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Abstract. Pick-up ions are produced all over the interplanetatimes how these newly generated ions while comoving with the
space by ionization of neutral interstellar atoms. Over the lasilar wind behave in velocity space.

decade it was generally expected that after pick-up these ionsMeanwhile, since already quite a long time now, such inter-
quickly are isotropized in the velocity space comoving with thelanetary pick-up ions also have been detected by space probes.
solar wind by strong pitch-angle scattering, though not assifhe first detection of such suprathermal ion species succeeded in
ilating to the thermodynamic state of solar wind ions. Recettite years 1984/85 with the plasma analyzer SULEICA onboard
studies of pick-up ion data obtained with plasma analyzers the earth-bound satellite AMPTE (seedMus et al.,[(1985)).
AMPTE and ULYSSES have, however, revealed that during eix-the years after 1984 many more identifications of cometary,
tended time periods substantially anisotropic distributions pienar, planetary and interplanetary pick-up ions came up which
vail. In this paper we want to improve the understanding of tireed not be mentioned here in detail. Perhaps best suited for
evolutionary behaviour of pick-up ions in interplanetary phaske study of the velocity-space behaviour of these ions were the
space by an pick-up ion injection study taking into account aktcent measurements by the SWICS instrument onboard of the
relevant diffusion terms describing pitch angle scattering, adldLYSSES space probe (see Gloeckler et al., (1993), Geiss et
batic cooling, drifts and energy diffusion. For particles injectea., (1994)). Arising from more recent interpretations of mea-
at 1 AU the resulting distribution function stays substantiallyjurements of the SULEICA instrument Wius et al.,[(1996),
anisotropic up to distances of the order of 6 AU, unless increagd8897)) and of the SWICS instrument (Gloeckler et al., (1995),
isotropic turbulence levels and non-dissipative wave spectra &isk et al.,[(1997)) the theoretical discussion on the pick-up ion
considered. The average bulk velocity of pick-up ions within thieehaviour in velocity space was again restarted which began
distance range is smaller than the solar wind velocity by fawith papers by Wu & Davidsomn (1972), Wu et al. (1973), Hartle
tors of between 0.6 and 1.0. Pick-ups are shown to substanti&lyVu (1973), Wu & Hartle[[1974).

become spread out from that solar wind parcel into which they These latter papers were studying the instability of the initial
were originally injected. Derivations of interstellar gas parampick-up ion distribution against wave excitation and could show
ters using pick-up ion flux data can only be dared with additiondat due to the identified instabilities with respect to electrostatic
care in the interpretation. As a consequence the location of tireelectromagnetic wave excitations the initial toroidal ring dis-
LISM helium cone axis and the LISM helium temperature atebution of pick-up ions in the solar wind reference frame may

faked in the associated Hepick-up ion flux pattern. decay into a broadened distribution with reduced values of pick-
up ion velocitiesy parallel andv, perpendicular to the solar
Key words: turbulence — acceleration of particles wind magnetic field3 within time periods of the order &f- 102

sec @) and4 - 103 sec ¢ ), respectively. How much this decay
in fact affects the intensity of pick-up ion resonance emissions
1. Introduction to pick-up ion behaviour in velocity space in the extreme ultraviolet was analysed earlier by Paresce et al.
(1983) and presently in more detail by Fahr etlal. (1998) and
The phenomenon and existence of pick-up ions were alreagy;ntman & Fahr (1998).
predicted in very early years (Semar (1970), Fahr (1971), Holzer From the studies by Wu & Davidsof (1872), Wu et al.
(1972), Fahr({1973)), long before their later detection. It wq$973), and Hartle & WU (1973) it could not be concluded into
already clear at these times that interstellar atoms when ionizgich specific forms the initial toroidal pick-up ion distribution
inthe interplanetary medium shallimmediately be picked up Ryl actually develop. It was only later tacitly assumed that most
local electric induction forces and shall essentially be convect@d)bamy the toroidal will first develop into a spherical shell dis-
outwards with the solar wind, but it was fairly unclear at thesgpution under strong energy-conserving pitch-angle scattering
processes and then will suffer from an adiabatic cooling effect
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operating in the expanding solar wind. The combined effect séen with SWICS can be explained with effective scattering
both processes on the pick-up ion distribution function was finstean free paths eventually increasing to values of about 1 AU
described by Vasyliunas & Siscde (1976). In the period followneaning that pitch angle scattering at some periods may be
ing this publication it had more or less generally been accepteidtly inefficient. Under these auspices we have considered it
that pick-up ion distributions first undergo a fast pitch angleighly worthwhile to more thoroughly study the evolution of
scattering towards an isotropic function caused by resonant fmiok-up ion distribution functions taking into account all forms
interactions with ambient hydromagnetic wave fields (Isenbexf, diffusion processes in configuration and velocity space. In
(1987), Lee & Ip,[(198I7), Fahr & ZiemkiewicZ,(1988), Bogdanhe present work we shall present the first results of these stud-
et al., [T991). On the basis of this expectation also the eneigg demonstrating the effect of general phase space diffusion
diffusion of pick-up ions by Fermi—2 scattering processes wepeocesses of pick-up protons which are locally injected at one
described in papers by Isenberg (1087), Bogdan et al. (199%pecific event of time.

Chalov et al.[(1995, 1997), Chalov & Falr (1996) and it was

de_monstlrated. that pick-up ions experier_wce substantia_l acceeroveming equation and method of solution

ation while being convected outwards with the solar wind.

Nevertheless, it was already recognized by Lee & Ip (198The relevant transport equation to describe the evolution of
that the growth rates, for linear wave excitations by thermallygyrotropic velocity distribution functiong = f(¢,x,v, i) of
broadened, toroidal pick-up ion functions very much depend piek-up ions in a background plasma moving at a velotity
the initial injection conditions (i.e the initial velocitieg; and can be written in the following general form (Skilling. (1971),
vo. Of newly picked-up ions) since leading to an expression Isenberg,[(1997)

2 2

_ [ valugylwi [ ws VoL of , N Of 1=, Ouy
"= \/;02 Qp ¢ )’ @) o s+ vub) Ox; - 2 b, Ox;
wherew; ande; are the plasma frequency and the thermal ve- 1 —p* dU;  pb; (9U; Ui\ | of +
locity spread of the pick-up ions, and wherg andQ2p are the 2 Oz v ot 70z Ov
local Alfvén speed and the proton gyrofrequency. The above ex- )
pression shows that the growth rates become vanishingly small L—p v ob; + uan — 3ubsb % _
for vanishing velocities, , , meaning that a toroidal function 2 Ox; Ox; 7 Oz;
around pitch angle cosings = cos&o = vo|/\/v5 V5L & 2p, /0U; auN\loar .
0 andyy = 1 are marginally stable. This may be interpreted,, <6t + jaxj) o SF+Q(tx,v,p), @)

as saying that whenever pitch angle scattering brings ions from
u < Otowardsu ~ 0 then it may become inefficient. It also maywherex is the vector of spatial variables in an inertial frame
point to the fact that pitch angle scattering is not likely to prdsolar rest frame); andy = cos(€) are the velocity and cosine
duce complete shell distributions. The evolutionary tendenciefthe particle pitch anglé in the solar wind rest framéh is
of noncomplete shell distributions have been explicitly studiébe unit vector of the large-scale magnetic fieldis the local
by Freund & Wul(1988) were it has been demonstrated that shgipduction rate of particles, ansif is the scattering operator
distributions are the less unstable the more complete they &eplied to the functiorf (see e.g. Schlickeiser, 1989)
meaning that completion of the shell and establishment of an P of P of
isotropic distribution function may be a very time-consumingf = 0 ( ““8) 0 (D””0> +
asymptotic process. H H H v

In view of both these theoretical results and most recent iﬁ <v2D ‘9f> + iﬁ <’U2D 8f> 3)
pick-up ion flux observations Gloeckler et al. (1995), Isenberg v2 Qv " ou v2 v ow )
(1997), I\/bbius. etal .(1996'.1997) and Fisk et .al. (1997) _ha\fﬁ Ea.@)D,,, D, andD,, are the respective Fokker-Plank
restartegl thg dISCU.SS'IOI’l on incomplete and ar‘,'SOtrOp'C_p'CkNﬁusion coefficients which will be specified below.
ion distributions. Mbius et al.[(1997) have registered pick-Up  \ysithin the present paper we shall study the evolution of

1on flux reductions over pe_nods whgn t_he magnet|c_ tit _angfﬁck-up ion distribution functions in the solar wind environment
with respect to the solar wind velocity is small (radial field)

They ascribe this phenomenon to the fact that at these eveunr{ger the following simplitying assumptions:

when pick-up ions are exclusively injected into the sunwardl. The solar wind flow is assumed to be a stationary
hemisphere of the velocity space substantially anisotropic dis- spherically-symmetric radial flow with U=const. Thus the
tribution functions may prevail so that the SULEICA plasma latitudinal dependences of the solar wind velocity and num-
analyzer then may miss essential fractions of the pick-up ions ber density are ignored here. Nevertheless the distribution
passing over the detector. Fisk et AI._(11997) have also analysedfunction of pick-up ions is found as a function of latitude
these events of reduced fluxes in terms of hemispherical pick- because of the latitudinal dependence of the interplanetary
up ion populations underlying differential exchange processes magnetic field, i.e its tilt angle> with respect to the radial

by pitch angle scatterings and can show that the flux reductions direction as function ok.
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2. The source term in Eq. (2) and hence the distribution fung. [8) can either be solved directly by use of a finite-difference
tion do not depend on longitudg method or by an alternative approach calculating stochastic tra-
jectories of particles in phase space. In this last cas€ Eq. (6)
replaced by an equivalent system of stochastic differential
ations (SDE’s) (concerning the mathematical equivalence
een Fokker-Plank equations and SDE’s one may study e.g.
Gardiner,[(1990)). The SDE method has been used, for example,
to model transport and acceleration of electrons (MacKinnon
& Craig, (1991)), cosmic rays (Achterberg & #lts, (1992);
where B, = const (see e.g. ULYSSES data in Balogh &rﬂllg&Aghterberg, (1994)), and pickTup ions (Chalov et al.,
al., (1995); Smith & Balogh,[(1995)y = rpQ/U(Q = (1995,1997); Chalov & Fahr, (1996); Fichtner et al.,_(1996)). It
2.7.10-5¢"1),r; = 1 AU, and is the polar angle (colatitude) can be shown that EQJ(6) is equivalent to the following system

in the heliocentric spherical coordinate systemy( ). with Of SDE'S (for more details see Chalov et &l.. (1997))
these assumptions the general transport[Eqg. (3) can be wnt&en

In a forthcoming study we shall also take into account these two
abovementioned complications. The large-scale mterplanet@
magnetic field is assumed to have the standard Parker sy,
configuration

B, = B, (TE) By =0, By = By Zwsin(¥), (4)
'

in the form Audt, (10)
g{ (U + o) % n dv = Ay dt + (An/2+ U Dy, /n) AWy +1dWs, (11)
1—-3u21—x% 1—p? 8f 1 UD,, A
[ - } Uv ==+ du=Agdt+ - {(Z) AW, + (n“— ”) dwg] (12)
1-n Q{Ud(rx)jLQUH_ }af
2 2d o where
2
= ~U?D
Sf+Q(t7X707M)» (5) A = vaUl[)] y,p,7 (13)
Qo

wherex = cos(v) andvy = arctqw sin(¥) r/rg). Here and
in the following an outward pointing magnetic field is adopted. (Dyy + U2D,,) /2 + \/UQDMHDW —(UD)?
The second term on the left-hand side of Eq. (5) describes the— N2/4+ 1 :
convective motion of particles, the third term corresponds to

the so-called adiabatic cooling, and the fourth one to adiabaic Eqs. [TAEIR)W (t) = Wi (t), Wa(t) represents a two-
focusing. variable Wiener process (see e.g. Gardiner, (1990)) describing
Since Eq.[(b) does not contain a derivativefafith respect uncorrelated variable fluctuations with Gaussian distributions,
to J it can be solved by specifying the latitude and integratinghd dW (t) = W (¢ + dt) — W (¢) is a vector describing two
with respect tor. If in addition we introduce the differential statistically independent differential incremenrit§; anddW-
number density of particles in phase space, u with N = satisfying a Gaussian probability distribution with an e-folding-

2nr20v2 f, Eq. (B) can then be rewritten in the conservation-lawidth i increasing with timelt according to
form as

2
ON 0 ) 0 1 dW
9V AN — LN — LaN (dW) = ep( ~ (14)
5t 5y (A1) — 5~ (A2N) 3u( 3V) 2dt 2dt
> > > This distribution itself results as the solution of a Fokker-Planck
+——(DyyN) +2 D,,N)+ D,,N e .
8@2( ) 6v6u( polV) + o gy D) type diffusion equation.
+2mr?0? Q(t,r, 9, v, ), (6) Each solution of Eq4.{1[0-12) is a stochastic trajectory in
phase space. To obtain the differential number density of parti-
where cles,N, we must simulate a statistically relevant set of stochastic
A =U + oy, @) trajector@es gnd determine the c_orresponding density of thes_e
trajectories in phase space. To integrate Eq${10-12) numeri-
9 9 cally a simple Cauchy-Euler finite-difference method can be
1—-3p“1— 1—p
Az Uv+ used.
2 T
oD
2 Ho
25V Do) + o (8 3. Diffusion coefficients
) ) Inthe present paper only ion interactions with nondispersive par-
1 _ d 1 _ . B .
Ay = H|va (r2X) + = — 3uU Xy allel and antiparallel propagating AE[”m waves are ponS|dered.
2 r2 dr In the case of nonrelativistic particles the quasilinear Fokker-
1 0 oD, Planck coefficients can then be written in the following form

2 Qv o () (schlickeiser, 1989)
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the same intensities, that g, = I, = I . If we now sub-

Do T2 1 9 | _ Hva 2 stitute Eqs[(18)[(19), and (R1) into Eqs.]J(15)}(17) taking into
HET o2 (1=47) ( B T) o+ (1) + account thak:,,,;,, < Q./(v + v4), we obtain
(1+ﬂ)2 () 15) Dy, = Dy (1= p2) (1= poaso)? x
v - , B g
L
1= o0 oa P e ||
02 on 11— pw/oal
Dy = 555 (1= 17) va (1_T> o () = +e(1+ poa/v)* x
L
v 14 pv/val?te {—] , 22
(1+57) a<u>], (16) L /oAl exp | = ] (22)
0?2 U
Dyw = 525 (1= 1) 2 oy () + a— ()], (A7) Du = o —vaDo (1) ((1 — jwa/v) X
whereQ). = eB/mcis the ion gyrofrequency, is the Alfvéen ) -1 L
speed. The quantities, (1) and a_ () are connected with 1= po/val™™ exp |~ 11— /oAl
part|cle7resonat|ng waves propagating _outwards and inwards, —e(1+ pva/v) x
respectively, and are given by the following expressions
e e e
ay(p) = ——|* <I<: {2 )+ L+ pv/fval
lup — val VU — Vg
U
‘ Dyy = —v%4Dg (1 — p?) x
IR<k_+ e ﬂ (18) Va0 (1=15)
VU — Vg
1= o foal exp |-
1= pw/oal
1 Q.
a_(u):7\vu+m\ 1 <k:—vu+’v >+ el oAt e [ L } (24)
a € X —_—— .
HOPEAT P TT v ol
Q. . .
It (k = +W 0 ) . (19) In Egs.[22){(2%) we have used the following denotations
’ Qg R
In Egs.[I8) and{19) is the wavenumbed” andI? are the ~ v, ’ ¢=1o /Iy, (25)

differential intensities of left-hand and right-hand circularly po-
larized Alfven waves, respectively, so that the mean-squarle)d 7 Qe <v Akmm)q‘l
— X

amplitude of the associated fluctuations is T 41U Q.
o0 1 <6B? > (26)
< 0B >= / (I +I1E+ IF +IF) dk, (20) (1+¢€) Ey(lakmin) B2
Kmin whereE,(z) denotes the exponential integral
wherek,,,;, corresponds to the largest scale of energy contain- o0
ing fluctuations and the sigr(s:) correspond to parallel anqu(Z) = /m“l exp(—zz) da. 27)
antiparallel moving waves. J

A representative power spectrum of hydromagnetic field ) o .
fluctuations in the solar wind consists of the inertial and dig® derive Eq.(26) for the diffusion coefficiem, Eq. (20) has

sipative ranges (e.g. see Zhou & Matthaels, (1990), Miller €N used. The parametsis related to the cross helicity. of
Roberts, [(1995)). It is assumed here that the dissipative rafjl¥ enic turbulence as. = (1 —¢)/(1 + ¢).

has an exponential form, so that the differential intensity can

be written as (see Bieber et al., (1988); Smith et al., (199%); Parameters of the problem

Schlickeiser et al.[(1991)) Taking into account Eq.{4) we obtain for the cosine of the angle
IER(k) = [()Lf(k) k™ exp (—klg), (for k> knim), (21) ¢ between the magnetic field vector and the radial direction

1

wherel, is the dissipative scale. In the following we will con-x = cos(¢(r,9)) = (28)

sider the case when left- and right-hand polarized waves have \/1 + w2(r/rE)? sin’ (V)
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Furthermore we shall assume that 5. Numerical results

< 0B? >=< 6B% > (LE) “ ’ (29) Inthisfirst paper on pitch-angle and velocity diffusions of pick-
r up ions in the solar wind we consider the time evolution of par-
where< 53% > anda in view of ULYSSES observations mayticles injected at = 0 on a spherical shell with radius= rg.
depend on the colatitudi (see Forsyth et all, (1996). Then byOne should have in mind that this can only somehow approxi-
use of Eq.[(#) we shall have for the last factor on the right-haneate the reality for earth-injected H-pick-up ions of geocoronal

side of Eq.[(Zb) origin or for the case of He-pick-up ions mainly originating
SB? 5B ) oo at regions close to the sun, while heliospheric pick-up protons
< 5 - _ = 2E > = (LE) ’ (30) in order to be described realistically would need the adequate
B By H®\r consideration of a continuous injection all over the heliosphere
whereBg = B(rg, ), and according to the actual, local injection rates. However, for the
above mentioned injection the source term in Eg. (5) attains the
2 2 qin2 following form
H(r,9) = \/ (re/r)" +u”sin (9) (31)
1+ w?sin®(9) Qt,r, 0,0, 1) = Qo(9)3(t)3(r — 1) x
It is known from ULYSSES observations that bethd B2, > 0(v —U) o — po(9)), (35)

and B% are latitude-dependent values (see e.g. Forsyth et al,, . .
(1996)). But we shall assume here that the ratie< B2 > wherepo (V) = —x(rg. ) (see EqI(ZB)) and(z) is the Dirac
/B2 essentially behaves as a constant. On the other handqf&@ function. This means that here we assume an injection of
shall consider the magnitude of this value as a free pararfiEk-Up ions at = 0 with vanishing velocity in the solar frame

ter. By use of Eq[{4) and adopting an electron number denﬁh‘f the original peculiar velocity of the parent neutral atom
according ton. = n.g (rg/r)?, wheren,z = const, we can is”taken to be negligibly small in comparison with the solar
e e 1 € Ll

obtain wind velocityU). Thus here we intend to treat a clean test case
to be able to study a clearcut response to all diffusion effects
va(r,9) = h(r,9) vao. (32) which are operating. In a forthcoming paper we shall then also

consider realistic, spatially distributed sources and continuous
production rates.
’ i 10
(ri/7)? + w? sin(9) The system of SDE's given by EdsI[l?) hgs been
h(r,9) = 5 ) (33) solved numerically by use of the Cauchy-Euler finite-difference
I+tw method for a statistically relevant set of particles (in the present
Furthermore for this paper we shall specify pick-up ions as pickalculations abouit0® particles have been used). A set of calcu-

In Eq. [32)va0 = va(re,n/2), and

up protons. The ratio 4 /€2 for protons can be written as lations has been carried out for various values of the governing
v parameters to find out their role in determining the phase space
QA =2.3-107 (ne/1 em™3)"/2cm. (34) evolution of pick-up protons in the solar wind. The essential in-

c

formation on all runs is presented in Tallé (1). Column 1 gives
All calculations presented here were carried out using ttiee run number. Columns 2, 3, and 4 give the level of Alfic
following values for the basic parametes: = 450 km/s, turbulence atthe Earth's orbit § B2 > /B2, the ratio of abun-
vao = 50 km/s,n.g = 7 cm?, ¢ = 5/3. Also it was as- dances of backward and forward moving wawes I, /1", and
sumed that:,,,;, = 10~!* cm™* (see Belcher & Davis[(1971); the dissipative scalk;, respectively. The last column gives the
Jokipii & Coleman,[(1968)), ant, = 3 - 107 cm (Schlickeiser colatitude (n.b.1y = 90° corresponds to the ecliptic plane).

et al., (1991)). Then the dimensionless valug¢see Eq[(25)) FigsEH show spatial distributions of pick-up protons at
can be written ag, = 3.45rg/r. Calculations withL = 0 (the subsequent times = 1, 2, 3, 4, 5, where the dimensionless
dissipative range is absent) were also carried out. What concetime 7 = U ¢/r  (i.e the solar wind passage time over 1 AU) is
the spatial dependence af §B? > (see Eq[{29)) we assumeintroduced. Consequently a solar wind parcel, started=a0
thata = 3. This dependence follows from the WKB theory fofrom » = 1 AU, reaches at times= 1, 2,... solar distances of
the transport of nondissipative ABn waves in the solar wind = 2, 3,...AU. The number density of particles in Figs.11d5 is
(Hollweg, (1974)) and is close to observations with the HELIOgiven by the formula

spacecraft (Tu & Marsch, (1995)).

It can be shown from the definitioh(R7) thatak 1 i
) F(t,r)=Cy //UQf dvdy, (36)
E (z) = —— +0("1). 0 -1

qg—1
Sincez = Iyk,..., — 3-10—* we can admit here thakts 5(2) ~ where the constart; is defined with the normalization
1.5. Thus the diffusion coefficienD, (see Eql(26)) depends

only on two free parameters, namely= 1, /I and§ = < / rFdr=1. (37)
éB* > /B3,
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Fig. 1. Spatial distributions of pick-up protons injected7at 0 and Fig. 3. Spatial distributions of pick-up protons injectedrat 0 and
r = rg. The numbers denote the subsequent momentsl, 2, 3, 4, r = rg. The numbers denote the subsequent momertsl, 2, 3, 4,

5.a)run 1. 5.¢)run 3.
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Fig. 2. Spatial distributions of pick-up protons injected7at 0 and Fig. 4. Spatial distributions of pick-up protons injectedrat 0 and
r = rg. The numbers denote the subsequent momemtst, 2, 3, 4, r = rg. The numbers denote the subsequent momentsl, 2, 3, 4,
5.b) run 2. 5.d)run 4.

Table 1. Parameters of runs
In Figs[1Eb one can study the spatial broadening of pick-up

protons which were initially injected according to a spafial Run number § e la(em) 0

function representing runs 1 through 5 given in Table (1). This— 0004 1 0 %
broad_eni_n_g of the spatial distribution can_be_ exp_lained as_due 2 002 1 0 90
to an individual parallel (along the magnetic field lines) motion 3 0004 0 O 90
and thus spatial diffusion of protons with an anisotropic pitch- 4 002 1 3-107 90
angle distribution. The pitch-angle anisotropy is also reflected 5 002 1 3-107 3¢

by the fact that the average velocity of the pick-up proton butk
is smaller than the solar wind velocity. This is clearly seen in

Figs. 1a,c—e. The maxima of spatial distributions in these figuress 4 and 5 by the fact that an identical level of turbulence,
are systematically shifted towards the Sun with respect to thewever here, together with an absence of a dissipative range in
isochronical solar wind bulk. Only in the case labeled as rurtl2e turbulence spectrumis adopted (see Table 1). Aswe showin
(see Table 1 and Fifl 2) the bulk of the pick-up protons comowvixe following figures this results from the fact that the velocity
with the isochronical solar wind parcel. Run 2 differs from runsdistribution in run 2 is isotropic. As it was expected the maxima
and 3 by the adopted much higher level of turbulence, and framFig.[§ are closer to the Sun than in Fijy. 4 since the magnetic
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1 attimesr =1, 5. The dashed curves labeled by () represent particles
with 1 < 0 and the solid ones labeled by (+) represent particles with
© > 0 (see text). b) velocity distributions at= 2AU (at7 = 1) and r

= 6AU (atT =5).

+1
£ty =Ca [ fd (39)
0
0
) =G [ . (40)
-1
where the following normalization is used:
[ fodtero =1, (41)
0
fo= 5+ 157, (42)

Fig. 6. Velocity distributions of pick-up protons corresponding to run

lattimesr =1, 5. The dashed curves labeled by (—) represent particleig).[§ shows velocity distributions at the maxima of the spatial
with © < 0 and the solid ones labeled by (+) represent particles witlistributions atr = 1 and 5 (see Fidl1), while Figl 7 shows
> 0 (see text). a) velocity distributions at the maxima of the spatigk|ocity distributions at = 2AU at timer = 1 andr = 6AU at

distributions at- = 1 and 5.

timer =5, thatis in a parcel comoving with the solar wind. The
dashed curves labeled by (-) represent particlespvithO and
the solid ones labeled by (+) represent particles with 0. First

field in the first cased = 30°) is closer to a radial field than in of all one can identify considerable adiabatic cooling which is
the second casé (= 90°, ecliptic plane!).

To reveal the degree of the velocity anisotropy we presegtitained with the SWICS instrument (Fisk et dl., (1997)).[Hig. 6
Figs[6 andl7. These figures show pitch-angle averaged velogitows that at = 1 the bulk of pick-up protons have negative
distributions of pick-up protons corresponding to run 1 at timesitch angles, that is, they move inward as judged by the solar
t =1 and 5. The velocity distribution functions, fv(”, and windreference frame (see Gloeckler etal., (1995)bMis et al.,

fl(f) shown in Figd. b and 7 are given by the following formula6l997)). AtT =5 the distribution is almost isotropic. Another

+1

fv(t,r,v) :C2 /fduv

—1

in accordance with most recent findings in observational data

interesting feature in Figl 6 is a shift between maxima of the
curves (+) and (-) at = 1 denoting that particles with negative

(38) pitch angles suffer more efficient cooling than particles with

positive ones. An explanation of this effect has recently been
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Fig. 8. Pitch-angle distributions of pick-up protons at the maxima dfig. 10. Pitch-angle distributions of pick-up protons at the maxima of
the spatial distributions (see Figs[1-5) for different run numbers. Ttiee spatial distributions (see Fif§$[1-5) for different run numbers. The

numbers in the figures indicate various times. a) run 1. numbers in the figures indicate various times. c) run 3.
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Fig. 9. Pitch-angle distributions of pick-up protons at the maxima dfig. 11.Pitch-angle distributions of pick-up protons at the maxima of
the spatial distributions (see Figs[1-5) for different run numbers. TH spatial distributions (see Figs[1-5) for different run numbers. The
numbers in the figures indicate various times. b) run 2. numbers in the figures indicate various times. d) run 4.

given by Fisk et al[(1997): particles propagating inward in tHéith the normalization

frame of the solar wind have a longer than average dwell timel

in the inner heliosphere and as result of it suffer substantigl fudp=1. (44)
adiabatic cooling. Fid.l7 as distinct from Hig. 6 shows velocity,

distributions at a parcel comoving with the solar wind. One can

see that in this case particles with positive pitch angles prevaif{8 shows that the velocity distribution corresponding to run
and even at = 5 the distribution is still anisotropic. 2 is already isotropic at = 1 (see the shapes of the spatial

Figs[BEIR show pitch-angle distributions of pick-up prdjistributions in Fig. 1b), while in the case with the lower level
tons at the maxima of the spatial distributions (see Figg. 125turbulence (Fid.18) isotropy is reachedrat 3 only. Fig[ 1D
for different run numbers. The numbers in the figures indica?80Ws the case when Alwic waves propagate only in one

various times. The pitch-angle distribution functigin shown direction € = 0). In this case the velocity distribution of the
in Figs[89 is given by the formula bulk of pick-up protons still is anisotropic even at= 5 be-

cause of the well-known resonance gap in the pitch-angle scat-

oo tering (Schlickeiser/ (1989)). Comparison between runs 2 and 4
fult,rp) = Cy / V2 f dv, (43) (Figs[9 and1lL, respectively) which differ only by the presence
or absence of the dissipation range in the last case shows that

0
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the spatial distributions (see Figs[1-5) for different run numbers. Tne
numbers in the figures indicate various times. e) run 5. Fig. 13. Velocity distributions of pick-up protons at the maxima of

the spatial distributions for different run numbers. The numbers in the
figures indicate various times. a) run 1.
a deficit of high frequency waves in the solar wind can essen-
tially modify the process of scattering towards isotropy. Mor @ -~ T * T v T T T T T T T T T T 1
isotropic velocity distribution of pick-up protons &t= 30°
(Fig.[12) than at? = 90° Fig.[11 at timesr > 1 can be ex- i -
plained by the fact that adiabatic focusing transports particl
from negative pitch angles to positive ones more efficiently u &
der radial magnetic field conditions (it can be seen from Efs. ( 3
). s
Effects of velocity diffusion can be seen in FigslI3-1'3
These figures show velocity distributions of pick-up protons >
the maxima of the spatial distributions for different run number ¢
As usually the numbers in the figures indicate various times. T2
velocity distribution functiory, is given by Eqs[(38).(41). Con- -
siderable stochastic acceleration of pick-up protons takes pli
only for a sufficiently high level of turbulence (FIg.]14). The
presence of the dissipation range in the spectrum of magne

T TTTT
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T T T TTTTT]

trt

1"

///
«a //)/
P
;;/‘
pooe il Lot Lol

field fluctuations reduces the rate of acceleration (Eiy. 16)., e~ bt 1 o 1 1 v 1 o 11 1

. . . 0.0 9.2 2.4 2.6 2.8 1.0 1.2 1.4 1.6 1.8

it could be expected, stochastic acceleration does not operat Ton veloclty Soler wind veloetly

the case when Alfénic waves propagate only in one direction. e . .
(i.e.c=0) propag y Fig. 14. Velocity distributions of pick-up protons at the maxima of

the spatial distributions for different run numbers. The numbers in the
figures indicate various times. b) run 2.

6. Conclusions and outlook

Perhaps the most interesting outcome of the calculations whatftally loses its stigmatic imprint on the subsequently evolving
we presented in this paper is the fact not anticipated in earlgck-up ion distribution in space. In Figs3[1-5 one can see that
theoretical representations that pick-up ions substantially spregten the bulk of pick-up ions injected at 1 AU has reached a
out from the plasma volume comoving with the solar wind intdistance of 3 AU this sample of pick-up ions is already spread
which they were initially injected. Most of the papers in the pasut over a distance range of 1.5 AU.

dealing with pick-up ion motions in configuration and velocity ~This phenomenon especially touches the problem of-He
space are based on the assumption that these ions are stickipicioup ions emanating from the downwind cone of neutral in-
the solar wind plasma box into which they were injected (see etgrplanetary helium. These Hepick-up ions had first been de-
Fahr & Rucinski,[(1989); Lee & Ip[[(1987); Isenberd, (1997}ected by Mbbius et al. (1985, 1988) with the SULEICA plasma-
Bogdan et al.,[{1991); Rucinski et al,_(1993); Chalov et ahnalyzer onboard of the AMPTE satellite. In later publications
(1995), (1997); Chalov & Fahl, (1986); Rucinski et al., (1998)hese authors have interpreted their'tfux measurements in
This means that due to spatial diffusion of pick-up ions artgrms of interstellar helium gas parameters, like the LISM He-
spatial pattern of the pick-up ion injection rapidly and systendensity and He-temperature (se@lius,[1990, Mbius et al.,



S.V. Chalov & H.J. Fahr: Phase space diffusion of anisotropic pick-up ions 755

T T T 1@ T T T T T T T T T T T T T

T TTTTIT
IR

L1t
T

T T

T T TTTI
totv vl

Lol

8

T T

Lol

Veiloc ity distributton
RSl

T T

¥eloc ity dlstrlbutton

122 = - 1072 = -
g E g E
18- 1 ! 1 1 L I L 1 ! 10-° i1 1 1 { ¢ t i i L t I 1 :
.0 2.2 2.4 0.6 2.8 1.0 0.0 .2 Q.4 Q.6 2.8 1.0 1.2 1.4

Ton veloctty/Solar wind veloc lly Ton veloctty 8oler wind velosolty
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figures indicate various times. c) run 3. figures indicate various times. e) run 5.
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With the results of this paper here we shed interesting new
light onto these derivations by showing both that spatial diffu-
sion of pick-up ions in fact is important and, even more impor-
tant, that it takes place in an anisotropic form. In the solar rest
frame spatial diffusion predominantly takes place in the plane
defined by the solar wind velocityJ and the frozen-in mag-
netic fieldB, whereas the drifts perpendicular to this plane are
of very minor importance (see Rucinski et al., 1993). As we
have shown here seen from the reference frame co-moving with
the solar wind more particles are diffusing in the hemisphere of
negative pitch-anglesi((< 0) compared to the hemisphere with
positive pitch angles( > 0). This means that the cone-injected
particles may preferentially diffuse to the side left of the cone
axis as seen from the sun. Looking toH#uxes reaching the

16 TN TN PN B earth orbit this allows to conclude that left of the cone axis one
Q.0 0.2 .4 2.6 2.8 1.8 1.2 1.4 . . .
Ton veloe Lty Soler nind veloc iy may find a milder flux decrease compared to the decrease right
Fig. 16. Velocity distributions of pick-up protons at the maxima ofOf '.[he cone axis Whlc-h should be steeper. In fact this seems to be

P : -~ evidently appearing in the data shown byMus (1990) where
the spatial distributions for different run numbers. The numbers in the : .
figures indicate various times. d) run 4. e flux increase from November towards December is steeper

than the decrease from December towards January. Thus nei-
ther should the flux maximum be identified with the cut of the
1995, Mbbius, 1996, Mbbius et al.[ 1996). While in the earlierhelium cone axis and the earth orbit, nor should the left or right
of the just mentioned publications it was assumed that-Hiek flux decrease profile be taken as direct indication for the LISM
up ions are strictly convected outwards with the solar wind, hrelium temperature. More theoretical work has to be done on
the later publications it was realized that pick-up ions underdgste™ pick-up ion phase space diffusion before safe conclusions
pitch angle scattering processes and thereby are diffusing ouvith respect to LISM parameters can be drawn.
their co-moving injection volumes thus spreading out from the Pick-up ions may also be observationally accessible by
cone (see Nbius et al,, 1996). Considering a 3-d random walkieans of their resonance emissions. Especially interesting is
process connected with a pitch-angle scattering mean free gtk access for the case of Heick-up ions which are res-
Aps these authors could argue that their earlier LISM heliuonantly excited by the solar 3@4line emission. As already
temperature derivations of between 12000 to 18000 K can thaiacussed in the paper by Paresce €fal.(1983) the resulting res-
be reduced to temperature ranges of between 6500 to 8500r&ance intensity strongly depends on the prevailing He velocity
derived by Witte et all (1993) from neutral helium gas detectiodsstribution function and practically is determined by the frac-
for scattering mean free paths, of the order of 1 AU. tion of pick-up ions within a velocity range of less than 100 km/s
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relative to the sun. The results in this paper show that pick-Goeckler G., Geiss J., Balsiger H., et al., 1993, Science 261, 70
ions can be expected with predominance in the sunward hefaieeckler G., Schwadron N.A., Fisk L.A., Geiss J., 1995, Geo-
sphere of the velocity space and thus with this predominance Phys.Res.Lett. 22, 2665
have effective outward velocities smaller than the solar wirfefuntman,M., and Fahr,H.J., 1998, Geophys.Res.Lett., in press
velocity |U|. Therefore they are good candidates to becorfi@re R.E., Wu C.S., 1973, J.Geophys.Res. 78, 5802
resonantly excited. A measurement of the existing interpla ollweg J.V., 1974, J.Geophys.Res. 79, 1539
tary He™-pick-up ion resonance glow intensity (from the eart olzer T.E., 1972, J.Geophys.Res. 77, 5407

. . .Isenberg P.A., 1987, J.Geophys.Res. 92, 1067
depending on the solar offsgt angle one could expect mten&@&merg P.A., 1997, J.Geophys.Res. 102, 4719
between 10 and 10" Rayleighs!) thus could be an effectivejqyipii J.R., Coleman P.J., 1968, J.Geophys.Res. 73, 5495
means to observationally study phase space diffusion of Hgrills W.M., Achterberg A., 1994, AGA 286, 314
pick-up ions (see Fahr et al. (1998)). Lee M.A., Ip W.-H., 1987, J.Geophys.Res. 92, 11041

MacKinnon A.L., Craig I.J.D., 1991, A&A 251, 693
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