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Abstract. It is usually assumed that pick-up ions at the evemelocities, in the solar wind frame simply are equal to the ne
of their production, seen in the solar rest frame, have peculaive local solar wind velocity. This assumption is valid as lon
velocities which are negligible with respect to solar wind veas the solar wind velocity is considerably larger than the p
locities. This assumption, however, is no more valid for pick-uguliar velocities of the parent neutral He atoms. In the inn
ion injections at small solar distances. As we are showing hehneliosphere, however, the He atoms suffer considerable ac
the He" - pick-up ion spectra to be expected at distances insideation by the solar gravity. The effect of acceleration due to t
1 AU clearly reflect the fact that ion injection took place wittabsence of radiation pressure is more pronounced for neu
non-negligible velocities due to the Keplerian motion of parehelium as compared to neutral hydrogen atoms. The effect
He atoms entering from the interstellar medium, as was alreatig proper motions of parent He atoms on velocities of fresh
recognized in SOHO CELIAS measurements bylilis et al. created Heé pick-up ions in the resulting spectra thereby is dif
(1999). We demonstrate that these injection signatures are liessnt on the upwind and downwind hemispheres as has b
pronounced under conditions of high-speed compared to thebewn by Mdbius et al.[(1999).
of low-speed solar winds and are variable with the off-upwind In the present paper we study pick-up helium velocity di
angle. Careful study of these injection features can help to idéributions in the ecliptic plane on the basis of solutions of th
tify the actual He ionization rate. Fokker-Planck type transport equation for anisotropic distrib
tion functions taking into account the actual velocities of'He
Key words: acceleration of particles — Sun: solar wind — inpick-up ions atthe moment of their injection and also all releva
teplanetary medium — ISM: atoms, ions physical phase-space transport processes occurring after in
tion, like adiabatic cooling and focusing, pitch-angle scatterin
and energy diffusion.

1. Introduction

Recently Mbius et al. [I999) have presented observations f T heoretical model of Het pick-up ion transport

He™ pick-up ions obtained with SOHO CELIAS CTOF in 1996rhe transport equation describing the phase-space evolut
for t_he time period \_Nhen the Earth was on t_he upwind S|d_e &f the gyrotropic velocity distribution functiofi(r, o, v, 1) of
the interstellar medium flow. As shown in this paper the hlgrpﬂ-ck_up ions in the radial solar wind moving with velocitiy

velocity cut-off of the pick-up ion spectra in the solar rest framga pe written in the following form (see Chalov & Fahr 199
is at higher values compared to the standard VelUésw = 2.  [1999):

In contrast analogous Hedata obtained with AMPTE SULE-

ICA in 1985 on the downwind side show a shift of the cut-off'f (Usw + o) of

to lower velocities. It has also been demonstrated that the nét: SW T UEX) 5,

malized value of the shift is anticorrelated with the solar wind 1-3u21—x%2 1—p

velocity. Mobius et al.[(1999) consider these shifts as due to a ( 2 r 7 ) x USW”%
mgnifestatiqn Qf the 'interstell_ar neutral helium velocity at the 1—p?fvd 1Usw 1—2] of
injection point in the inner heliosphere. 5 [7"2dr (7” X) — 3uUsw . M

When modelling the pick-up ion transportin the heliosphere R
the authors usually assume that initial velocities of freshly cre- =Sf+Q(r ¢, v, ), (1)

ated ions, since considered to be small compared to solar winﬁi . . . .
wherev andy are the velocity and cosine of the ion pitch-angl
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the radial direction and large-scale interplanetary magnetic field g4
which is assumed to have the Parker spiral configuration (in the |
paper an outward pointing magnetic field is adoptetl}, is
the scattering operator applied to the functjoand describing
effects of pitch-angle scattering and energy diffusion (for more
details see Chalov & Fahr 1998, 1999)is the local production
rate of pick-up ions, and is longitude, i.e. the off-upwind angle 3
of the position. The second term on the left-hand side of[Bq. (15
describes the convective motion with the solar wind velocitys.
and the streaming of particles along the magnetic field line§
due to the anisotropy of the pitch-angle distribution. The third® 1E3} /
term corresponds to the adiabatic cooling, and the fourth one to e
adiabatic focusing.

In order to calculate the number density of neutral interstel-
lar helium in the heliosphere we make use of the modified cold ' 1 1
model by Feldman et al_{T972) which takes into account the "~ g, ‘ 05 ‘ 10 ‘ 15
thermal spread of the particle trajectories also describing the lon velocity / Solar wind velocity
density enhancement near the axis of the focusing cone. The
modified cold model has been chosen in view of its simplicitfig. 1. The velocity distribution functiod, atr = 1 AU andy = 0°.
It provides explicit analytic expressions for the neutral heliur'rrlUgi\g/ ;Smgukt?;:;;él'tansgse:Wii?:r’gi cltu gl]ii J_Z‘l'i%ﬁ‘t‘;’;i ?ﬁI:S o
?Azt::;lljl}f: C é) th:;]eeogzﬁ(r;] :Vr\}d()’ft?n?[ é?;gﬁlalrs r:gﬁﬁr%ngﬁ Igig(id&g: pick-up ions are taken into account, the dashed curves correspond
. ; . 0 the case when = 0.
ion spectra. Hence the local production rate is assumed to have
the form:

_ P(re)(re/r)?

Q= —F"F7 "
2rUgw

8 (1 — pa(r, ) +ni(r, )8 (v — |ui(r, ) — Usw|) 3. Discussion of results

1E-2 |-

bution

and the magnitude of the large-scale interplanetary magnetic

na(r, ©)6 (v — [ua(r, ) — Uswl) x field at 1 AU.

X0 (p—pi(r,9))] @ For the purpose of displaying our results we shall first de-
whereP (1) is the He-ionization rate at; — 1 AU, s are the fine pitch-angle integrated and normalized velocity distribution

: : ; : (+) (=)
number densities of helium atoms following hyperbolic dire(#m?t'o?s of T'Ck_'Up lons, i.efy, Fy™', andFy " by the fol-
and indirect orbits, respectively, ; are the velocities of the owing tformulae:

atoms at the point of ionization, and ; are the corresponding 2 2 ¢(+)

initial pitch-angles which are determined by the local configus, = 2nUswu” fv ) FP) = 2mUswo fv ' )

ration of the interplanetary magnetic field. For more details con- Moo (He) noo (He)

cerning the number density of neutral helium and the explicit P — 27TUSW/U2f\57) 3)
form of the scattering operator see Chalov & Fahi{1999). M neo(He)

Since on the upwind side of the interstellar medium ﬂovv\//here
n; < ngq it can be seen from Eq.J(2) that the velocity of atoms

is added to the solar wind velocity at the determination of th ! £d £ ! fd
initial velocity of pick-up ions on the upwind side and subtract (r.p,v) = 1 i v () = o o

on the downwind side. 0
To solve Eql{ll) numerically the method of stochastic dif- O e0)= [ fdu. (4)
ferential equations (SDEs) is applied describing trajectories of -1

individual ions in phase space (for the general theory of SDE&e normalization is chosen so that

and the application of SDEs to pick-up ion transport see Gar.oo

diner 1990 and Chalov & Fahr 1998, respectively). Concerni:ﬁ Fyd(v/Usw) = npu/ne(He) . (5)
the LISM parameters of helium and the actual ionization rate tH&

following values are adopted in our calculations (see Witte et al. Fig.[1l shows the velocity distribution functidri, atr = 1
1996):T., = 7000 K;V,, = 25.3kms!; P(rg) = 6.810~8% AU on the upwind sidg¢ = 0°; the angley is measured
s~1. To specify pitch-angle scattering and energy diffusion cérom the upwind direction). The curves labeled | and Il cor-
efficients determining the scattering operafowe adopt here respond to high velocity({sw = 700 km s~!) and low velocity
that (6 B2)/B2 = 0.01. This level of Alfvénic turbulence cor- (Usw = 350 km s~1) solar wind, respectively. The solid curves
responds to quiet conditions in the solar wind. H&YBZ) and  are velocity distributions for the case when the actual injection
Bg, are the mean-squared amplitude of Aiic fluctuations velocities of He™ pick-up ions are taken into account, while the
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Fig. 2. The same as Fifgl 1, but fd, ™. Fig. 3. The velocity distribution functiod, atr = 1 AU, Usw = 450

km s, and different values of longitude: 1= 180°, 2 —¢ = 90°,
3 —¢ = 0°. The peculiar velocities of Hepick-up ions relative to the

dashed curves show the corresponding distributions for the cggg are taken into account.

when injection takes place with= 0 in the source term given
by Eq.[2) (i.e. vanishing injection velocity in the solar frame). Fig[3 shows velocity distributiong, atr = 1 AU and
One can clearly see the shift of the maximum of the distributia@ny,, = 450 km s~ for different longitudes (upwind, crosswind
to higher velocities in the first case. The shift is larger for thend downwind) for the case when the correct injection velociti
slow solar wind than for the fast solar wind. of He™ pick-up ions relative to the Sun are taken into accou
Due to technical characteristics of the CTOF sensor itis oriffe large number density of pick-up ions on the downwind si
possible to detect pick-up Heions in the antisunward sector(y = 180°) is connected with the well-known focusing effect o
(in the solar wind frame). Therefore in Fig. 2 we show similahe Sun. Besides of differences in number densities of pick-
distributions as in Fidll1 but for pick-up ions only with positivéons on upwind and downwind sides a longitudinal dependen
p-values, so these ions move in the antisunward directiongitpositions of maxima in their velocity distributions is clearl
1 AU. One can principally see the same features of velociégen in Fid.13. The maximum is shifted to higher velocities
distributions as in Fidl1, however, the distributions in Elg. e upwind side and to lower velocities on the downwind si
are more smoothly shaped, and the sharp peaks seen [ Fig.dccordance with results by dbius et al.[(1999).
and formed by freshly created ions from distributidis ' are One can conclude that the effect of neutral He gas moti
absent here. on He™ pick-up ion velocity distribution is more pronounced i
The interesting feature in Figs. 1 ahtl 2 is the more preegions closer to the Sun due to the more pronounced gravi
nounced high velocity tail formed due to stochastic acceletipnal acceleration of atoms. FIg. 4 where velocity distributio
tion of pick-up ions by solar wind turbulence in the slow solak at various solar distances, i.e. at 0.5 AU, 1 AU, and 2 A
wind as compared to the spectrum resulting for the case of tife presented clearly illustrates this effect.
fast solar wind. An anticorrelation of Heabundances of the
suprathermal tail with the solar wind velocity has in fact beeil Conclusions
observed with SOHO STOF and WIND STICS (Klecker et al.’
[2000; see also Fisk 2000). One of the possible reasons for this have shown that Hepick-up ion spectra observed at so
effectis thatin the low velocity solar wind pick-up ions undergtar distances of the order of 1 AU or smaller clearly reflect th
diffusive acceleration for a longer time period before they reaédct that these pick-up ions are injected into phase-space
a solar distance of 1 AU (see also Chalov & Fahr 1999). Thasn-negligible Keplerian velocities. This phenomenon becom
diffusive acceleration will operate more efficiently under lounanifest by the fact that, when judged in the solar wind re
velocity solar wind conditions. frame, the peaks of spectral densities are shifted to values lar
It should be pointed out, however, that direct comparisqupwind hemisphere) or smaller (downwind hemisphere) th
of calculated velocity distributions with observations is onl§ if the spectra are studied as functions of velocities norm
possible on the base of those spegqifimtegrated distributions ized by the solar wind velocitysyy . Hereby the hemispherical
which are accessible to each concrete instrument, so our presehtaviour is clearly explained since in the upwind hemisph
results give only general effects of the interstellar helium motidt#e™ ions are injected into the solar hemisphere of the veloci
on pick-up ion velocity distributions. space leading to higher initial relative velocities, whereas on t
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1EA , ‘ , ‘ , ] turbulence level§s B2)/B? in the low velocity wind and the
1 ] degree of turbulence isotropy(= I~ /I") are larger in low

velocity solar winds making diffusive acceleration even more
effective (see Chalov & Fahr 1998, 1999). However, to support
this hypothesis more concrete evidence from observations is
1E2 | 1 needed.
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