours after the front has
passed, a tangential discontinuity is observed which sepa-
rates the hot shocked plasma from the "cold" gas in the
piston. This gas generally has a higher density of helium
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ions (Hirshberg et al. 1970) and is characterized by un-
usually low temp ratures of protons and electrons (Gosling
et al., 1973 and Montgomery et al., 1974). Such plasma
characteristics can be explained by closed magnetic struc-
tures ("magnetic bottles"), drifting together with the
plasma (Gosling et al., 1973, Montgomery et al., 1974 and
Burlaga et al., 1981). The temperature depression is gener-
ally explained by a magnetic cut off because of the closed
magnetic field topology (Klein and Burlaga, 1982).

Recently observations of accelerated He+ ions (their energy
reaching several MeV) have been discussed in relation to
the composition of charged particles generated during solar
flares (Hovestadt et al. 1981). By analyzing the charge
state of helium in the energy range 0.66-1 MeV/nucleon for
the three strongest flares during 1978 and 1979, Hovestadt
et al. (1981) showed that the relative content of He+ ions
was several orders of magnitude higher than the expected
one. For the flares on September 23, 1978, June 6, 1979,
and September 15, 1979, the ion content was (7±3), (11±3)
and (18+5)%, respectively, and the average charge state for
the energy range 0.5-1 MeV was (1.55±0.03), (1.92*0.03) and
(1.86+0.03). The anomalously high content of He+ ions
implies a fairly low temperature of the source (T«105K). On
the other hand, the high content of the charge state of
other observed elements (carbon, oxygen, iron) implies that
its temperature is high. So, during the ac deration pro-
cess in the corone, where temperatures are likely to reach
*2.5x106K, cold chromospheric plasma is probably ejected
out through the corona by protuberances from flare regions.

We may therefore conclude that the measured solar wind
characteristics do not completely agree with those expected
on the basis of acceleration of ions in solar flares.
Anomal" 3ly high contents of He* ions in the solar wind are
of o':i':je rare events. On the other hand, the relatively
high abundance of these ions among the flare accelerated
particles, at least during strong flares, is obviously
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fairly common. This contradiction with previous measure-
ments may result from the fact that the analysis of the ion
mass composition of the solar wind have primarily been made
with electrostatic analyzers, which impose a restrictions
on the possibility of extended solar wind ion composition
probing. Indeed, the analysis of mass spectra with electro-
static analysers can only be made when the fluctuations of
the solar wind velocity are very small, and when the plasma
temperature is rather low. These conditions (Feldman et al,
1974) are satisfied for the cold plasma in the "piston"
which is connected with interplanetary shock waves, or
during undisturbed periods of slow high density low
temperature flows imbedded between high speed streams.

Feldman et al., 1974, also discussed the possibility of in-
terstellar neutral helium as a source for He+ in the solar
wind. Although apparently already rejected as a candidate,
this assimilation mechanism might be worth considering
again, at least as a source for cases with low He+ abun-
dances. According to Fe)dman et al., 1974 ionized inter-
stellar neutral helium may contribute with He+ ions at a
rate corresponding to a proton to He+ density ratio of at
least «2.6x10-5 (for N(H+)«5 cm" 3). The assimilated He+

density should also be seasonal dependent and maximize in
January. The latter agrees remarkably well with our finding
that the highest He+ abundances were found at the end of
December (after launch) and in the beginning of January,
but our material is not yet sufficient to prove it statis-
tically. One major problem with the interstellar helium
mechanism is the very low ratios predicted. Our examples
give ratios which are one to two orders of magnitude higher
than the minimum value calculated by Feldman et al., 1974.
Another problem is the quite variable nature of the He*
source, the density of He+ varying by more than an order of
magnitude in e.g. our December/January examples (see
Figures 2 and 3). The latter problem may be understood in
terms of a variable wave-particle interaction process which
is responsible for the assimilation of He+ in the solar
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I wind. This may then also explain the very few observations

I of He+ in the solar wind - E/q in composition studies

I requiring an "undisturbed" solar wind or else quite unusual

I solar wind conditions.
I

I The perhaps most likely explanation for the existence of

I high He* densities in the solar wind is, however, that

"cold" chromospheric plasma is carried through the hot

solar corona in "magnetic bottles", as have beer suggested

by e.g. Gold, 1959, Montgomery et al., 1974, Schwenn et

al., 1980, Gosling et al., 1980, Burlaga et al., 1981 and

Zwickl et al., 1982. This may occur both during flares and

during "transients" (mass ejection from the chromosphere

and corona, see e.g. Gosling et al., 19*73, Hildner et al.,

1975 and Sheeley et al., 1980). The advantage of the latter

mechanism is that it may provide substantially higher He+

densities than the interstellar helium assimilation

mechanism is able to do.
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Figure Captions

Figure * Ion mass spectra demonstrating the instrument
response of the Prognoz-8 (PROHICS-2) solar wind
ion composition spectrometer for ions of four
different M/q:s. The data was aquired during
periods when the abundance of "neighbouring" ions
was very low compared to the ion component
studied. Dashed curves in the He* and He2* peaks
give the calibrated mass response at a fixed
energy.

Figure 2 Isointensity contour plot of solar wind ion
count rates in the M/q and E/q plane. The count-
rates were accumulated during «7 minutes («0.8 s
per mass-energy channel) on December 30, 1980
(10:44 MT * 7:44 UT). The contours represent
logarithmic levels of accumulated counts (>3, 5,
10, 22, 47, 100, 300, 1000 etc). Dashed, in-
clined, line indicates equal bulk velocities for
all ion species (-370 km/s). The He* peak (397
cts) is marked by a dot on the mass/energy dis-
persion line.

Figure 3 Isointensity contour plot (same format as for
Figure 2) for solar wind ions on January 8, 1981
(8:52 UT). Dots and circles along the dispersion
line give examples of ions (e.g. Si 5 +, Si 6 +,
Si 8 +, O 5 + and O 6 +) with M/q near 4 (interpreted
as He*).

Figure 4 Scatterplot of He2+/H+ and He+/He2+ percentages
for the 22 solar wind study cases. The percen-
tages were deduced by simply taking the ratio
between counts at the mass peaks. Error bars for
the He+/He2+ percentages mark the statistical
error. Black dots mark events which were regarded
significant (in terms of He+ identification).
Open symbols represent doubtful cases or cases
which were statistically insignificant. Broken
line represents a conservative estimate of He*
background due to He 2 + (-10-3).
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Figure 1 Ion mass spectra demonstrating the instrument
response of the Prognoz-8 (PROMICS-2) solar wind
ion composition spectrometer for ions of four
different M/q:s. The data was aquired during
periods when the abundance of "neighbouring" ions
was very low compared to the ion component
studied. Dashed curves in the He* and He2* peaks
give the calibrated mass response at a fixed
energy.
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Figure 2 Isointensity contour plot of solar wind ion
countrates in the M/q and E/q plane. The count-
rates were accumulated during -1 minutes («0.8 s
per mass-energy channel) on December 30, 1980
(10:44 MT * 7:44 UT). The contours represent
logarithmic levels of accumulated counts (>3, 5,
10, 22, 47, 100, 300, 1000 etc). Dashed, in-
clined, line indicates equal bulk velocities for
all ion species («370 km/s). The He+ peak (397
cts) is marked by a dot on the mass/energy dis-
persion line.
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Figure 3 Isointensity contour plot (same format as for
Figure 2) for solar wind ions on January 8, 1981
(8t52 UT). Dots and circles along the dispersion
line give examples of ions (e.g. Si54, Si6*,
Sia + , 05+ and 06+) with M/q near 4 (interpreted
as He+).
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Figure 4 Scatterplot of H e 2 V H + and He+/He2<f percentages

for the 22 solar wind study cases. The percen-

tages were deduced by simply taking the ratio

between counts at the mass peaks. Error bars for

the HeVHe 2* percentages mark the statistical

error. Black dots mark events which were regarded

significant (in terms of He+ identification).

Open symbols represent doubtful cases or cases

which were statistically insignificant. Broken

line represents a conservative estimate of He*

background due to He2+ (»10-3).


