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Abstract. The abundance of *He in the present day local interstellar cloud (LIC) and in the sun has
important implications for the study of galactic evolution and for estimating the production of light
nuclel in the early universe. Data from the Solar Wind lon Composition Spectrometer (SWICS) on
Ulysses is used to measure the isotopic ratio of helium (*He/*He = I) both in the solar wind and
the local interstellar cloud. For the solar wind, the unique high-latitude orbit of Ulysses allows us
to study this ratio in the slow and highly dynamic wind in the ecliptic plane as well as the steady
high-latitudewind of the polar coronal holes. The*He* /*He* ratiointhelocal cloud is derived from
the isotopic ratio of &)ickup helium measured in the high-speed solar wind. In the LIC the ratio is
foundto be (2.48’_“8:22) x 10~* withthe 1-o- uncertainty resulting almost entirely from statistical error.
In the solar wind, I is determined with great statistical accuracy but shows systematic differences
between fast and slow solar wind streams. The slow wind ratio is variable. Its weighted average value
(4.08 £ 0.25) x 10~* is, within uncertainties, in agreement with the Apollo SWC results. The high
wind ratio isless variable but smaller. The average I in the fast wind is (3.3 & 0.3) x 107*.

1. Introduction

Knowledge of the isotopic ratio of helium in the local interstellar cloud (LIC) and
in the outer convective zone (OCZ) of the sun has importance for cosmology and
stellar evolution (e.g. Geiss and Gloeckler, 1998). We obtain the present day 3He
abundance from the isotopic analysis of pickup helium, using a longer averaging
period than in our previouswork (Gloeckler and Geiss, 1996). The helium isotopic
ratioin thesolar wind, Mgy = 3He' " /4He™ ™, providesagood and reliable sample
of (]He+ 2H) in the protosolar cloud some 4.6 Gy ago (Geissand Gloeckler, 1998).
Here we determine gy for various solar wind flow conditions both in the fast,
high-latitude, and in the slow, in-ecliptic wind using SWICSUIlysses data from
1991 to mid-1997. Previous studies (Geiss et al., 1970; Geiss et al., 1972; Coplan
etal., 1984; Bochsler, 1984) were based on datataken in the slow solar wind during
several yearsof relatively high solar activity. Using the 6.5 years of SWICS datawe
determine the dependence of I'gy on solar activity and solar wind characteristics
such as its speed, and FIP strength based on the Fe/O ratio. From this analysiswe
find the base-line value of the solar wind 3He™+ /4He™ ratio with good precision.
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2. The3He/*HeRatioin the Local Interstellar Cloud

The orbit of Ulyssesand the low background capabilities of the SWICS instrument
(Gloeckler et al., 1992) madeit possibleto discover and study many of theinterstel-
lar pickup ions (Gloeckler et al., 1993; Geisset al., 1994). Interstellar pickup ions
are created deep inside the heliosphere through ionization of interstellar atoms(e.g.
Gloeckler et al., 1997a; Gloeckler and Geiss, 1998), and provide new information
on the elemental and isotopic abundance in the local interstellar cloud.

The local interstellar cloud *He/*He ratio, ' |c, is derived from the measured
velocity distributions of interstellar pickup helium isotopes (Gloeckler and Geiss,
1996) asillustrated in Fig. 1. Becausevirtually all physical and instrument parame-
tersthat are used to determine the pickup ion distributionsfor 3Het are the same as
for “Het, ' ¢ reducesto theratio of counts divided by theratio of probabilities of
detecting the two helium isotopes respectively. The only possible other systematic
correction comes from the ratio of the anisotropy factors. However, because the
distribution function anisotropy of pickup*Het+ wasfound to be the same (within
errors) asthat of “Het (Gloeckler and Geiss, 1998) it is reasonable to assume that
the 3Het anisotropy (which has a rigidity between that of “Het* and *He") is
also equal to that of “He™.

Becausepickup *He™ hasvery low abundance, long accumulation times and the
most stringent coincidence conditions were necessary to positively identify these
ions. The mass/charge (m/q) histogram of ions of masses between 2 and 6 amu
and W (ion speed/solar wind speed) from 1.6 to 2 is shown in the top panel of
Fig. 2. Since singly-charged helium ions are absent in the solar wind, especially in
this speed range, the identification of theseions as pickup ionsisvirtually certain.
These triple coincidence data were accumulated during a 40 month period in the
high speed solar wind (>700 km/s) in order to increase counting efficiency of
3Het. Despite the low count rate the peak at m/q of about 3 (due to 3Het) is
wel| separated from the two neighboring peaks (pickup *“He™ * and *He™) and well
abovethe residual small background of less than one count in three years.

The distribution function of 2He™ (divided by 2.4 x 10~%) is compared to that
of *He™ in the bottom panel of Fig. 2. These spectrawere averaged during all times
when Ulysses was in the high-speed solar wind of both the south and north polar
coronal holes. Within the statistical errors the five point 3He™ is the same as the
4He' distribution (solid curve) averaged over the same time period reinforcing the
casefor the correct identification of interstellar 3He™. Theinterstellar 3Het /4Het
ratio obtained by |least-squares (x?) fit from the ratio of the two speed distributions
i$2.48 x 10~*. The 1-0 statistical uncertainties (y2;, + 1) are +0.63 x 10~* and
—0.57 x 10~* and systematic errors are estimated to be +0.25 x 10~4. Our present
value, derived from a more extended data set than was used in Gloeckler and Geiss
(1996), is dlightly higher than our previous ratio (Gloeckler and Geiss, 1996), but
well within the statistical errors of both measurements.
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Interstellar number density of atoms with massm, p,,

® Om :Fm/q(WaRaO)/ o dem/q(wa9a¢)
inst
W = ion speed / solar wind speed Vg
R, © are spacecraft position coordinates, © = 0° isaong motion of solar system
Integration over instrument view angles

Measured velocity distribution of pickup ions with mass per chargem/q
L4 Fm/q(VVa R, O) = CinS({rm/q(Ra e)/77rn/q(I/V)}W/vi4

Cing = instrument factor
Tm/q = count rate of pickupion
Nm/q = count efficiency of pickupion

Velacity distribution of pickup ionsin the solar wind frame as a function of
w=W— VSW/|VSW|

L4 fm/q(wa 97 ¢) = (3/87r)w73/2{(ﬁm/q,prod)(Rg/R)} X
{N(wv R, @7 5m,|OSS/V0)}{G(>‘m/q7 07 ¢)}

Bm/q,prod = rateof pickupion production by photoionization and charge exchange

~ of atomof massm,
Bm loss = ionization loss rate of interstellar atoms of mass m

R3 = (LAU)? = (1.5 x 10" cm)?
N =normalized (N = 1 in LIC) spatial distribution of interstellar atoms in

heliosphere
Vo = relative speed of the interstellar cloud and the Sun

G = anisotropy function of the pickup ion velocity distribution

Am/q = pitch-angle scattering mean free path

Interstellar 3He/*He density ratio = ' |c ~

o Faer (W)/Faper (W) = {r3(W)/ra(W) {na(W) /ns(W) :{G(Xa)/G(As)

Figure 1. Computational steps relating the number density ratio of helium isotopes in the local
interstellar cloud to the phase space density ratio of the corresponding helium pickup ion in the
heliosphere. Because the distribution functions of “He™ (especially *He™) can only be measured ina
limited portion of phase space, model velocity distributions in the solar wind frame, f(w, 8, ¢), are
used to fill in the missing portions of phase space.
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Figure 2. Top: Average triple-coincidence count rate density of ions selected to have masses between
2 and 6 amu and speeds W between 1.6 and 2 versus mass/charge (m/q). The*He™ peak at m/q = 3
is well separated from the two adjacent much larger peaks a m/q = 2 and 4 from pickup *Het ™
and *He™ respectively. Triple coincidence is required to measure both mass and mass/charge of the
ion (Gloeckler et al., 1992) and to reduce background sufficiently to see the *He™ peak.

Bottom: Phase space density, scaled by (438/Vsw)*, of “He* (open circles) and *He* divided by
2.4 x 107*, (filled circles) versus W. The similarity of the two spectra is evident despite the large
statistical errors for *Het. Below W = 1.6 the triple coincidence efficiency for *Het becomes
extremely small, and above IV = 2 no *He™ was detected, consistent with the sharp cutoff of pickup
fon spectraat W = 2 (eg. Gloeckler ""”8|Gc?'e’fé%99t8?e'x; 7/06/1998; 8:31; no v.; p.4
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3. The3He/*HeRatiosin the Solar Wind

Unlike pickup ion distributions which are broad and have a cutoff at W = 2 (e.g.
Gloeckler and Geiss, 1998), the solar wind velocity distribution is narrow and well
represented by a kappafunction in the solar wind frame.

fw) = foll+ (w/0)?/k]~ "+ D
Vin = (1—1.5/k)"Y%9 2
w = |(Vion — Vsw)!|/|Vsw| (3)

The isotopic helium density ratio in the solar wind, Mgy = 3He' " /4He™ ™ is
derived from the respective integrated phase space densities of these isotopes as
indicated in Fig. 1. However, because the full distribution functions are measured
(unlike for pickup ions), knowledge of the shape of the distribution functions is
not required and sy issimply equal t0 (Napg+ /Nager+) X ((Mapet+ /M3Het+))-
Here N+ and Nayer+ are the total countsin a given time period of the two
isotopes respectively and ((nape++ /Maner+)) iSthe averageratio of efficienciesfor
these ions at the average measured solar wind speed for that period.

3.1. ANALYSIS

The solar wind I" sy may be obtained from the SWICS datain anumber of different
ways (Gloeckler et al., 1992; Bodmer, 1996). However, each method used requires
knowledge of the corresponding efficiency ratio at the appropriate speed for these
helium isotopes. Unfortunately, preflight calibration with 3Het* could not be
obtained and thus 3Het+ efficiencies for the SWICS/Ulysses instrument were not
determined. In this analysis we have therefore used amethod that is least sensitive
to our lack of measured 3He** efficiencies. We use data requiring only double
coincidence efficiencies which (a) vary little with solar wind speed, (b) can be
determined (for “He™ ) from flight data, and (c) are nearly equal for 3Het+ and
4Het+ at the same speed (as indicated by measurements with the SWICS spare
instrument as well as model predictions).

The ®He™* counts (averaged over a given time interval) are obtained directly
from the SWICS pulse-height (PHA) data corresponding to double-coincidence
(i.e. time-of-flight) selected to have m/q between 1.42 and 1.60 amu/e and mass
(m) less than 5 amu. When plotted against Waye+—, the speed of 3Het* divided
by the solar wind speed, a distinct peak is aways seen in the counts spectrum
at Wager+ = 1, indicating measurements of solar wind 3Het*. Because the
maximum count rate corresponding to *He*+ was always low, no corrections for
PHA event saturation were required. That is, all 3He™* detected were registered
as pulse-height events. However, abackground correction resulting from spill-over
from thefive orders of magnitude more abundant solar wind protonswas necessary.
This correction reduced 3He™+ counts primarily below Wse++ ~ 0.95. The total
reduction in the integrated counts, however, was smaller than 10% in all cases.
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A selection similar to that used for *He™+ could not be used for “Het* because
its high count rate resulted in substantial pulse-height saturation. To correct for
this, we used the unsaturated triple-coincidence *Het+ rate MR1 (Gloeckler et
al., 1992) counts and multiplied these by the ratio of double-coincidenceto triple-
coincidence PHA counts selected for “Het*. The PHA selection used for double-
coincidenceeventswas: m /g between 1.76 and 2.53 amu/e, and m between 2.6 and
5.6 amu aswell asmass-0 (no energy) events. Thetriple-coincidence PHA datahad
the same m/q and m selection applied to it asrate MR1 (1.571 < m/q < 2.521
and 3.56 < m < 5.13).

3.2. RESULTS

Using the method described above we have analyzed twelve time periods varying
in length from 1.5 days to 310 days both in the slow in-ecliptic as well as the fast
coronal hole solar wind. The count rate densities of 3Het+ and “Het for two such
periods are given in Fig. 3. In the top panel the long-term average in the steady,
fast (779 km/s) solar wind of the north polar coronal hole shows identical shapes
for the count density distributions of the two helium isotopes. The average solar
wind I"sy for this high-speed period, computed from the ratio of the integrated
counts from the kappafits (eq. 1) to the distributions, was (2.88+0.03) x 104, the
lowest value observed in the twelve periods analyzed. Essentially the same result
(Fsw = (2.854+ 0.04) x 10~%) was obtained from the ratio of the sum of counts
in the four W bins (0.95 to 1.05) with the highest counts.

The bottom panel of Fig. 3 is a plot of the count rate density distributions of
the solar wind helium isotopes during a relatively unperturbed period in the slow
solar wind (437 km/s) near the ecliptic. The distributions of both isotopesin the
slow wind are narrower than in the fast wind and the “Het+ spectrum is slightly
broader than that of 3Het+. Theisotopic ratio computed from the kappafits (same
value of kappa is used for both distributions) is sy = (3.92 & 0.07) x 10~ In
addition to the statistical errors a systematic error (estimated to be +6%) due to
acombination of uncertaintiesin the ratio of efficiencies, ((nape++/MHer+)), and
background correction (for 3Het) is assumed for al solar wind helium isotopic
ratios given here.

4. Discussion and Conclusions

Our measurements of the solar wind helium isotopic ratio, I' sy, during eleven of
the twelve time periods analyzed here are summarized in Fig. 4. During the 5-day
interval of thetwelfth period (days 168to 173 of 1992) Mgy = (1.1140.26) x 10~
was more than afactor of two higher than the slow-wind average, possibly because
the solar wind *He*+ (and proton) densities were unusually low (30 times below
the ambient values). During the in-ecliptic portion of Ulysses' trgjectory (days 145
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Figure3. Average count rate density versusion speed divided by solar wind speed (W) for *He*+ and
SHe™ (multiplied by the factor in parentheses) in ahigh-speed (779 km/s) solar wind from the north

coronal hole (top panel) and alow-speed wind (437 km/s) intheecliptic plane. T'sw = *He' * /*Het+
iscomputed directly from theratio of total counts obtained by integrating the kappafunction fitsto the
respective distributions. I'sw measured in the coronal hole wind is lower than in the slow in-ecliptic
wind.

to 545 since 1991) SWICS sampled the highly turbulent slow wind over radial
distancesfrom 3.2t0 5.4 AU. Themeans of theratiosin this slow wind are variable
but tend to cluster around 4.15 x 104, avalue close to the average ratio (indicated
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Figure 4. Solar wind isotopic helium ratio, Fsw = *He' * /*He**, measured during selected time
periods with SWICS on Ulysses. In the slow, in-ecliptic wind time periods I'sw is variable with a
weighted sl ow-wind average of (4.08+0.25) x 10~*. Inthe high-latitudefast wind of the polar coronal

holes (shaded region) I'sw has its lowest values. Sorting the coronal hole data by the measured (with
SWICS) vaue of the solar wind Fe/O ratio suggests adependence of I sy on Fe/O. Time periodswhen
Fe/lOisat its lowest level (filled circles) have the lowest I'sw. Except for the shortest time periods,
errors shown are due primari Ig to uncertainties in the ratio of double-coincidence efficiencies of the
helium isotopes. Ref. 1isthe *He™+ /*Het* value reported by Geiss et al. (1970; 1972) and Ref. 2
the average ratio given by Bochsler (1984).

by thebox labeled Ref. 1) obtained by Geisset al. (1970; 1972) using foil collection
techniques on the moon. Our other slow-wind average ratio was measured during
the 270 day period in 1997 near 5 AU when Ulysses was again at low latitudes
(see a'so bottom panel of Fig. 3). The solar wind was relatively quiet at this near-
minimum phase of the solar activity cycle. Our valueof sy = (3.924:0.25) x 10~4
in the slow wind in 1997 (day ~ 2300 since 1991) is well within the limits of the
Geiss et al. (1972) average, but outside the error limits of the ratios reported by
Bochgler (1984), shown as the box labeled Ref. 2, and especially by Coplanet al.
(1984), both results obtained with the ICE instrument on | SEE-3. Variahility of the
3Het* /4He™ * ratio in the Slow wind has been noted previously (e.g. Geisset al.,
1970; 1972), and recent results (Gloeckler et al., 1997b) indicate unusually high
ratios (M'sw ~ 6 x 1073) in Coronal Mass Ejections (CMES) near solar minimum.
The time-weighted average of all the slow wind data presented here gives a value
for Mgy of (4.08 £ 0.25) x 104,

In the fast wind of the polar coronal holes (shaded region) we obtained low I gy
ratios. In four of the six time periods (filled circles) we measured the lowest solar
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wind Fe/O (i.e. lowest FIP ratio) of the entire Ulysses observation period. The other
two time periods, had a distinctly higher FIP (Fe/O) ratio although not nearly as
high asin the slow wind. The average 3He™ * /*He™ " ratio of the four lowest FIP
periodswas (3.1640.25) x 104 and of the six fast wind periods (3.34-0.3) x 104,
in reasonable agreement with the lowest value obtained by Bodmer (1996) using
SWICS data in the polar holes. Combining our lowest solar wind value with the
(model-dependent) upper limit for the photospheric 3He/*H = 2.3 x 10~° deduced
from gamma-ray spectroscopy of solar flares (Murphy et al., 1997) we obtain a
photospheric *He/*H = 0.080 + 0.006. Thisis in remarkable agreement with the
definitive helium to hydrogen ratio of 0.084 obtained from helioseismology.

While it is clear that the high-speed coronal hole wind has a lower I'syy than
the in-ecliptic slow wind, the reason for this difference is not obvious. The solar
wind 3He* " /4He™ ™ may decrease with solar activity (the fast wind periods were
near solar minimum of the present cycle). Theresults shown in Fig. 4 aso suggest
a correlation with Fe/O which is an indicator of strength of the FIP bias of solar
wind elemental abundances. Lower values of gy in the fast solar wind are also
observed by Bodmer (1996), although the variation with speed is complicated. It
is clearly important to study more thoroughly the variabilities in the solar wind
helium isotopic ratio and to find the causesfor it.

Based on six years of SWICS/Ulysses data, we have established that the
3Het* /4He™* ratio in the fast wind is definitely lower than the average slow
wind ratio. Such asystematic difference was not found in the earlier work based on
ICI/ISEE-3 (Coplan €t al., 1984; Bochsler, 1984) and SWICS/Ulysses data (Bod-
mer, 1996). The differenceis not entirely unexpected because of basic differences
in the acceleration dynamics of the slow wind and the fast streams (cf. Geiss and
Gloeckler, 1998). However, the difference is surprisingly high, and this may be
due to unrecognized admixtures into slow wind averages of plasma parcels with
anomalously high 3He™ " /4He™™ ratio as those found by us during days 168173
or in CME plasmas. Thus, simple averages of 3He™ ™ /4He™ " ratios in the slow
wind have to be corrected for such a bias when deriving the OCZ value.

The OCZ value of 3He/*He of (3.8+0.5) x 104 given by Geiss and Gloeckler
(1998) is based on the ratio measured in both the slow wind and the fast streams. If
at alater time, an improved theoretical understanding of the dynamicsin the solar
wind source region confirmsthat helium isotopes are much less fractionated in the
fast streams than in the slow wind, the 3He™ /4He™ ratio in the OCZ could best
be derived from the fast wind data alone, and thiswould lower the OCZ value. For
example, if further study confirmsthat the fast stream plasmawith the lowest Fe/O
ratio isthe most representative of the OCZ, the 3He/*Heratio of (3.8+0.5) x 10~4
in the OCZ would be lowered by 10 to 15%.
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