General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



NASA

Technical Memorandum 85049 |

INTERPRETATION OF 3He
VARIATIONS IN THE SOLAR WIND

M. A. Coplan
K. W. Ogilvie
J. Geiss

P. Bochsler

JUNE 1983

National Aeronautics and
Space Administration

Goddard Space Flight Center
Greenbelt, Maryland 20771

(NASA-TH~85049) INTERPRETATION QF 3He N84~ 13065
VARIATIONS IN THE SOLAR WIND {NASA) 45 p
HC AO03/HMF A01 C&CL 03B

Unclas

G63/82 42563



R~ ¥

D o

B

INTERPRETATION OF SHE ABUNDANCE VARIATIONS

IN THE SOLAR WIND

Institute for Physical Sclence and Technology
University of Maryland

K. W. Ogilvie
Goddard Space Flight Center
Greenbelt, Maryland

P, Bochsler
J. Geiss
Physikalisches Institut
University of Bern



ORICINAL PAGE 19
OF POOR QUALITY,

ABSTRACT

The ion composition iInstrument (ICI) ‘on ISEE~3 has observed the isotopes
of helium of mass 3 and 4 in the solar wind almost continuously between
August 1978 and July 1982, This period included the increase towards the
maximum of solar activity cycle 21, the maximum period, and the beginning of
the descent towards solar minimum. Observations were made when the solar wind
speed was between 300 and 620 km a"l. For part of the period evidence for
regular interplanetary magnetic sector structure was clear and a number
of 3He flares occurred during this time,

The long=—term average “aett/3ue™ flux ratio <®>, was 2050 + 200, in
agreemept with a previocusly reported result ¢btalned using part of this data
get, and in very good agreement with the previous measurements made over much
shorter periods of time with the foil technique. The <R> values for 6-month
intervals show statistically signiflcant differences. The highest of these
values 1s 2300 and Zoincides with t:.he solar maximum of cycle 21 indicating
that' at solar wmaximum 't:here may be changes 1In the character and rate of
occurrence of short~term variations in <R>. We also find that <R> drops
under conditi-ns of low proton flux in the solar wind, and that it is high
when solar wind speeds are lowest.

At solar wind speeds above ~400 km s,'l R> 1is nearly constant at about
2000; at lower speeds it 1Is larger and more variable, in agreement with th:
idea that the sources of high and low speed wind are different. At times of
sec;:or‘boundary current sheet crossings, 1dentified with coronal streamers,
there {8 a characteristic rise in the value of <R> 1indicating an encounter

with a plasma with reduced e tt

4He+‘- 3He-H'

abundance. Autncorrelations have been

computed for and Z’He'H'/:iHe'H'

) and may indicate a correlation

time of about 14, 20 ' and 20 hours respectively. Periods of duration of
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about one day when R 48 less than 1000 tend to coincide with the
observation of compound streams.
The possibility of detectable increases in e flux in plasma which

left the sun at the time of 3He flares has baen jnvestigated, but no

significant increase was seen.
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INTRODUCTION

8ince the first observations (Neugebauer and Saydar, 1966), the abundance
of helium in the solar wind has béen known to be highly variable, tut the
reasons for this variability have not been firmly estahlished. Almost all
systematic observations were of Z‘He'H', however the d{on composition
instrument (ICI) on the ISEE=3 spacecraft has now made continuous observations
of both ‘get™  and 3gett for a wide range of solar wind conditions. In
this paper we discuss these obsgervations, with a view towards learning more
about th:a phenomena which govern the abundance of ions in the solar wind.

In the 1960’s, it became possible to identify a noble gas component in
meteorites as being due to Iimplantation at low energy. It was correctly
argued that this component'ia made up of trapped solar wind particles, and
isctoplc ratics for noble gases inm the solar wind including helium were
deduced (Zahringer, Hintenberger‘et al., 1965; Eberhardt et al,, 1965a,
1965b; Wanke,1965), which are remarkably close to the ratios that were later
directly determined.

Bame et al., (1968) were the first to detect 3pe*t directly in the
present-day solar wind flow and found that rather large wvariations in
the “'He."H'/3HeH' ratio do occur. A set of precise bge™/3He™™ ratios in
the solar wind were determined by the foll collection method during five
Apollo lunar landings (1969-1972) covering periods ranging from one hour to
two days (Gelss et al., 1972),

A solar wind 4Fle"‘*'/31~le+'+ ratio has also been obtained from lahoratory
analyses of the noble gases in a plece of the Surveyor spacecraft that was
brought back to earth by the Apollo 12 crew (Bihler, et al., 1971; Warasila

et al.,, 1974), The results obtained-~representing irradiation by the solar

wind over several years—-were somewhat higher than the results from the foill
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collection experiments, However, the He/Ne ratip in the Surveyor material
indicates that a porfilon of the helium may have been lost by diffusion,
introducing a source of error for the z’He/’aﬂﬁ .ratio deduced from that
material.

Both the 1long term average abundance of 3He and 1its short period
variations, due for example to interplanetary and solar events, are of
interest for at least three reasons:

1. A comparison between present~day foil collection data and studies of
solar wind noble gases in young and old lunar material indicates that the
abundance of 3pett in the solar wind has increased in the last
4,5 % 109y (Eberhardt et al., 1971; Geiss, 1973). However, the average
ratio <R> = (4ﬂe'H'f1ux)/(3He++ flux) has dropped at most by 15% during the
last 3 30 4 x 109y, and this provides a quantitative check on theories of
golar mixing (Schatzman and Maeder, 1981; Geiss and Bochsler, 1982), Since
only a limited uumber of exposures was used for determinations by the foil
collection experiments, a value of <R> obtained over a longer perlod is
desirable in owder to obtain a representative long term average for the
present—~day solar wind, and check for consistency with the Apollo foil
results.,

2, Asguming that the relative abundance Z‘He'H'/H"' in the outer
convection zone of the sun is the same as that in interstellar material, that
is 0.08 # 0.0l (Audouze, 198l) and taking the canonical value of fpett in
the solar wind to be 0,045 % 0,005, the value given for‘the fast solar wind
by Bame et al., (1977), we see that bpett g definitely depleted in the
rather steady flow out of coronal holes. It has been argued (Geiss, 1982)
that this depletion of rett by a factor of about two in the solar wind from

coronal holes occurs near the solar surface by a charge=neutral separation
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processes, and that this is a result of the high ionization potential of
helium. ‘

The l‘He'”'PHe"'" ratio in a solar prominence has been determined by Hall
(1975). The value obtained was 2500 t 2gg8 to be compared to 2350 % 120
as measured in the solar wind by the Apollo foil experiments (Gelss et al.,
1972)., Even if we assume that the isotopic ratio in the prominence was
repregsentative for the outer convective zone, we note that the error on the
first figure 14s so large that it 1s not possible to determine by direct
comparison whether l‘ﬂe"H' is gystematically depleted relative to BHe'H' in
the solar wind. Since’ the ignization potentials of 3He and l‘He are
virtually identical, such depletions would be entirely due to the difference
in mass of the two isotopes.,

3 sﬁe'H', present in concentrations of a few pariy ... 105, is a true
test particle in the solar wiad, unlike I'He'H'. v“"zicﬁcarries too high a
proportion of the‘total momentum flux to fulfill this role, At the same
time, Hett 18 eagsily and cleanly 1isolated by the ICI mass spectrometer
because it 1s the only species in the solar wind with a' M/Q value between
one and two. The 3He”H' ion 1is thus particularly well suited for use as a
diagnostic particle.

The 'preseni: investigation hag been carried out both to arrive at a value
of [*He4+/3He”H' = <R>, averaged over a period of four years, and to study
variations of <R> over perlods between hours and months. The ISEE-3 orbit
about the Lagringlan point between the sun and e‘arth combined with the
properties of the ICI ensure that 3He'H' can be measured almost continuocusly
under most conditions in the solar wind: the most important exception is for

flows with speeds in excess of 620 km s”l. In a previous publication

(Ogilvie et al., 1980a) we presented preliminary results based upon
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observations made between August and Novembur, 1978 and March and August,
1979, The overall abundance ratio, <R> was 2,1 % 0,2 x 103 for that
period, 1in agreement with the measurements made using the foll collection
technique {(Gelss, ot al.,, 1972). This paper vreports both results of
observations for extended periods, and observations of the behavior of the two
helium ions associated with inteféscing changes occurring on the sun and in
the interplanetary medium. These provide evidence for the dimportance of
coulomb interactions and for the occurrence of fractlonation processes in the

golar corona.

INSTRUMENTATION

The design, construction, and calibration of the ICI have been described
by Coplan et al., (1978) and its modes of operation have been described ln
several publlications of the group (Ogilvie et al., 1980a, 1980b; Runz et al.,
1983), Here we merely state that a M/Q spectrum over the range from 1.4 to
6.0 18 observed with a resolution (M/AM) if 20 to 30 every 30
minutes, during periods when the solar wind speed falls between 300 and 620
km s"l, which 18 =90% of the Uime during the period studied here. The
spectra are typically recorded at wseven ;elccity intervals centered about the
solar wind velocity. The resolution 1s sufficlent to measure et (M/Q =
1.5) in the presence of the much larger fluxes of protons and ettt M/Q =
2). Correction for the instrumental background is discussed 1n the next
section.

Since this investigation covers a period of four years, a remark about

i

long term staBility is required. The detectors are channel electron

1010 counts by the end of

the period covered. The present background ccunting rate, 0.2 s-l, does not

multipliers (CEM), and they had recorded less than
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differ appreciably from the background measured in the gpdblar wind soon after
launch, The construction of the detector housing Incorporates two grids in
front of the detectors; the first one 4is grounded and the second one is
maintained at the potential of the CEM input to ensure that all secondary
electrons are collected. Periodic checks were performed to monitor the
counting efficlency by changing the CEM voltage and observing the counting
rate, These checks indicate that the propertles of the detectors have not
rhanged, and since most of the results concern the ratio 4He++/3He++, it is
unlikely that long term changes in the instrument have influenced any of the

variations discussed here.

DATA REDUCTION

In the normal mode of operatione, M/Q=velocity sgcans are routinely
obtained twice per hour., After correction for instrumental background and
detector dead time are made, the solar wind (heiifum) speed is calculated from
parabolic fits to the data from the 4He""" searches and scans, after
weighcing the counts -with the inverse fourth power of the corresponding
velocity to converg them to quantity proportional - to the distribution
function. The 4He'H' temperature and density are then calculated by fitting
to the data a maxwellian velocity distribution function convected at this
gspeed and convoluted with the measured instrument function. Because of the
low flux of 3He++ fons, their bulk speed 1s not determined separately but is
taken equal to that ‘f AHe++; the 3He++ temperature 1s assumed to he
3/4 of the 4He'H' temperaturiz. These assumptions have been tested for these
two ions and are generally satisfied (Dgilvie et al,, 1980b). Various tests
are Incorporated in the reduction program to; eliminate dJata of questionable

vallidity, with the result that the uncertainty in an Iindividual flux ratio
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R mainly results from the statistical uncertainty of the datt £lux,
typically =25%X. The ‘pett flux determination has a statistical uncertainty
of a few percent. Because both helium isotopes are taken to have the same
speed, flux and density ratios are the suw, The average quantity <RD,
which 18 the sum of l,!lie'H' fiuxes divided by the sum of Bt fluxes, is
directly comparable to the result of the foil collection method, in which
helium atoms implanted in the foil are later released by heating and analysed
by laboratory mass spectrometry.

Figure 1 shows how t;he relative sensitivity of the insirument to 3He'H'
and l‘HeH' ions varies with solar wind speed; note that the sensitivity is
uniformly grater for 3ge™  than for “He'H', and the ratio varies smoothly
between 1.6 and 2.8 with solar wind speed.

As an example of the observations, Figure 2 shows a plot of the
measured SHe't flux, ["He"H' flux, and abundance ratio ccvering the period
from August 18 to December 27, 1978, Hourly average values are plotted, and
the data gaps crossed by straight line segments. This periéd was typlcal in
that an almost complete time series of observations was obtained. Superposed
on the point-to-point 3pett fluctuations, are slower variations which are
seen to correlate well with those of the 4‘He'H' flux, whose statistical
fluctuations are too small to be seen in Figure 2. It is clear that many of
the variations shown in the lower trace in Figure 2 are svatistically
significant, and represent real physical changes in the isotoplc constitution
of the solar wind. However, bec#ise the dynamic range available for 3pett
measurement is smaller than that for AHe'H' measurement, ratlo changes caused
by reductions in the 3He'H' flux must be carefully examined. O;x the right~
hand side of the top trace in Figure 2 there 1s a scale of counts, giving an

approximate measure of the number of counts which go into the dgett flux
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¢atermination; “de™ flux levels below 107 m™?%s™! are characterized by
signal/noise ratios less than unity, fluxes above that lavel are relatively
accurately determined.

The wuncertainty in R has both inatrumental and statistical
contributions. Among the Iinstramental countributions are czlibration
uncertainties, detector noise, and detector dead time. The calibration
anertaincies are those associated with the determination of the sensitivity
ratiog plotted in Figure 1, From an analysis of the calibration procedure we
astimate that the curve in Figure 1l i{s accurate to 10% or better over the full
range of solar wind velocities, Detector noise 1s of the order of 0,2
count/second and has remained ssnstant throughtout the 1ife of the
expevriment, Datector dead time corractions are routinely applied and are only
significant for, the highest bgett fluxes which generally occur at low solar
wind speeds,

Since the background co;mt rate {8 not negligible compared to
the 3He'H count rate,'the value of R depends directly upon an accurate
knowledge of the background. For the present determinations, a separate
background was obtained for each M/Q=velocity spectrum by averaging the counts
in the M/Q channels (M/Q = 1,45 and M/Q = 1.56) adjacent to that
for He™ (M/Q = 1.5).

As an example take a typical case with 15 net 3He++ counts and a total
background of 3 counts, The statistical uncertainty is /18 + 3 = 4,6,
Under some cilrcumstances the statistical uncertalnty is considerably larger
and we have rejected all data where the ratio of net 3He++ counts to net
background counts is less than 0,5, in addition td rejecting all data where
the background exceeds five times the normal detector background., Periods
having high background usually coincide with solar particle events, during
which high energy particles can penetrate the spacecraft and stimulate the

detectors directly.
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TABLE 1
Number of Rayp Correlation Sun Spot
Periods Qbservation QK> Coefficlent Number
78b 1871 1970 1200 o Th 104
79a 2529 1920 1200 .70 126
79b 1921 1950 15§0 75 153
80a 603 2300 1500 .68 160
80b 1461 2080 1500 73 148
8la 2545 2050 1500 .69 140°
81b 1951 2230 ° 1500 73 140
82a 1627 2100 -~ 1400 65 128
TOTAL 14508 20504200 1500 .72
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In this section of the paper we descrihe our observations of et
abundance averaged over the whole four year period, which includes the maximum
of solar cycle 21 in 1980, For covenience we have divided this period into
eight intervals ranging sn length from 100 to 184 days. The gaps in the data
were due either to spacecraft tracking problems, solar proton events, or
operation of the {nstrument in a mode in which observations of BHe'H' were
not made,

Since large values of R can correspond to small et fluxes, the
background correction is especially important., Althnugh we have excluded large
solar proton events from the data the presence of small events could increase
the uncertainty im R for those periods. However, the method used to
determine the backpround, togeti.er with our policy of rejecting observations
with sigyil«noise ratio less than ,0.5, reduces the effect of such small
events v, the total data set.

Figure 3a shows a histogram of the distribution of values of R derived
from the whole data set, The average value, <R> = 2050 % 200, agrees
extremely well both with the value of 2100 & 200 obtained from the shorter
data set (Ogilvie, 1980a) and with the results of previous determinations
of e abundance in the solar wind, nsing the foil collection technique
R> = 2350 + 120 (Gelss et al., 1972). If the histogram of the total set is
redrawn as a weighted distribution, using the He™ count as welght for each
individual observation, the most probable and average valy@gs remain the same,
well within the error given, while the "tail"” towards high values of R is
reduced.

Figure 3b shows a histrogram of 1/R (3He++/aﬂe++), iacluded to

emphasize the distribution of small values of R,
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In Table I the observations of R are divided into eight roughly equal
perlods of six months duration. These cover the four year inthyrval from
August, 1978 through Jure, !982, and their relationship to the solar activity
cycle is showt by the smoothed sun spote numbers in Table 1. We see that
during the four years the sun spot mumber rose from ~100 to a maximum of
160 4in period 1980a, and then decreased to ~130 again., The value of
&> deduced from the 14,508 observations with signal-to-noise greater than
0,5 and beckground less than five times normal, is 2050 + 200, The
rejection criteria were chosen as a way of eliminating data »f questionable
validity; however, since they also selectively eliminate low dgett flukes,
they may have the effect of introducing a blas into our sample. The criteria
are thus a compromizz between the inclusion of unreliable data cn the one hand
and the introduction of blas into the data set on the other., The largest
value of <R> over a six month interval is 2300, slightly more than one
standard deviation above the overall value. This was measured during the
perind when solar activity was at {ts maximum. The variation between the two
periods near sblar meximum, when the sun spot mumber was ~150~160, and the
earlier and later periods when the sun spot mumber was 110~120 gives a
measure of the variability of <R> with solar activity. Although the effect
is small, some events assoclated with solar activity, and the¢refore more
common near solar raximum, apparently cause 1increases i1in the d4is=otopic
ratio AHeH'/3He"H' in the solar wind. Comparison of the present data with
monthly averages of Ap (Suglura, private communication, 1983) indicates no
significant coincident variations in the two quantities.

Figure 4 {s a contour map of the correlation between the logarithms of

the fluxes of 3He++ and 4!-le'H'. Because the uncertalnties are mostly due to

the 3He'H' .s,tatistical fluctuations, the observations are weighied by the
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mumber of Y™ counts as explained above. The contour lines connect points
of equal density of weighted observations, and the increments between lines
are given in the figure. The contours are pear shaped; at the higher fluxes
the data lie in a narrow band about a diagonal; at lower f£fluxes the
correlation 1s less strong. This may be Intrinsic or the result of counting
statistics. We have also plotted as single poilnts the results obtained in the
interplanetary medium by the five Apollo foil experiments (Gelss et al.,
1972); clearly, there is good agreement between the results of these very
different techniques. The effect of the measurement times, up to 45 hrs in
the longest Apollo experiment, 1s to smooth the foll data, and that there is

accordingly less variability among the five Apollo observations than for the

ICT data get.

In order to assess the Iinfluence of statistical fluctuatlions we have
investigated a simple statistical model with a constant ratio R = 2300, and
a log-normal distribution of aﬂe++ fluxes centered about a Fflux of

8 x lOlom-zs"I, with a threshold of 35 x 10+7

counts/m?s for “Hel™,

We have convolved the flux distribution Pl(log(4He++flux)) with
Pz(nilog(43e++ flux)), the conditional probabllity to obtain n 3He++
counts at a given 1og(4ﬁe++ flux)s, Since there is a definite relation
between R, n and the bpett flux, we obtain P53 (log R) by a

transformation of variable n to 1leg r and evsiuate the integral
P3(1og R) = | Pl(log(aﬁe flux))on(log Rl(log(aﬂe flux))d(log(aﬁe flux)).

The distribution Pz resembles a log-normal distribution with a tall towards
high ratios, and a most probable value of 2300, The width of the
distribution is 0.2, corresponding to a factor of 1.6 in R, and much

smaller than the width of the observed distfibution. This indicates that
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counting statistics cannot account for the whole of the extreme values of R
in the observed distributfon., Additional uncertainties in the data procedure,
such as errors in ‘the individually determined background correccion?, could
add to the spreading, but not sufficlently to account for all of it. We
therefore conclude again that there are values of R which are considerably
different form <R> as a result of physical causes, and this evidence is
supported by the time—coherence of such values. W

Figure 6 shows the distribution of the whole data set of observations
of R on normal probability paper. This type of plot emphasizes the extreme
values of R  (Gumbel, 1958). If the data were distribﬁted normally they
would lie on a straight line. It is clear that a normal distribution does not
describe the observatiouns wall over the whole range of observed variability
of R. A simple calculatjon shows that, with respect to counting statisties,
the signal/noise ratio is less than 1 when R S 3500. Thus, single vaJ:ues
of R > 5000 are poorly determined, while lower values are relatively well
known. Nonetheless, as already discussed, both high and low valueg usually
represent "real” fluctuations—--those which can be related to changes in the
isotoyic abundance of helium in the solar wind.

In Table I we show the computed values of <R> and the most probable
value Ryp of R for each of the eight sub-intervals, and in Figure 7 we
gshow histogram plots for each of them. The histograms are remarkably similar
within expected statistical fluctuations, except for the perlod around solar
maximum, referred to as 1980a in the data set. Asg suggested earlier, a likely
cause fpr the differently shaped histogram for this period, with a value of
<R> stmewhat 'more than one standard deviation above the overall value of
{R>, 1s a smal: solar activity effect. Table I also shows values of the

correlation coefficlients between the 3He'H' and 4He++ fluxes, calculated
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for each period, There are significant differences among the correlations,
yet the average value of 0.72 indicates considerable coherence between the
fluxes on a time scale of approximately 1 hr, A higher ¢oefficlent of
correla;ion would be expected in the absence of statistical fluctuations,
which are quite large for et 1t ia certainly to be expected that the two
isotopes of helium should behave in the same general way, but that their
behavior sghould sometimes differ because of their different mass. It is
probably not accidental that a locally lower correlation occurs at solar
maximum, indicating that during periocds of Uigh solar activity there are more
corona~assoclated changes, in contrast to changes near the solar surface or
dynamical changes in the interplanetary wmedium, which would be expected to
affect both species 1in about the same way.

Figure 7 shows plots of autocorrelations of the logarithms of the fluxes
of ‘get™ and et and of the 3He**;4ﬂe++ ratio. These are derived from
data smoothed over 3 hours. The correlation time is 14 hrs for 4HeH', and it
is 20 hrs for OSHett and the isotopic ratio. It is remarkable that wez obtain
a larger correlation time for 3He++ than for 4He++, because the
statistical fluctuations in the 3gett data should result in a shortening of
the autocorrelation time, On the other hand, we cannot exclude that the

3He++ . could have lengthened 1its correlation time.

selection criteria for
Nevertheless, we 1like to point out that the difference between the
autocorrelation curves of 3He++ and 4He'H' could very well indicate that
the 4He++ flux shows stronger short-time vartiations than the flux of other

ions.

VARIATION OF THE ISOTOPIC RATIO WITH FLUX AND VELOCITY

Figure 8a shows the et flux in 25 km g™} intervals, it is constant



ot

17
ORIGINAL PAGE IS
OF POOR QUALITY

to 10 percent over the velocity range from 300 to 600 km s”l, Stince
Flux(l’HeH’) - Flux(H+) X Relative Abundance(/’l{e%) ,

and since the flux of hydrogen rises at lew speeds, this 1implies that the
abundance of helium {s less at low than at high solar wind speeds, in
agreement with the ideas of Hirshberg et al., (1972), and Borrini et al.,
(1983).

In Figure 8b we show values of <R> wusing the whole data set exhibited

as a contour plot., Above ~375 km gl

R> 1is nearly constant at about 2000
below that speed there 1is an’apparent rigse to values of order 3000, We now
discuss whether this rise cbuld be due to an instrumental effect.

A possible cause of an apparent change in <R> at low speeds could be
violation of the assumption T(3He++) w 3/4 T(“He++), which 1s made in the
cburae of data reduction. This assumption 1s based on the proportionality of
kinetic temperature to mass, which often holds in the solar wind (Schmidt et
al., 1980; Ogilvie et al,., 1980a). IHowever, coulomb collisions destroy this
proportionality and result in a trend towards a single kinetic temperature for
all species. Such collisions occur predominately at high densities, and thus
low speeds. Since the mass ratio is small, one expects temperature effects to
be small=-calculations confirm this, and the effect cannot account for the
observed change in <R> with velocity. A correction has been made to the
data to remove the variation in instrument function with mass per charge and
velocity. Although this correction is largest at. low speeds, Figure 1 shows
that it is small compared with the effect shown in Figure 8b and 1ts onset is
not so rapid. Thus the increase in <R> at low velocities is difficult to
explain as purely instrumental.

Geiss et al., (1970) have considered the question of the acceleration of

minor {ons into the solar wind as a result of coulomb drag between them and
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the protons in the low corona. They introduced the idea of a minimum proton
flux required to incorporate an lonic species into the solar wind, and pointed
out that the highest minimum flux for elements lighter than iron 1s required
for the acceleration of “He’™, 3He'H', however, requires a minimum flux only
~60% that of 4He'H', not appreciably different from that required for other
ionic specles. The model of Geilss et al., (1970), was extended by Borrini and
Noci, (1979), to non-radial expansion. Hollweg, (1981), used an isothermal
approximation and obtained very similar relations for the minimum fluxes of
thege ilong. Clear evidence of a correlation between the abundance of any
species and the proton flux has not been obtained. This was foreseen by Geiss
et al,, (1970), and is because the solar wind flux 1is a function of many
parameters, and also because material ohserved at 1 AU could be a mixture
from various flow tubes connected to various coronal positions, (Bochsler,
1982), Strictly speaking, the steady-state models investigated by Gelss et
al., (1970), do not necessarily apply to the real solar wind, wheve different
layers in the corona may not have reached the steady state equilibrium.
Because the isotopes of helium differ ounly in mass, many effects which
would cause variations with solar wind flux of the abundance of a single ion
do not affect the variation of the ratio R. Thus it is wortéwhile to study
the variation of <R> with the flux of protons in the solar wind, illustrated
for the present data set in Figure 9. The proton flux was obtaimed from the
ISEE~3 data pool tape and the histogram shows the number of observations in
each flux interval. There 1s a tendency for high ratios to coincide with high
fluxes, and 1low ratios with the lowest fluxes, although there are few
observations in the lowest category. This 1indication that low values of
®R> coincide with low proton fluxes provides substantial evidence for the

importance of coulomb collisions 1in the acceleration process, and 1s
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consistent with the suggestion of Geiss et al., (1970), that et requires

significantly higher fluxes to accelerate into the solar wind than 3He++.

DATLY AND BOURLY VARTATIONS

The variability of the relative density of byett ions in the solar wind
has never been adequately explained (Neugebauer, 1981) although it most
probably has 1its origin in the acceleration processes. Variations over
periods of hours and days are pronounced in the 3He++ and in the 4He"'+
flux. For example, Grunwaldt, (1976), describing observations made by the
plasma Instrument of the HEOS 2 spacecraft, reported a 48 hr. period of
particularly low solar wind speed (<300 km/s) during which the value of R

the reduction in the AE_++ flug. Tha

irn

remained at about 540 as a result o
histograms in Flgures 3 and 6 show that such a value of R is not
exceptional, and we have shown that the flux Sﬁe++ varies more at low than
at high speeds; however 48 hou;s is a long period of time for sﬁch a
deviation from the most probable value to persist.

In studying variations on a daily or hourly time scale with the present
data set, for which the 4He'H' flux 1s much |, better determined than
the Smett flux, we will not attempt to interpret gross correlatiomns, but
will measure variations of the 34e™ flux at times close to the occurrence
of known variatioms of the 4He++ flux,

One well documented variation of this class 1s that observed when the
spacecraft passes through the solar equatorial current sheet at a sector
boundary. 'The current sheet is identified by Howard and Koomen, (1974) and
Gosling et al., (1981) with the crossing of a coronal streamer, within which
there 1s dense, slowly flowing plasma having a low helium abundance, na/np,
observed at the same time as the magnetic field reversal.
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Borrini et al., (1981) have made a superposed epoch analysis of proton
density, velocity and temperature, and helium abundance, temperature ratio and
velocity difference at 74 well defined sector boundaries from the Los Alamos
Imp 6, 7 and 8 data set., They found that the helium abundance (l’He++
predominately) dropped sharply at the time of the boundary crossing. The
temperature ratio also showed a drop from ~5 to ~3. They interpreted their
result as a coronal‘signal, providing evidence for gravitational fractionation
in the corona, in agreement with the interpretation of helium enhancements in
the driver gas of flare assocliated interplanetary shocks. Such enhancements
are generally believed to characterize 4He'H'-rich material from the lower
corona expelled into the interplanetary wmedium as a result of the £lare
process (Hirshberg, 1970). Borrini et al., (198l) hypothesized that the
abundance of ﬂeiium decreases with height in the solar corona, and becomes
fixed at a greater height in a streamer than elsewhere. If this is true one
‘might expect that the ratio R = n¢*Eet) /a1 /(nPHet)/n(h™)] would show
a change as the boundary is crossed, since at that point the streamer is being
sampled.

We have investigated this matter using observations taken at the times of
17 clear sector boundary crossings in 1978, 1979, and 1981, taking zero
epoch as the time of boundary crossing as given by the magnetometer
(Interplanetary medium data book, supplement 2, 1983). 1In o;der to reduce
statistical errors, we have included both stream—associated and stream-free
events Iin our data set, The results are shown in Figure 10, wﬁere we.plot
the 4He++ flux, and 3He++ flux and the ratio R for #3 days about the
zero of time. Borrini et al. show, in their Figure 7, that the proton density
increases by approx. 3.5 times around zero time, while na/np decreases from

4,5 to 3 percent. Thus the helium density increases by about 2.3 times,
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and the flux by about 2 times over its value prior to the sector boundaxy
crossing, in agreement with the plot in Figure 11, At the zero of time
both be™  and ?’He'H' fluxes {ncrease, the latter by a smaller amount so
that R dincreases to ~4000., Note also the similar increase of R in the
low speed region preceding the boundary crossing. Althdugh of limited
accuracy, the obnservations discussed here are in agreement with the overall

=l shown in Figure 9.

rise in <R> at gpeeds below 360 km s

We now consider occurrences of periods of abnormally low values of R,
defined for our purposes as sustained observations of R < 1000. We have
gearched the data set, 1in the form of plots of solar wind gpeed, et
density, R, and byett temperature, and find that in 15 out of at least 19
cages, such decreases of R were associatad with streams having two velocity
maxima, probably compound streams (Ogilvie and Burlaga, 1974). Figure 12
shows four examples of the effect; at the time of the second velocity maximum,
there 1is a drop in I'He'H' density, so that the drop in R results from a

3ge™ than in [‘He'H'. We have been unable to explain

smaller decrease in
this effect as instrumental, A more quantitative study will be required to
understand the causes of these variations, but meanwhile we point out that the
interaction of two high speed flow systems may be involved, and that the
variation might therefore be produced in the corona.

We now consider the question of whether the 34e™  abundance in the
solar wind is affected by the occurrence of so called 3he flares. These are
small solar flares, which cause the observed flux of 3He'H' in the
MeV/nucleon energy range to be increased by as much as 103 (Hgieh and
Simpson, 1970, Garrard, et al., 1973; Reames and von Rosenvinge, 198l), There

are sometimes colncident Iincreases 1in the Fe/He ratio at MaV/nucleon

energies, Theories of this effect have invoked both muclear reactions and
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heating of 3gett by waves, excited by an inmstability in the coronal plasma,
which}xeuonate with the cyclotron frequency of 3He++, (Fisk, 1978), 1If
either of these processes change the compasition of material in the solar wind
acceleration region, a change of 3He'H' flux might be detectable at 1 AU at
an appropriate time after the flare. Using a list of e flares observed in
the energy range 1,3 to 1.7 MeV/nucleon, kindly supplied by D, Reames
(private communication, 1982) seven events were selected for which there was
s coincident solar proton enhancement. Taking ty; and tys as the

beginning and end of the ith evant we caleulated the ratios

£, =T £, =T
12 £2
@y = 1 1 w1 T et

where T 1is a lag time with the values =4, =3, =2, ..., 43, +4 days. T = 0
corresponds to the beginning of the flares plus 3 days, the transit time of
the solar wind. 1If the process responsible for the enhancement of e at
MeV energles also, for example, enhanced 3He™ 1n the solar wind, we would
expect a decrease in‘ R> at T = 0, Figure 13 shows the results; although
there is a small decrease in <R> at about the expected lag time it is less

than the standard deviatieon of the observations.

CORCLUSIONS

We have showa that the long term average AHe++/3He++ ratio 1s in good
agreement with the average derived from the five foll collection experiments,
and that there 1s’a small variation with solar activity which appears to be
significant. Both increases and decreases of R, resulting from events on
the sun and in the Interplanetary medium, do occur, and their frequency of

occurrence appears greater near golar maximur than near solar minimum.
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Overall, the fluctuations in the disotopic fluxes are only moderately well
correlated (0.72), Part of the lack of perfect correlation is due to
counting statistics with cthe remainder associated with real physical
fluctuation. Because of this and the properties of the distributions, we
conclude that statistical fluctuations due to the low SHet™ counting rate
are not primarily responsible for the long tails above in the histograms shown
in Figure 3, but that there are real though poorly deterwmined fluctuations.
Investigating the variation of R with solar wind speed iindicates that R
remaing more nearly constant above than balow ~l;00 km s‘l‘» Bame et al.,
(1977) showed that the high speed solar wind is different fron the low speed
wind, whose source regions are less certain, and in some respects more.
fundamental. According to this picture (Hansen and Koomen, (1974), Borrini et
al., (1983), the source of most of the low speed‘'wind 1s coronal streamers.
Figure 9 therefore confirms that the abundance of helium 1s lower at low
speeds thaﬁ at high apegds, and indicates that the abundance of 3H;4+ * drops
more than that of helium “He™ at these times. Not all the high speed solar
wind observed here was assoclated with coronzl holes, however, as the present
data was taken in relatively disturbed conditions around solar maximum, while
the observations of Bame et al, (1977) were taken during the years of
decreasing solar activity, 1971-1974., Taking our wvalue of <R> at high
speeds flows (1900 + 200] and the Bame et al. value for na/np, of 0,045
.005 we obtain a Me™ relative abundance of 2.4 0ﬂ2 x 1073 in these
tlows.,

Autocorrelations were computed for the logarithms of both the et
and et fluxes, and the results show that the correlation times are
consistent with the expected dimensions of sources ﬁf particular "parcels' of

solar wind which rotate with the sun past the subspacecraft point.
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Wa have also found that there are periods of low R, at the time of
coumpound streams, which are associated with drops in I‘He'H' flux., Because
of the correlation with streams, the low R  values could be due &9
interactions in the interplanetary medium and not from changes at the source.

Turning to shorter period variations, we have investigated the changes
in  pett at magnetic sector boundary crossings. Using the results of
Borrini et al,, (1981) and making a superposed epoch analysis, we find an
increase in <R> with a maximum just before the boundary crossing. At the
sector boundary crossing the rise in “He'H' flux {s greater than that of
the 3pett flux. .The Lnéreaae of R occurs throughout the period of low
speed adjacent to the crossing.,

Figure 10 shows the varlation of <R> with proton flux for the subset of
data for which proton parameters are availablle from the ISEE-3 data pool
tape. Dirpct investigations of a correlation between proton flux and the
abundanqe of .4He++ in the solar wind have been unsuccessful because of the
many Interfering phenomena which affect the measurements. However, the
abundance ratins are less subject to difficulties of this nature and the
reéulc shown in Figure 10 provides indirect evidence that coulomb coellisions
with protons are important in the acceleration of 4He""", and presumably
other 1ons, to form the solar wind. This does not explain the general
increase of <R> at low speeds, Figure 9, since although high proton fluxes
occur at the lowest speeds, the 4He++ flux does not increase af low
speeds; <R> changes because the 3gett flux drops.

The sector boundary observations also show that the increase in the
proton flux is "accompanied by an increase 1in aﬂe++ flux; there 1is less

change in the 3get flux. We suggest that the AHe'H' flux is coantrolled by

the acceleration mechanism, which draws flux from a reservolr, possibly
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provided by gravitational fractionation. The 3pett  flux 1s controlled by
the characteristics of the source, which is different for low speed and high
speed solar wind. At low speeds <R> risey (Figure 9), the 4Hc++ flux
changes little but the 3He++ flux falls to a value similar to fthat observad
at a sector boundary.,

These results suggest that bt 1o definitely anomalous, both because
it has a lower coulomb drag per unit mass, and because it is subject to mass
fractionation. 3He*+. on the other hand, appears to be easily removed from
the corona by common solar wind proton fluxes, but its aupplx to the slow
solar wind may be restricted compared to the supply to the fast wind,
Following ideas »f Pneuman and Kopp, (1970), Borrini et al., (1983) have
suggested that all slow solar wind comes frpm coronal streamers, Since the
values of <R>, 3ge™  flux and ‘me™ flux are the same within the present
uncertaintiess for streamers and for slow solar wind, this suggestion cannot be

ruled out and should be investigated further.
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FIGURE CAPTIONS
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The ratio of the agensitivity of tne ICT to 3He++ and 4H3++
ions as a function of the Lonic velocity; data from laboratory
measurements.

e™™ flux, bae™ flux and  “mett/ue™  flux ratlos for the
period August l8-December 27, 1978, The data are hourly averages
with data glps spanned by straight lines.

Histo,ram of the log of the flux ratios 4He++/3Ha++ for the
whole data set. The average value <R> = 2050 % 200, A
Histogram of the lnverse flux ratio 3He++/"’He++ for the complete
data set. This histogram emphasizes the data at high 3He++ flux.
Contour map of 1og(f1ux(4ue++)) vs log(flux(3ﬁe++)). The contour
intervals are marked on the figure., Five Apolle observations ‘are
also plotted and adentified by the corresponding f£light numbers
(11-15),

Integral probability of observing a given value of R as a
function of the reduced flux ra” ‘o, R*. A straight line is
indicative of & normal distribution, Data is shown for the whole
data set, open circles, and for period 1980a, dota.

Histograms of the distributions of R  wvalues for the eight
periods detailed in Tabie I.

Plots of auto=correlations of log flux(®He’™)  log flux(PHe™)
and logd‘He++/SHe++) vs time lag, The quoted correlation times
correspond to the times at which the autocorrelation coefficients
decrease to 0,37 (l/e). |

4He++ flux as a function of a solar wind speed for the full datu

set
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Contours of <R> as a function of solar wind speed for the full
data get.,

R> as a function of proton flux (from ISEE~3 data pool tape).
Superposed - poch analysis for 17 well marked sector boundaries.
Top tracs, R; middle trace, flux (3ﬂe++); lower trace,
flux 4He+43 The zero of time 18 the time of the change in
magnetic fleld azimuth., Both stream assoclated and stream—free
events are included.

Some events during which the value of R decreased to below
1000, Note that all are associated with the leading edges of
compound streams, and coincide with large drops in the density
of 4He’H'.

Superposed epoch analysis for seven ,AHe *flare events. Shown is
the overall value 'of <R> as a functlion of time lag where zero
time 1s the time of the flare plus the solar wind transit time (3

days).
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