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Abstract. The helium gravitational focusing cone has been observed using pickupfité¢ during the solar minimum in

1984 -1985 with the AMPTHRM spacecraft, and again in more detail from 1998 to 2002 with ACE and in 2000 with Nozomi.
Five traversals of the cone allow us to obtain an accurate determination of the ecliptic longitude of the interstellar wind flow
direction, 1 = 74.43°+0.33, while observations of pickup Hé with Ulysses give us an estimate, relatively free of instrumental
systematic uncertainties, of the neutral He densjty= 0.0151+ 0.0015 cm?®, in the Local Interstellar Cloud. From best fits of

the measured velocity distributions of pickup*Hesing time-stationary models we deduce the radial dependence and magnitude
of electron-impact ionization rates that cannot presently be measured, and find this to be an important ionization process in the
inner (€ 0.5 AU) heliosphere. We obtain excellent model fits to the 1998 cone profile using measured or deduced rates and
known interstellar He parameters, and from this conclude that cross-fiéldidn of pickup He is small. Furthermore, we

find no evidence for extra sources of He in or near the cone region. Best fits to the velocity distributiorisawé lébtained
assuming isotropic solar-wind-frame distributions, and we conclude from this that the scattering mean free path for pickup He
in the turbulent slow solar wind is small, probably less than 0.1 AU. We argue that application of 3-D, time-dependent models
for computation of the spatial distribution of interstellar neutral helium in the inner heliosphere may lead to excellent fits of
short-term averaged pickup Heata without assuming loss rates that are significanffigi@int from production rates.
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1. Introduction the Sun (Fahr, 1973). Because He has the smallest ionization

) ) probability (Ruchski et al. 1996, 1998) it is not significantly
The gravity of the Sun focuses interstellar heavy atoms thglyeted even at 1 AU and Hés by far the most abundant in-
drift mlto the inner heliosphere due to the relative motion26 . <tellar pickup ion species at around 1 AU. Thus, the velocity
km s of the Sun through the Local Interstellar Cloud (LIC)istribution (phase space density spectrum) of pickup hies

and concentrates them in roughly a conical region, called e jghest density and the helium pickup ion flux peaks in the
gravitational focusing cone, in the direction opposite or dowR,vnwind direction (Rudiski et al. 2003).

wind of the direction from which they arrive. Interstellar pickup

ions are created by ionization of these atoms as they approachThe helium focusing cone was first detected by EUV
58.4 nm backscattering observations of the neutral interstel-

Send gprint requests toGeorge Gloeckler lar gas (Weller & Meier 1974) and interpreted in terms of the
* Present addressPraxis, Inc., 2200 Mill Road, Alexandria, VA inflow gas kinematics by Fahr et al. (1978). Interstellar He
22314, USA pickup ions were discovered in 1984 with the SULEICA instru-
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et al. 1985a; Hovestadt anddlius 1988), which also madetrometer with post-acceleration and measures the clzmge,
the first scan of the cone with particle measurements possitiiass, speed and arrival direction of ions betwe®6 and
(Mobius et al. 1995). Almost 15 years later the characteristicd00 ke\fcharge. SWICS readily identifies Eléons and de-
of the helium cone could again be studied more thoroughisrmines their velocity distribution or phase space density for
and systematically using a sensitive time-of-flight spectrometarmalized ion speed& = Vign/Vsw (Vion is the ion speed and
on the ACE spacecraft in near Earth orbit at L1 (Gloeckler &%, the solar wind speed) betweef.9 and~5. Fig. 1b shows
al. 1998), and the Nozomi space probe to Mars (Yamamotote time variations of the phase space density of pickup He
Tsuruda 1998). Furthermore, simultaneous observations of theasured with SWICS, averaged over £4N < 2, which
UV ionization rate of He are now available from the Solar EUN6 approximately proportional to its flux. The 1-day averages
Monitor (SEM) in the CELIAS instrument package on SOH@ight violet curve) show large day-to-day variability. The 9-
(Hovestadt et al. 1995; Judge et al. 1997). Here we reportday running average (blue curve) reduces the variability and
some detail on results of these investigations, concentratingsbrows clearly the five He focusing cone traversals and the He
ACE and Ulysses measurements of pickup helium, the mansity change with solar activity. The nature of the variability
comprehensive pickup He data set to date. The results provisiaot well understood, although several causes have been sug-
an independent method to establish the interstellar neutral ¢ested (Gloeckler et al. 1994;ius et al. 1998; Schwadron
distribution in the inner heliosphere. They are part of a coet al. 1999; Gloeckler et al. 2001; Saul et al. 2003). Additional
certed &ort to derive the best current values for interstellar paauses for these variations are also discussed in Sect. 8. The av-
rameters (Mbius et al. 2004) from simultaneous observatiorerage density in the peaks of the cones and the density between
of the neutral gas (Witte et al. 2004), pickup ions (this papegone crossings shows long-term changes, most likely due to
and the EUV backscattering (Lallement et al. 2004; Vallergasblar cycle related variations in the ionization rates.
al. 2004). Figure 1c shows the 2000 helium gravitational focusing
A spacecraft such as ACE will traverse the helium focusirgpne as seen by two spacecraft. The SWKCE He" space
cone once every year with maximum pickup He flux observexthase density (open circles) is reproduced from Fig. 1b. The
around December 5 of each year. The shapes of the picktip Hwzomi measurements (Noda et al. 2001) of kbase space
spectra and the phase, maximum intensity, and time profilesdeisity (solid circles), using a conventional energy per charge
the pickup Hé fluxes in the yearly focusing-cone peaks deanalyzer with excellent angular and energy resolution and low
pend on the physical properties of He atoms in the LIC, sublackground noise, followed the first successful attempt to ob-
as their velocity relative to the Sun, number density and terserve pickup Heon Geotail (Noda 2000; Oka et al. 2002) with
perature, and on ionization processes in the heliosphere, whacsimilar instrument. Careful analysis made it possible for the
most likely have spatial and solar cycle variations (Reki first time to observe pickup He without using a time-of-flight
et al. 2003). Pickup ion spectra may be used to constrain 8pectrometer. Both spacecraft crossed the cone at about the
radial density profiles of the parent atoms and thereby reveaime time, but they did so affffirent radial distances from the
ionization parameters that determine these profiles. Howev@uan. Nozomi was aboutd.0° km further from the Sun than
before this can be done reliably, corrections for oth&eas ACE. While the overall shape of the focusing cone as sampled
that influence spectral shapes must be made. at the two dfferent locations is the samefidirent fine-structure
is observed, which suggests that the density variations may be
2. Measurements of the He focusing cone primarily spatial rather than temporal.
The first measurements of pickup Him the helium focusing 3
cone were made near the solar minimum in 1984 and 1985 with
the SULEICA instrument (Mbius et al. 1985a; Hovestadt &The shape of the pickup Hefocusing cone depends on He
Mobius 1988) on the AMPTE-IRM spacecraftdtfsler et al. interstellar parameters that establish the spatial distribution of
1985) orbiting the Earth. The SULEICA instrument@bius et interstellar He atoms in the inner heliosphere, and on the ion-
al. 1985b) was among the new class of time-of-flight spectromation rates which are likely to have a spatial and time de-
eters developed at that time (see Gloeckler & Wenzel 2001) gsehdence. The only interstellar parameter that can be obtained
was thus able to clearly identify Fléons. Figure 1a shows thereliably and independently from pickup helium measurements
observation of the Heflux during two consecutive crossingsof the focusing cone profile is the ecliptic longitude,of the
of the He focusing cone. Even though the IRM spacecraft spamterstellar wind flow direction. From the average of the posi-
a limited time in interplanetary space beyond the Earth’'s bawns of the peaks of the five He cone crossings (Fig. 1b) we
shock and data coverage was therefore limited, most of the éfgtaind = 7443’ + 0.33. This is in beautiful agreement with
cone profile could be observed. A derived from direct measurements of neutral He with Ulysses
Observations of He pickup ions at 1 AU were resumed(Witte et al. 2004) and from EUV backscattering observations
again in early 1998 with the Solar Wind lon Compositiomith the EUVE satellite (Vallerga et al. 2004).
Spectrometer (SWICS) instrument (Gloeckler et al. 1998) on Measurements of the distribution function of pickup*He
the ACE spacecraft. ACE orbits the Lagrangian L1 point aboahd He™* also provide reliable and independent determinations
200 earth radii upstream from Earth and is always in interplaof the density of interstellar He atoms, especially when made
etary space, thus providing nearly continuous coverage of intever long time periods at distances beyowel AU from the
stellar He. SWICS is an energy per charge time-of-flight spe&un. As described in some detail in Sect. 4, the best value

Interstellar parameters
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Fig. 1. Traversals of the gravitational focusing cone of interstellar helium at and near 1 AU for 1984, 1985, and 1998 — 2002, as observed with
pickup ions. Shown is the phase space density df plekup ions obtained with three ffiérent instruments. The observations with AMPTE
SULEICA (a) were made from Earth orbit, and with ACE SWIQ$ ¢) from L1. The AMPTE observations were limited by the orbit, telemetry
coverage and instrument sensitivity to high solar wind speeds only, thus not allowing any averaging over consecutive days. The cone position i
longitude,A = 74.6 corresponds to DOY 339.75 (Earth crossing of the cone centgriPBservations of the 2000 cone with ACE and Nozomi.

These observations are contiguous and have been averaged over 9 and 15 days, respectively. Nozomi is on an interplanetary trajectory jt
outside 1 AU. (See text for further explanation).

for the interstellar neutral helium density near the terminatidiable 1.Interstellar neutral helium parameters
shock at~100 AU, obtained from the SWICS instrument on

Ulysses using such observations,nigz. = 0.0151+ 0.0015  Parameter Unit Value
cm?, which is again in good agreement with direct neutralgpeedy,) (kmsT) 26.3
He measurements from Ulysses (Witte et al. 2004). For thecliptic Longitude [) ©) 74.4
other interstellar parameters we use results obtained by thgliptic Latitude p) ) -5.22
Interstellar Neutral Gas Experiment (GAS) (Witte et al. 1992)TemperatureT;) (K) 6300%
on Ulysses that directly measures the characteristics of intePensity (i) (cm) 0.01%

stellar He atoms in the heliosphere. The interstellar parameters

we use in all of our model calculations are given in Table 1. = Witte etal. 2004
b present work
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4. Interstellar neutral He density determined from SWICS Ulysses
measurements and model calculations of the 10° T T T ' ' '
velocity distribution of pickup ions — i (a)

The SWICS instruments on ACE and Ulysses (Gloeckler et aE 102? i} He* E

1998, 1992) provide observations of interstellar pickup ion diSe. [ 1997.108 - 1999.108

tribution functions. SWICS on Ulysses as well as on ACE is  10'F Vi, <14 km/s

an electrostatic deflection analyzer, time-of-flight spectrome%‘ :

ter with post acceleration, and thus provides low-backgroung ook

measurements of the madsarge (n/q), mass n) and veloc- :

ity (Vion) Of ions. In each cycle o012 minutes the analyzer -

is stepped through sixty-four logarithmically spaced voltag 107

steps, corresponding to ion energies betweéré and~100 i
keV/charge. 102k Pprod_ph =B loss_ph = 0.96-107

In Fig. 2 we plot the phase space density ofHapper - Bprod_el =Bloss_el =1.93-10°
panel) and H&" (lower panel) averaged over a two year period o . . .
(1997 April 18 to 1999 April 18) as a function d¥, the speed I " " —

Phase SPace D

of helium ions divided by the simultaneously measured solar (b)
wind He speedys,. During that time period Ulysses was nearg 10°F & ;
the ecliptic (average latitude 6f5.94°), near its aphelion of X< 3 He* E
5.4 AU (average heliocentric distance of 5.26 AU) in the slow& - 1997.108-1999.108

3 E
solar wind (average speed of 396 kmt)sat crosswind (92 107

to the inflow direction of the interstellar wind. To minimize % :
interference from solar wind alpha particles, especially in thg 10" £

case of H&*, we excluded data for which solar alpha particle - ¢ ]
had high thermal speed (14 km s?) §
The distribution function, R{) in the spacecraft-frame is & 0" F 3
computed using FY) = 3784 x (m/g)? x (C/€%). Here FV) 9 1 Borod ex = 2-10° 3
is the phase space density in units of kn™®), m/q is the & | o Bross o :096.10,7 S
ion mass in units of amg, e the energy per charge in kg, o 3 /3|OSS*Z| __1' 9310°
and C is the sector-averagedtfi@ency-corrected counting rate R R S , L b
of ions in the appropriaten/q and mass ranges in couf{fis? 0.4 06 08 1 3
sec=voltage step dwell time). The constant, 378.4, includes the W lon Speed/Solar Wind Speed

calculated instrument isotropic geometrical factor and unit con- ) ff h densi f pick
version factors. Energy-dependetii@iency curves were ob- '9- 2- Spacecraft-frame phase space density}-(of pickup He

. . . . . . . (upper panel, open circles) and Hglower panel, solid circles) versus
tained for He ions using preflight calibrations of the SWICS i the ion speed divided by the solar wind He speed. Model curves

struments. The individual 12-minute cycle spectra (raw counfs, .omputed using ionization ratgsgiven next to each model curve

in the appropriaten/q andm ranges pee bin versus 10&))  and interstellar parameters given in Table 1 (see text for more details)
were shifted in log{) to represent a distribution igf that is  a) He* velocity spectrum showing the characteristic sharp fEutear
normalized so that the solar wind He peak is always at 2&eVw = 2, and a suprathermal tail at higher speeds. The best fit requires

The measured ion speed divided by the solar wind sp&d a densitynye = 0.016 cmi® for neutral helium near the heliospheric
then equal tde’/(m/q)}Y/2. termination shock at around 100 Ab) same as Fig. 2a except for

The measured distribution function of H&hown in F|g He'*. The pleUp He* distribution (SO“d bold CirCleS) was obtained
2a, has a sharp cufmearW = 2 and a suprathermal tail. Dataffom the measured total Fiespectrum (solar wind plus pickup Hg
aroundW ~ 0.5 and 0.7 (where mass information, derived frorﬁc’l'd faint circles) by subtracting from it the solar wind dlgtrlbutlon
the solid state detector energy measurement, and thus triple((d,8Eteol curve) EXpreS%?d as ‘hef“v'?_l%f)}“!‘ilkgippa functions of the
incidence analysis are not available) have been excluded B cyor ba oo 10 X1+ tool wope Y1 - + 0024 [1 +

S - aal o) 1%, Pickup He™ is produced predominantly by charge

cause of bgckground contributions from solar wind protons a@@change with solar wind alpha particles. Usingsx@@¢ cr? for
alpha particles. The data gap arowM~ 1 results from re- ihe charge-exchange cross-section (Janev, 1987) and the measured av-
moval of inner source (Geiss et al. 1995; Gloeckler & Geigsage solar wind alpha flux gives a production rate s1@° s2.
1998) He that dominates in that portion of the spectrum.  The best fit to the pickup Hé spectrum is obtained witim,e =

The smooth curve is a model fit to the observed distrib@-0151 cm®.
tion. The model phase space density(\W), is obtained by
starting with the distribution functionf,(R, W), of a given ion
species in the solar wind frame, then applying a velocity trarthe directional geometrical factor of the instrument obtained in
formation to the spacecraft-frame coordinate system and inpeeflight calibrations. Then, the model spacecraft-frame spec-
grating this distribution over the instrument view angles to olrum, F,(W), is computed from the predicted counting rate us-
tain the predicted counting rate of that ion specigg, @ing ing Fn(W) = 3784 x (M/q)?x (Cm/€?).
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The model solar-wind-frame distribution functiof(R,w), Pickup He* is produced predominantly by charge-exchange
at radial distanc® (AU) as a function ofv = Vign/Vmax (Where of neutral He with solar wind alpha particles (Roski et
Vion IS the ion speedjnax is the maximum ion speed in the solaral. 1998), and while its density is only a few percent of the
wind-frame and is equal tdsy, — Vheutralr), Vsw iS the measured far more abundant He its production rate is computed us-
solar wind He speed, and,eura(r) is the radial speed of neu-ing the alpha-particle flux measured with the same instrument.
trals atr = Rw??) is calculated starting with the generalize®ystematic uncertainties, especially in geometrical factors of
form of the Vasyliunas and Siscoe (1976) equation for the camsstruments, are thus significantly reduced, and the phase space

of strong pitch angle scattering, which, for< 1 is: density of pickup H&", as well as the density of neutral He
near the termination shock derived from™ieickup ion dis-
f(Rw) = [L x n(r = RW?) x tributions, are more accurately determined.
AmyVsaVihax The spectral shape of pickup Heis similar to that of H&
Borod-ph X W32 Borog el x W73 (Fig. 2a) and the characteristic citoearW =~ 2 is clearly vis-
[ R R-1 : (1) ible, even in the combined spectrum (solid faint circles). The

phase space density of pickup Heons with speed$V be-

Herey is the expansion factory(= 2 for radial expansion, tween~1.5 and~2 is well determined with small statistical un-
y > 2 for super-radial expansion), afighod-ph aNdBprod-el @€ certainty. Using the charge-exchange production E8y-ex,
the production photo-ionization and electron-impact ionizatiqproduct of the measured average solar wind alpha flux and
rates respectively, at 1 AU. For> 1, f(R,w) = 0. The neutral charge-exchange cross-section) of 20° s, the best fit to
helium densityn(r) atr = Rw?”, is computed using the hotthe data is obtained with a neutral helium density near the ter-
model of Thomas (1978) with the fiset angle”g, defined by mination shocknye = 0.0151+ 0.0015 cn13. Most of the un-
cosf) = Vo- R/ (IVol X |R)) and interstellar parameters given ircertainty results from systematic errors in the cross-section and
Table 1. The vectoW, is the velocity of the interstellar wind poorly known minor contributions to the production of pickup
at a large heliocentric distanceX00 AU) andR is the vec- He** from other reactions. The fact that the best fit to the
tor from the Sun to the point of observation (i.e. position gfickup He distribution function of Fig. 2a gave a somewhat
the spacecraft). Equation (1) incorporates the finite speedhigher value of 0.016 cni is most likely due to a systematic
neutrals at the time of their ionization, which has been demamcertainty in the geometrical factor of the SWICS instrument
strated to have a significanffect on the pickup ion distribution on Ulysses. For all future model computations of pickug He
by Mobius et al. (1999). It also allows for non-radial expardistributions in this paper we will usg;e= 0.015 cn®.
sion (7, wherey = 2 for radial expansion) of the solar wind.
The neutral helium density profile.as a functiorr ¢fadial dis- 5. He* velocity distributions measured
tancg from the Sun) depends on !nters_tellar parameters.(sp.ee(i:multaneously in the crosswind direction at 1
density, and temperature of atomic helium near the termination
shock), on the fiset angle (which requires knowledge of the and 5 AU
inflow direction of the interstellar gas), an(the ratio of radia- Data from nearly identical SWICS instruments on ACE and
tion force to gravitational force), and @ipss-ph andBioss-el (the  Ulysses allow us to determine the Helistributions in the
loss rates of neutral helium). In all of our model calculationgosswind direction (fset angled ~ 90°) at two diferent ra-
of pickup He we use: = 0, interstellar parameters listed indial distances at the same time and thus gain essential infor-
Table 1, assume strictly radial expansign 2) and isotropic mation on ionization processes between 1 aBdAU. This is
solar wind frame distributions, implying small scattering meaéiflustrated in Fig. 3 that shows the 30-day averaged bjsec-
free paths. trum measured by SWICS on ACE (top panel) at 1 AU and

For very long-term averages, as is the case here, it is reg-SWICS on Ulysses (bottom panel) at 5.4 AU. Both ACE
sonable to assume that the loss rate of neutral hejfys, is and Ulysses were atfliset angled of ~90° near the ecliptic
the same as the production rgg,q, of pickup He'. We take plane. Several spectral features are worth noticing when com-
Bioss = Bprod = Bph + Bel, Wheregy, is the average of the daily paring the two spectra (see Fig. 3b where thé Hwdel dis-
photo-ionization rate (at 1 AU) computed from the Mgll lingribution of Fig. 3a, divided by 2.4 is reproduced as the dashed
(McMullin et al. 2004) for the same two year period, ghdis curve). First, the observed phase space density at 1 AU is about
the electron-impact ionization rate whose magnitude and radiafactor of 2.4 higher than at 5.4 AU. Second, the suprather-
dependence were adjusted to fit the observed spectral shapmal tail is stronger at 5.4 compared to 1 AU. Third, the spectral

In addition to the electron-impact ionization rate, the onlghapes are fierent, showing theffects of ionization, in par-
other free parameter was the helium density near the termitiaular that due to electron-impact. Finally, at 1 AU the inter-
tion shock,nye, which was varied until the best fit to the datatellar He pickup ion distribution cannot be measured below
was obtained. In the model curve shown in Fig.13a,= 0.016 W ~ 1.17 because of spill-over from the orders-of-magnitude
cm~3 was used. larger solar wind proton and alpha particle fluxes, which in

In Fig. 2b we display the measured patrticle velocity distrdouble-coincidence analysis where no mass determination can
bution function of Hé&* (solid faint circles). The pickup H¢ be made, completely dominates and obscures the interstellar
distribution function (solid bold circles) is obtained by subHe* spectrum folW < 0.9. ForW between~0.9 and~1.17,
tracting a typical kappa-function representation of the solemer source (Geiss et al. 1995; Gloeckler & Geiss 1998) He
wind alpha spectrum (dotted curve) from the*Heistribution. predominates.
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The model curves are computed as described in Sect. 4 us- — - -
ing equation (1), with: = 0 and the interstellar He parameters ~ 10°F SWICS ACE (a)
listed in Table 1. To model the suprathermal tails of the diss= '

L . . . S [ Interstell
tribution functions, each delta-function shell (ig§#R,w) ata X 103F &:;3:'_'25 E
givenw) is spread according to a kappa function distributiore: 1 _ crosswind
with spread parameters; and k.. The photo-ionization pro- ok Mo 1998055084 ]

duction rates used were obtained from daily values at 1 AQE‘ i 1AU
measured by the SEM instrument on SOHO (McMullin et al.§
2004) and averaged over the same time periods as thepée- %
tra. The other 1-AU rates were adjusted to best fit the respeg - ]
tive He" velocity distributions. The radial dependence of thef- 10°F Bprod_ph =092-107 E

10'F

electron-impact ionizatiorge), is poorly known. However, be- o - Pprod_el =1.80+10° (y=1.0) ]
cause the exponent in the temperature law is found to vary wiﬁ 101E  Ploss_ph =0.96-107 4
heliocentric distance from the Sun to the farthest distarge ( @ © Boss_el =1.60+10° (y=1.0) ;
AU) measured so far (Issautier et al. 1998),is expected to N
have a radial dependence other thaf (see McMullin et al. 10" 09 1

2 3
(2004) and references therein for further discussion of electron- W lon Speed/Solar Wind Speed

impact ionization rates). Here we use, for convenience, a sim-

ple power-law dependence of the fom?2? for e beyond 1 I 1 AU 042y SWICS Ulysses (b) 1
AU. It provides good fits to the observed Heelocity distri- & 10°F ¢(X 2 ] E
butions at both 1 and 5.4 AU and serves the purpose of thg i paEes :,"itcekrjge:_llzf, ]
paper. For the radial dependence below 1 AU we used a lin€ar crosswind |

1998 065-094

combination of ther = —1/3 anda = —2/3 radial dependence 10%E

model fit

of B of McMullin et al. (2004) wherer is the power-law ex- %’ 5.4 AU
ponent of the variation of the solar wind electron temperaturé
with heliocentric radial distanae % 10'F ﬁprod,ph _ 0.95-10'; .
. Pprod_el =1.90+10° (y=0.20) .
Bei(r) = (L= y) x g (1) +y x gz (1) 2 & . W
n Ploss_ph =0.96-107 \
The numbers in parenthesis for thg in the figure give the % 10°F Bloss_el =1.9310°  (y=0.20) ‘ 3
mixing numbersy, that provide the best fit to the data, whereg f Suprathermal /V\\

a value ofy = O indicates a purelg = —1/3 dependence and I PowerlawTail (g ~ -9)
:fl a purelya = t—i/3 _?ﬁzlt_andetnc?. Typ|cda:(:y,iﬂierent ;]/alu?s t 1085 06 07 0809 1 >
of a are associated with filerent solar wind flows, such as fas .

- ’ W lon Speed/Solar Wind Speed
and slow streams (Pilipp et al. 1987, 1990). We may conclude P P
that excellent fits to the observed Hdistributions are possible Fig. 3. Spacecraft-frame phase space densityV)F¢f pickup He
both at 1 and 5.4 AU using measured ionization rates whegrsusW, the ion speed divided by the solar wind He speed mea-
available, and assuming reasonable values for the rates whieied with SWICS on ACE at 1 AU (upper panel) and SWICS on
direct measurements are lacking. Future work using measuk¢pses at 5.4 AU (lower panel) in the crosswind direction, each av-
solar wind electron spectra and Hpickup ion distributions eraged over 30-day time periods indicated in the figure. The spectrum

on ACE and Ulysses should allow us to further constrain ik 2-4 AU was averaged over a slightlyffdrent time period to ac-
. . N . __count for propagation of pickup Hdrom 1 to 5.4 AU. Model curves
radial dependence of the electron-impact ionization rates insjde

Solid curves) are computed using ionization ragEsgiven next to
1 AU, where they are not measured at present, and study t Ah model curve, interstellar parameters given in Table 1, and kappa-

time and spatial dependence. function spread parameters, and, of 0.025 and 2.0 for the 1 AU

distribution, and 0.009 and 1.9 for the 5.4 AU spectrum, respectively

4 . C . . (see text for more details). The tail on the *Heelocity distribution

6. He™ velocity distributions in the focusing cone observed with Ulysses has, in addition, a steep power-law component
atl AU of exponenty ~ —9. Excellent fits to the data are obtained using nearly

. T the same photo-ionization rates, but slightlffelient electron-impact
The shapes of the velocity distributions of Heneasured by rates. For purposes of comparing the spectral shapes at 1 and 5.4 AU,

A.CE f"‘re strongly fiected by ionization proce_ssgs at heIioqeqhe 1 AU model curve, multiplied by 0.42, is reproduced as the dashed
tric distances below 1 AU. In the He gravitational focusingyre in the lower panel.

cone, where the neutral helium density changes by several fac-

tors, shorter time averages, typically of several days, are neces-

sary to explore the structure of the cone. Fig. 4 shows two saamd production photo-ionization rates obtained from daily av-
ple spectra, each averaged over three days, one at the foot otttagies of the 1 AU SEMOHO data (McMullin et al. 2002).
cone at dfset angled = 143 (top panel) and the other at theAs before, we assumed ar?? variation beyond 1 AU for the
peak of the coned(= 173). The model curves are again comelectron-impact ionization loss rai@ess e For the electron-
puted as before with interstellar parameters from Talle10  impact production rategyroq-e1, We used 3-day averages of the

\
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= 10°¢ 't% 3 Fig.5.Radial dependence of the electron-impact ionization rates used
“© i \ 1 in Fig. 4. The solid line at the bottom is a pure® dependence ap-
102F ‘ propriate for photoionization rates. The value in parenthesis next to
2 E each curve is the mixing numbe, defined in equation (2). At 1 AU
@ - the values for all rates used are close t01€*. For computational
3 10'¢ simplicity we adopt a radial dependence proportionattd beyond 1
Q i AU. While the transition to an average®? dependence is likely to be
S 410°F  PBprod_ph=1.30-107 gradual and not sudden as assumed here, this simplified approxima-
) F Pprod_el =1.28+10° (y=1.0) tion to the actual radial dependencesgfis suficient for the purpose
e P of this paper.
& 10'f  Ploss_ph=1.00-107
o 3 ﬂlossﬁel =1.30-10% (y=2.2)
| 0,2' N ‘ fits to the measured spectra are obtained using respective loss
0.9 1 2 rates listed in Fig. 4. Here again the value in parenthesjs is

W lon Speed/Solar Wind Speed the B mixing number defined in equation (2). We note here

Fig. 4. Spacecraft-frame phase space densityW)rif pickup He ver- that values f0|y less than 0 and greater than 1 are po.SSit.)Ie' .
susW, the ion speed divided by the solar wind He speed, measured The radial dependence of the electron-lmp.act |9n|zat|on
with SWICS on ACE at 1 AU at the foot of the cone atset an- 'ate,Bel, used to compute the model curves of Fig. 4 is shown
g|ee ~ 143 (top paneL) and at the peak of the cone @is&t ang|e in Flg 5. Since a.” Of th$e| curves, inC|uding the one corre-
6 ~ 173 (lower panel). Each spectrum is averaged over a 3-day tiraponding toy = O are found to fall & with distancer faster
period indicated in the figure. Model curves (solid curves) are corthanr—2, electron-impact ionization plays an important, if not a
puted using ionization ratgs, given next to each curve and interstelladominant, role in ionizing, and thus removing, neutral helium
parameters given in Table 1 (see text for more details). Excellent figgm the inner heliosphere & 0.3 AU).
_to the data are (_)btained using measured photo-iopizatiop and electron-The deduced photo-ionization loss rates that provide good
impact production rates,. but much smaller photo-ionization loss rates. io the data are lower than the corresponding measured
See text for further details. photo-ionization production rates. These loss rates are more
representative of solar minimum conditions that prevailed ear-
daily rates computed (McMullin et al. 2004) from solar windier, implying that the time-stationary models used here may be
electron spectra measured at 1 AU by the Solar Wind Electrimadequate. Use of time-dependent models in the future could
Proton Alpha Monitor (McComas et al. 1998) on ACE. resolve these discrepancies. In addition, spectra averaged over
As shown in equation (1), pickup Flepectra measured at 1relatively short time periods (days) mayier from the average
AU depend on the radial profiles of the neutral helium densitiue to the still partially unresolved substantial variations in the
at less than 1 AU prevalent at that time. Although the spatigickup ion fluxes and spectra.
distribution of neutral helium is not directly measured, it can The model curves very accurately reproduce the observed
be calculated using assumed He loss rates. For electron-imgattf which in the solar wind frame should be WAty r =
loss rates the radial dependence is again not measured direZty Vieuray Vew, WhereVieurar IS the radial speed of neutrals
and thus must be assumed. The simplest assumption is to tad@puted using ballistic trajectories for zero-temperature neu-
loss rates to be equal to the better known production ratésl atoms under a purely gravitational force. While this may
While this assumption seems to be valid for long-teerBd- not be strictly valid because of the finite temperature of the in-
day) averaged spectra measured outside the focusing cone {@extellar gas, especially in the focusing cone, the excellent fits
Figs. 2 and 3), it does not produce acceptable fits to the 3-d&ythe model curves around the cfitof the measured velocity
averaged He distributions in the He focusing cone. The bedistributions justify this approximation.
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Fig. 6. Three-point running averages of 3-day-averaged phase spagglesg of 90° and 1732° respectively, used to fit the Hespectra
densities from 0.7 to 1.0 timé&&.r from late 1998 to early 1999, and of Fig. 3 and Fig. 4b respectively. The helium focusing cone is most
model calculations averaged in the same fashion. Error bars take isitonounced around 1 AU. The dashed curve is the downwind 2173

account the accuracy in determinifd.yqr. To calculate the model to crosswind (99) density ratio as a function of radial distance.
curve we used 3-day averages of daily valuegfgr computed from

measured photon and solar wind electron spectra at 1 AU. For the

radial dependence (mixing numbers) of the electron-impact loss afshe, as done with ACE, most sensitive for mapping the struc-
production rates and for the photo-ionization loss rates, we used vallig® of the cone. Inside 1 AU the cone ratio diminishes with
obtainepl from linear (in time) interpolations and extrapolation_s of ﬂ}f’ecreasing, being approximately 2 at0.1 AU ( ~20 solar
respective pairs of values listed next to the two model curves in F'g'ré'dii). Below~0.1 AU it is not possible to obtain reliable esti-
mates ofnue(r, 8) from pickup He velocity distributions. We

i i point out that because interstellar neutral He is negligibly af-
7. Model fits to the 1998 focusing cone at 1 AU fected by filtration (e. g. Gloeckler et al. 1997; Izmodenov et

In Fig. 6 are shown 3-point running averages of 3-day—averag@d2003)v the He temperature in the interstellar medium has the
phase space densities averaged from 0.7 to 1.0 tiggy Same value as measured with the GAS instrument on Ulysses,
from late 1998 to early 1999, along with model calculatior@gnd the calculateq dgnsities shown in Fi.g. 7 should alsq be valid
averaged in the same fashion. Error bars take into account @§¥ond the termination shock and heliopause most likely lo-
accuracy in determinin@Veuqr. To calculate the model curvecated at~90 AU and~140 AU respectively in the upstream
we used values fg#,oqmeasured at 1 AU. The electron-impacflirection (Izmodenov et al. 2003).
and photo-ionization loss rates as well as the mixing number,
y that defines thg radial depender_lcqﬁfgﬂosg and pro_ductlon 8. Summary and conclusions
rates were obtained from linear (in time) interpolation or ex-
trapolation using respective pairs of values that gave the bk helium gravitational focusing cone is best studied in in-
fits to the two 3-day averaged velocity spectra of Fig. 4. Aerplanetary space with a spacecraft such as ACE orbiting
discussed earlier, larger-than-expected electron-impact rateghgtSun at 1 AU. Following the first observations of pickup
< 1 AU, which cannot presently be measured, and near-solge* in the 1984 and 1985 helium cone @idius et al. 1985a;
minimum values of photo-ionization loss rates were requirg¢fbvestadt & Mobius 1988; Mbbius et al. 1995), five crossings
to fit these spectra. The model curve provides an excellent fildbthe cone were measured with ACE (1998 to 2002) and one
the data, indicating that cross-fielditision of He' pickup ions  with the Nozomi spacecraft in 2000 (Yamamoto & Tsuruda,
is relatively small, and that these pickup ions seem to faithfuly998). The five cone traversals allowed us to find the eclip-
map the neutral He gravitational focusing cone. It also impligig longitude of the inflow direction of the interstellar wind,
that interstellar helium alone, without other low-speed neutral= 74.43° + 0.33°, which agrees well with other independent
He sources, is dficient to account for the pickup Hemea- determinations of this quantity (Witte et al. 2004; Lallement
surements in the focusing cone of Fig. 6. & Bertin 1992; Weller & Meier 1981, Lallement et al. 2004;
The average radial profiles of the neutral interstellar hgallerga et al. 2004). This very close agreement of better than
lium density,nye(r, 8), during late 1998 deduced from pickup0.5° appears somewhat surprising. Fhgki et al. (1993) had
He" observations are shown in Fig. 7 forffget angles originally concluded that the position and width of the neu-
1732° (downwind) and 90 (crosswind) respectively. It is tral gas cone structure remain preserved since it was believed
interesting to note that the focusing cone neutral He ratithat pickup ions were transported almost exactly radially, based
NHe(r, 1732°)/npe(r, 90°), reaches its maximum value of 5.7 abn the widely held assumption that pitch-angle scattering for
around 1 AU, in agreement with model predictions by Raki pickup ions was veryféicient and the scattering mean free path
et al. (2003), thus making 1-AU observations of the focusirgmall (0.1 AU). However, Gloeckler et al. (1995) found that
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the pickup ion distributions during extended radial interplanaverages of the flux of He(light violet curve of Fig. 1b) are
tary magnetic field (IMF) conditions of the high-latitude, fashot. The cause or causes of the apparently random day-to-day
solar wind near solar minimum were highly anisotropic, whictariability are still a mystery with a number of possibilities pro-
they attributed to a long mean free patti(AU) for pitch-angle posed. Some of the variability may be due to small-scale spatial
scattering. This observation leaddlius et al. (1996) to sug- variations in the density of neutral helium godin the ioniza-
gest that the position of the cone observed with pickup iotien rate, especially the electron-impact production rate, as sug-
may be shifted in longitude and its width increasedbilis et gested by comparison of the simultaneous observations of the
al. (1996) concluded that the strength of the§eats would be 2000 He cone with ACE and Nozomi. The ionization rates are
almost negligible for a mean free path 0.1 AU, but quite also most likely to vary with latitude and certainly with time on
substantial for values aroundlL AU, and that the shift of the all scales. The radial dependence of the electron-impact rates
peak position should be strongest for an IMF direction df 4%ould also be variable fiecting the shapes of the Helistri-
and vanish for 0 and 90. The fact that no significant shift in bution functions as suggested by our observations, and thus the
the position of the pickup Hecone, nor a substantial increaséux.
in its width is observed, is most likely a consequence of a small Among the other causes of the variability may be non-radial
(~0.1 AU) scattering mean free path in the in-ecliptic slow soldr~”, wherey is smaller or larger than 2) expansions of the so-
wind near solar maximum where and when the present obdar-wind on various spatial scales. Such non-radial expansions
vations were made, as we discuss further below. will introduce variations in the spectral shapes and hence the
The overall cone profile as seen with pickup'tes well as differential flux which is computed from these spectra. Finally,
the He distribution functions are reasonably well understoodpme of the observed variations may be due to the pickup pro-
and can be properly modeled using a simple time-stationary leess itself and the poorly known variations in the &lfvspeed,
model for the computation of the spatial distribution of newespecially in the innerg0.5 AU) heliosphere where these ef-
tral helium in the inner heliosphere and a generalized form fefcts become important. These variations will agdtec the
the isotropic Vasyliunas and Siscoe equation for the compusgpectral shapes and thus thetHiex.
tion of pickup He ion spectra produced by ionization of neutral There are important conclusions we may draw from the re-
helium. The photo-ionization rate, which is mosfeetive in sults presented here. (1) Electron-impact ionization is impor-
ionizing helium at heliocentric distances greater than about @aht, especially close to the SusQ.5 AU). From the shapes
AU, is now well measured at 1 AU (McMullin et al. 2004). Theof the pickup Heé spectra we can infer the average electron-
electron-impact ionization rate is also measured with ACE airhpact ionization loss rates and their dependence on heliocen-
AU and Ulysses from 1.4 to 5.4 AU over a wide range of latiric distance. (2) Good model fits to the measured eax
tudes. The radial dependence of the electron-impact ionizatimofile (see Fig. 6) are possible using directly measured or in-
rate, however, is not well known, especially betweéhl and ferred ionization rates and well established interstellar parame-
1 AU, where its contributions to the ionization of helium beters. The ionization rates we infer from fits to measured spectral
come quite significant. This radial dependence can fortunatslyapes of Heare not unreasonable. This leads us to conclude
be estimated from the spectral shapes of thé piekup ion that (a) large cross-field fliusion of pickup helium ions is not
velocity distributions. Thus, with knowledge of the temperaequired to account for our observations, although a relatively
ture and relative velocity of interstellar He (Witte et al. 2004small amount of cross-field fiusion through e.g. field line mo-
and ionization rates directly measured or deduced from sp&on cannot be ruled out, and (b) no extra sources of neutral
tral shapes, it is possible to obtain good model fits to both thelium, in or outside the focusing cone, are evident in our data.
velocity distributions of pickup Heand the He focusing cone  The observations presented here were made near solar max-
profiles. imum in the slow and more turbulent (compared to solar min-
The interstellar neutral helium density in the Locaimum) solar wind. We find consistently that the best fits to the
Interstellar Cloud (LIC) can be independently obtained hyeasured distribution functions require isotropic distribution
combining measurements of pickupHend He™ in the cross- in the solar wind reference frame and hence smal.(l AU)
wind direction at~5 AU with SWICS on Ulysses. From thescattering mean free paths. In fact, had we assumed anisotropic
two-year averaged Hé spectrum we obtain a neutral heliumdistributions associated with a largel( AU) scattering mean
density of 00151+0.0015 cn® in the LIC. This determination free path, as seen in the high-speed, high-latitude solar wind
is free of systematic instrumental errors because both pickaypund solar minimum (Gloeckler 2003), unreasonably low
He** and the solar wind He flux that determines the produc-values for the photo-ionization loss rates would have been re-
tion rate of pickup H&", are measured by the same instrumerguired to obtain acceptable fits to the measured #istribu-
The quoted error in the measured He density is due mostlytion functions.
the uncertainty in the cross-section for charge exchange be-Finally, we stress the importance of time-dependent, 3-D
tween solar wind He" and the neutral interstellar He (Janewnodels (not available at present) to compute the spatial distri-
1987), which is by far the dominant process that produces thésgion of interstellar neutrals deep inside the inner heliosphere.
pickup ions, and to poor knowledge of cross-sections of otHeuture use of such models to calculate distributions could re-
reactions which may produce a minor (less that 10%) fractisolve the remaining somewhat puzzling aspect in which present
of pickup He'*. model fits applied to short-term averaged spect@ days or
While the average behavior of pickup He is basically weléss) require ionization loss rates significantlyfetient from
understood, some aspects such as the large variations in daityduction rates.
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