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PREFACE

On May 15-16, 1975, a symposium was held at the
Goddard Space Flight Center on the Study of the Sun and
Interplanetary Medium in Three Dimensions. The symposium
brought together more than 200 scientists from the U. S.
and Europe to discuss the importance of exploring the inter-
planetary medium, and viewing the Sun over a wide range of
heliographic latitudes. Among the topics discussed were the
missions that NASA and ESA are currently considering for
possible flight out of the ecliptic plane, and the likely
scientific returns of these missions in the areas of solar,
interplanetary and cosmic-ray physics. The symposium was
sponsored by NASA and ESA, and was a topical meeting of the
American Astronomical Society and the American Geophysical
Union,

In this proceedings an attempt has been made to pro-
vide a complete summary of the content of the symposium.

J. A. Simpson has kindly summarized the various options for
out-of-the-ecliptic missions. The speakers who addressed

the likely scientific returns from these missions have in
most cases provided detailed summaries of their remarks.

In cases where a full summary was not available, an abstract
has been provided. 1In addition, K. C. Hsieh has kindly
provided an article on direct measurements of neutral gas

out of the ecliptic. Time was not available at the symposium

for presentation of these interesting ideas.
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The organizing committee of the symposium is very
grateful to the authors, all of whom have busy schedules,
for providing detailed summaries of their talks. We would
also like to express our sincere appreciation to Mrs. Sandy
Schraeder and Mrs. Martha Harding for their invaluable help
in organizing the symposium.

A list of all the speakers at the symposium, and
their topics is given in Appendix A to this proceedings.

A list of all the attendees at the symposium is provided
in Appendix B.

L. A. Fisk
W. I. Axford
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Some Introductory Remarks

Over the years studies of the Sun and interplanetary
medium have occupied the attention of a sizeable fraction of
the space community, and have constituted a considerable
portion of NASA and ESA's efforts in space science. And
rightly so. We attempt in this subject to understand our
local environment in space.

With our continuous and in some cases in situ obser-
vations, we also provide in this subject detailed testimony
as to vhat physical processes are possible on a star and in
an astrophysical plasma. OGur studies of the solar environ-
ment thus influence our thinking as to what is possible in
other astrophysical settings. 1In some cases the influence
is quite direct. For example, the solar wind should exhibit
many of the properties of stellar winds. Shock waves in
interplanetary space may resemble those in interstellar
space. The behavior traits of cosmic rays propagating in
the interplanetary magnetic field should be similar to those
of cosmic rays in the galaxy. And so on.

All of the spacecraft that NASA and ESA have flown to
study the Sun and interplanetary medium, however, have been
limited in one major respect. None of these spacecraft have
penetrated off the equatorial plane of the Sun by more than
about + 10° in heliographic latitude. We have thus sampled
particle emission from the Sun, or interstellar matter
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impinging on the solar cavity (e.g. galactic cosmic rays),
only over a narrow range of latitudes. The look-angle for
studying photon emission from the Sun is similarly limited.

This latitude limitation would not be serious, of
course, if we had any expectation that conditions in the
solar environment were invariant with latitude. However,
even the most cursory of examinations of a white light
photograph of a solar eclipse reveals a strong latitude
dependence for conditions in the corona. Sun-spot and
flare activity is known to be concentrated in the mid-
latitude regions on the Sun. Interplanetary scintillation
studies suggest that the flow of the solar wind is faster
and more turbulent over the solar poles, than it is in the
equatorial plane (See Coles and Rickett, in this proceedings).
The expected Archemedes spiral pattern of the interplanetary
magnetic field may cause the ratio of thermal to magnetic
pressure of the solar wind to vary strongly with latitude,
thus resulting in a plasma over the poles which has substan-
tially different properties from the local solar wind. This
same field pattern may let low energy galactic cosmic rays
(< 100 MeV) penetrate unopposed into the region of the
solar poles, whereas such particles are excluded from the
inner solar system near earth. And the list goes on.

We are thus forced to conclude that, to date, space-
craft exploration of the interplanetary medium, and measure-
ments of the Sun which are look-~angle dependent, have studied

a non-representative sample of our total solar environment.
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We have studied in only two dimensions, what is a three-
dimensional structure. We have not sampled the full variety
of astrophysical conditions that are available to direct
measurements in our local environment. Thus, we have not
adequately broadened the base of knowledge that we can use
for deciding what is possible in other astrophysical settings.
An Out-of-the-Ecliptic (O/E) Mission, in which the
interplanetary medium is explored, and the Sun is viewed
over a wide range of heliographic latitudes, will provide
the measurements that can help replace our current parochial
view, with a more accurate assessment of our local environ-

ment in space.

The Current Status of the QO/E Mission

At the time of the publishing of these proceedings,
NASA and ESA are engaged in a Phase A study of an O/E mission,
which could be launched in the early 1980's. Two possible
missions, a primary and a backup, are currently under con-
sideration. 1In the primary mission two spacecraft are to
be launched simultaneously by the shuttle, with the Interim
Upper Stage (IUS) - 4 stage booster, The spacecraft, which
would be similar in design to Pioneers 10 and 11, would then
fly to Jupiter. There, one of the spacecraft would be
targeted so that after encounter it passes up out of the
ecliptic plane and over the north pole of the Sun. The other
spacecraft would be targeted so that it passes over the south

solar pole. Following their polar passes, each of the space-
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craft would return to the ecliptic plane, and then would fly
up over the opposite solar pole. In the backup mission, one
spacecraft is launched from the shuttle /IUS - 2 stage. This
spacecraft is targeted at Jupiter to pass over one of the
solar poles, return to the ecliptic plane, and then fly up
over the opposite solar pole. In both missions the space-
craft can obtain high heliographic latitudes ( 80°).

The major advantages to the primary mission are:
(i) It will provide simultanecus measurements of conditions
in the northern and southern hemispheres of the Sun. (ii) The
total science payload (both spacecraft) carried in this mission
is large ( 60 kg). (iii) The two spacecraft passing by Jupiter
will provide an interesting opportunity to distinguish spatial
from temporal effects in the Jovian magnetosphere. Indeed,
this mission may provide the only opportunity in the forseeable
future when two spacecraft are simultaneously near Jupiter. The
advantage for the backup mission is, of course, in cost., It
costs less than the primary mission, and yet it still provides
a survey of conditions at high heliographic latitudes.

In the primary mission, it is planned that ESA would
build one of the spacecraft, and NASA, the other. 1In the
backup mission, the spacecraft would be provided by ESA.

In both missions, NASA would provide the launch vehicle and
the RTG power supplies.

The Phase A study will be completed in the spring of

REPFOUCIDILITY QF THE
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1976. After this time, NASA and ESA will decide whether or
not to proceed with a joint O/E mission. A decision can be
expected in the summer of 1976 as to whether a Phase B study
of one of these mission options (or some other option) will
be undertaken.

Details on the primary and backup mission, as well as
on other options for O/E missions, can be found in the review
paper that J. A. Simpson has kindly written for this proceed-
ings. It should be noted also that a particularly interesting
variation on the O/E mission is discussed in the proceedings
in the paper by G. Colombo, D. A. Lautman, and G. Pettingill.
In this variation, one of the two spacecraft in the two-
spacecraft, Jupiter-swingby mission is a solar probe, which
after encounter with Jupiter is directed back at the Sun
along a nearly rectilinear path, Accurate measurements of
the quadrupole moment of the Sun can be made from the solar
probe, as well as in situ measurements of the solar wind in

the corona.

O/E Science

Some information on the flow speed of the solar wind
at the higher heliographic latitudes can be obtained from
observations of interplanetary scintillations, and also from
observations of ion comet tails. In this proceedings we
have included a paper on scintillation observations by
W. A. Coles and B. J. Rickett, and one on studies on comet

tails by J. D. Brandt. It is interesting to note, however,
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that the conclusions of these two papers on the behavior of
the average‘wind speed are substantially different. These
differences may be reconcilable, as Coles and Rickett suggest.
However, such discrepancies in indirect observations emphasize
the need for direct in situ measurements.

The remeining papers and abstracts in this proceedings
discuss the impact that an O/E Mission will have on studies
of the solar corona, solar x-ray and EUV emission, solar
radio astronomy, the solar wind, the interplanetary magnetic
field, solar and galactic cosmic rays, interplanetary dust
and zodical light, and interstellar neutral gas. It is
recognized immediatelv from this list that O/E science is
highly multi-disciplinary, involving many areas of solar and
cosmic-ray physics, and all areas of interplanetary physics.
There are also many different topics in each area which will
be affected by O/E measurements. It is not the purpose of
this proceedings to give an exhaustive survey of all possible
topics. Rather, we have simply highlighted here some of the
more interesting problems in O/E science. In this same
context, it should be recognized that an O/E mission is
exploratory, and as such is certain to uncover new phenomena.
It is one of the axioms in the space program that when we fly
where we have never been before, we uncover phenomena that we
cannot anticipate in advance.

The papers and manuscripts in this proceedings have
been reproduced directly from the typescripts provided by

the authors. In ~ddition to considering scientific quentions,
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the authors in some cases have discussed the heliographic
latitude that an O/E mission must obtain for best results in
their particular area. NASA and ESA requested that such

information be provided in the talks at the symposium,
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THE MISSIONS

PRECEDING P-4 GLANK NOT FAML



N76;é4126

Experiments Out of the Solar System

Ecliptic Plane: An Introduction

to the Execliptic Mission*

J. A. Simpson

Enrico Fermi Institute and Department of Physics
University of Chicago
Chicago, !llinois 60637

February 28, 1976

. Introduction

The dramatic step made possible by direct measurements in space with sate!lites
and probes during the past 18 years has totally altered our concepts of the Sun, the
interplanetary medium, and their influences upon Earth. This has been achieved with
observations confired solely to the vicinity of the equatorial plane of the solar system. From
these two-dimensional investigations we have made dubious attempts to extrapolate our
knowledge to deduce what the Sun and space in the solar system is like in three-dimensions.
However, the solar, interplanetary ond galactic phenomena discovered in these years have
raiscd many urgent scientific questions which can only be answered by direct observations and
experiments far out o! the ecliptic plane and over the solar pele to achieve a "global" concept
of the Sun, the interplanetary medium, and their relationship to Earth and thz boundory of the
heliosphere with the interstellar medium. We have been faced for many years with this age-old
problem which occurs often in science, namely, the extrapolation of physical phenomena from

two=-dimensions to deduce phenomena in three-dimensions. The uniqueness and importance of

* Based upon invited talk at " Symposium on the Study of the Sun ond Interplanctary Medium

in Threc Dimensions" == May 15-16, 1975, Goddard Space Flight Center, Greenbelt, Maryland,
and "Charged Particle Astronomy in Interplanetary Space at High Solar Latitudes", J. A. Simpson
Chap. 5.3; NASA collected papers for ESRO Document MS(74) 34 (1974).

r
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a scientific mission which can directly achieve this global study and the recognition of its
potential for discovery has been clear for many years. In describing such on exploratory
mission, it is not unfair to make a comparison between the importance of Man's exploration of
the spherical surface of the Eorth, and an execliptic mission, which is qualitarively
similar in its conceptual and practical consequences for space science to the impact of the
full exploration of Earth on Man's intellectual advancements.

If o mission out of the ecliptic is so vital to the advancement of science then
why has it not become a reality by now since the technotogv for its accomplishment has been
with us for several years, and Pioneers 10 and 11 have demonstrated that a Jovian gravity-
assist to drive a probe out of the ecliptic is sofe? Among the reasons appears to be the broad,
interdiscinlinary character of the most important investigations on the mission which, on the one hand,
represents the greatest strength of the mission, but, on the other hand, becomes a source of
weakness for marshalling the sources and the support of the scientific community, or even
leadership within the federal agencies where the missions must successfully compete with other
important types of space missions. Since the late 1950's an out of the ecliptic mission has been
under discussion. ] Now, hopefully, it is a mission whose time has come since it has recently
elicited support from a wide segment of the scientific community on the bosis of its uniqueness
and importance for science and the applications of science to our understanding of the Sun and
its influence upon Earth. Furthermore, as has been the case for the space program to date in
the equatorial plane, out-of-the-ecliptic observations are almost certain to yield important,
unanticipated discoveries.  We can best describe the quality of the mission objectives as
exploratory and interdisciplinary and, therefore, the investigations must be designed te encompass
the unexpected.

The purpose of this note is to summarize the most likely alternarives for carrying out

a mission to achieve these broad scientific goals and to illustrate with specific examples diawn
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from charged particle astronomy, interplanietary and solar physics some of the experiments and
observations which may be carried ovr. It is not within the scope of this note to describe in
detail the many exciting scientific challenges opened by the mission, but the reader easily will
perceive this wide range of possible investigations, many of which are discussed in the ~
Proceedings of this Symp05iurn2 or outlined by Page. 3 As a basis for discussion of the regions
of the Sun and interplanetary space which may be explored by execliptic missions | have
prepared in Figure 1 a schematic represcniution of the main solar latitude zones of highest
intcrest and their possible interfaces with the interplanetary medium. In the following discussion
we will summarize some of the alternative missions which reach into these regions of space and
the constroints they place upon experiments. As a secondary objective we shall ol:o describe
the opportunitics which some of these missions previde for unique studies of the magnetosphere
of Jupiter since, for the most likely mission cheices, Jupiter becomes
the "gateway" to space cut of the ecliptic.
I Ten Ways 1o Cet There

Tuble 1 is a summary of the most oulstunding mission alternarives.  There is
a leing history o muceessive proposals for these mision: based primerily on availeble launch
vchicle technotogy, hence some of the alternatives piesented in Table 1 now are only of
historicol int.7st,  Basically, the mission cptions are dependent on launch vehicle capabilitics.
Direct ballistic injection ai ~ 1 a. u. (option 7 and €) cven under optimum conditions vill take
¢ spacecralt only to ~ 3/° heliographic latitude.  The addition of solar electric propulsion (SIP)
makes it pussilile to achieve a spacecraft trajectory oscillating in latitude at 1 a.u., and
synchronous wiih Lorth thus scanning over a north-south latitude range that reaches a limit of
i< 60° within 2. 7 years, under maximum launch ccpabilities (cption 9, for details see

reference 4 and 5). The trajectory plotted in a plane at 1 o, v, is shown in Tiguie 2. This type

pea
"
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from Figure l see thut n” af the darect injection missmns dlscussed above do not ‘

observaﬁons in sifu beyond :he zonef of so!ur activity and leave open oll queshom which

mld only he ar\swered by mtummg hlgher solar latitudes.  As will be s‘hown‘ below, the polnr v

wpftq-&polar cop pa;;es of Jupiter swingby missions will achieve the lati tude scans of the SEP

@fé?ons, qlthough for a shorter interval of thi.c solar cycle.
The alternative to direct injection is a gravity assist by Jupiter, i.e. by a

"vlbt‘:}piter swingby (JSB) == a technique first proven by Pioneer-10 to achieve a sola system

Gscupe ir(:lie(:i'cary.6 This technique makes it possible to achieve solar polar cop pasies with
tt’_léxlmum latitudes depending on the launch constraints (options 1 - 6). Among those options

"tﬁqt achieve polar cap passes of > + 80°, options 1, 2, 3 and 6, offer the greatest potential

for achieving our stated prime objectives of exploration and discovery. Option 6 encbles a single
spacecraft to reach ~ 79° soler latitude with an Atlas/Centaur vehicle Ly requiring an Earth
swingby as shown in Figure 3. However, in addition to the increased time toreach solar maximum
latitude (1. 7 years longer), this mission suffers further from reduced reliability because it

requires an additional spacecraft propulsion subsystem to undertake two additional and eritical
spacecraft maneuvers as described in Figure 3. We focus on the most fruitful of all the JSB
options, hopefully the most likely to be adopted, namely a dual spacecraft lauiich to Jupiter
(options 1 or 2) which will result in spacccrafts over both solar polar caps simultaneously with
tralectories as shown inFigurc 4 passing fiom pole-to-pole in opposition. We refer to this type

of mission as the tandem Jupiter swingby (TJSB).
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P .ﬂgme we have mmafted he wa &

omple paes o o
, diso  funetion of e, Alﬂmgh this mmple I or c«pﬁon 21 Toblé 1, lke afae

r mionmias frm Jupim swlm-by mm uﬂw thﬁir respecﬁve poia-

apﬁm 1 wm b& similof. Erom ﬂ\e point of view of scienﬁﬂc imsﬂguhom in dfffarem

selp inas,‘ esa. soinr pﬁysics, interplanetary plasma and mogneﬁc ﬂeid “the wmmpfme“

F Juptm, eosmic rnys, etc., the mission is logimlly o be divjded into five phoes idermﬁed
7 portions of the apacecmft trojectories. These are: (1) from Earth fo Jupiter, (11) through
lha Jovian mugnetosphere, (Il!) out-cf-the-ecliphc samul*.meously in the northem ond southeﬂi'
f’,'f.”;.héﬁiqoher:‘es over the radial range ~ 1.5 - 5 a.u., (IV) over the solar pole, and pole-to-
‘?"pole transits of the two spacecrafts, and (V) post solar pole h-aiectones. in each phase
 there are some prime mission goals for one or more of the scientific investigations. In the
) >_: following discﬁssion we take the reader on a "guided tour” through these five phases of the
TJSB missions using illustrative scientific investi“guﬁons which will lead to discovery or the
answer to old questions. Although it Is net possible to discuss in this note all the important
scientific objectives of each phase, these trajectories provide a rich source of new investigations
with each phase of the mission possessing its own set of unique scientific objectives.

Phase (1): Earth to Jupiter

The two spacecraft trave! near the ecliptic plane with a radial-spatial separation of
order 106 kilometers and with simultaneous transmission of data. This separation makes it possitle
for us to undertake a new family of studies, since never before have spacecraft been so separated
for a long period of time free from the influence of a nearby planet and never before have we had
the opportunity to do correlative studies between closely spaced observatinn points over a large

radial range. For cxample we may undertake:

REPRODUCIBILITY ’
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a) the study of charged particle-magnetic ficld interactions, especially
for very low energy nuclcar particles in the range 0.1 to 1 MeV.
This spacecraft separation distance becemes comparable 1o the correlation
length of the interplanetary magnetic field and to the scattering scale

size of the particles. 8

b) the study of the modes of propagation and interaction with magnetic
fieldsin interplanetary space of the electrons which have been recently

found to be escaping from Jupiter. -1

. - ]2
c) measurements of the interplanetary acceleration of protons = and electrons
. . . 13 .
in the regions surrounding blast waves from the sun. It will also
become possible to investigate in detail the forward-backward moving shocks
which are now cbserved to b= associated with so~called " interplanetary
. . 14 . . . .
active regions" . These active regions and shocks are also associated with

enhanced fluxes of ~ 1 MeV protons. 12

This phase of the mission corresponds to an interplanetary version of the smaller
scale Mother-Daughter satellite combination devoted to magnetospheric studies in the period
1977-1980. No other interplanetary mission studies of the above type have been made, or are
contemplated in the foreseeable future.

Phase (11): Jovian magnetospheric studies

Since for operational reasons the two spacecrafts in opposite hemispheres will
have timesof closest approach 2 to 3 days apart,  we obtain a unique and valuable separation
of the two spacecrafts in the Jovian magnetosphere capable of attacking problems that could
not be investigated by the Pioneer 10-11 spacecraft, the Mariner-Jupiter-Saturn spacecraft, or

even a single Jupiter orbiter spacecraft. In Figure 5 we display a meridional plane projection
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of the trajoctories of the two spucceralts A ond B, Figure 6 is a projectionof the two spacecraft
trajectorics on the ccliptic planc. For comparison the Pioncer-11 encountar trajectory

to Saturn is shown. At the time of closest approach for spacccraft A (position 1), spacecraft B
is at a distance of ~ 50 RJ, and when spacecraft B is at closest approach (position 10) spacecraft
A has moved 1o ~ 50 P.J. Thus it sheuld be pos:ible to separate large scale spatial from
temporal effects in the Jovian magnctosphere, It will also be possible to obtain measurements
at four mugnetic latiiudes for each radial distance. Some of the key problems to be attacked
are: {u) investigation: of the variution of the radial position of the bow shock with tir.2, and
() the distortions of the mognetossheric boundary in response to fluctuations in the strength and
direction of the tolar wind ard the rotation of the magnetosphere.  An important feature of the
Jovian magnetospheric observations possible with the TJSB mission is the simultaneous
measurement of the solar wind outside the magnetosphere by one spacecreft while measurcments
within the mognetuiphere are under way with the second spacecraft,  (c) The nature of the
"global" time decucadent 10 hour variations of clectron intensily and spectrum within the

6,916 e . .
"7 7%, how is this effect related to the rotation effects of the equatorial plasma

magnclosnhere
sheet ond the imatially dependent 10 hour variation? This in turn is related to the problem of
the mechanism for the refease of electrons from Jupiter into interplanetary space. (d) Jovian
satellite interacticns with the trapped radiation; special opportunities exist whereby it is
possible to cross the flux tubes associated with the satellite lo and thus to investigate the nature
of the control excried by lo over decametric radio bursts,

In sum, the dual spucecraft out~of-the~ecliptic mission will answer questions
which would otherwise remoin a puzzle for studies made with a single spacecraft.

Observations made with Pionccr 10 and 11 have establizhed the importence of

. 6,16 .
transient phenomena™ 7 for the magnetosphere of Jupiter, such as large scale distortions.
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Observations with a single spacecraft cannot unambiguously separate the temporal and spatial
dependences of such transient effects, so that a dual spacecraft mission offers our best hope for
gaining a further understanding of the physics of the Jovian magnetosphere.

Phase (H1): Out-of-the-ecliptic at large radial distonces

Figure 4 illustrates the trajectory characteristics for spacecrafts A and B as
a function of time after a Jovian swingby. In a period of ~ 2 years, the two spacecrafts
traveling in the opposite hemispheres of the interplanetary medium cover a radial distance of
~ 4 a.u. while slowly traversing a scler latitude range of up to nearly 90°,

This phase of the mission offers the opporiunity to take snapshots of solar
active regions on the sun, (EUV, UV, x-rays, radio, etc.) for comparison with identical
observations from Earth to form stereoscopic pictures of solar phenomena. It also becomes
possible to investigate new aspects of the Gegenschein.

This phase of the mizsion also offers the opportunity to study the behavier
of magnetic scctor structure at large radial distances from the Sun in the solar activity zone
(Figure 1) to answer such questions as: (a) What role does the regicn of solar activity (10 to
35 degrees) ploy in determining the sectoi structure of magnetic ficids extending from 1 to
5a.u.? (b) To what exient does the magnetic sector structure persict at high latitudes and at
great distances from the Sun? (c) How does the Sun'sdifferential rotation, whichpraduces arotation
period 9 days longer at the pole than at the equator, change the structure of interplanetary megnetic fields ?
These and questions conceming the"global shape" of biast waves in the two hemispheres constitute
major magnetic field and plasma studies for this phase of the mission, The characteristics of this
region for charged particle propagaticn for both solar and galactic particles are entirely
unknown, and their determination would be the piime goal of charged particle studies in this

region.
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Phase (IV): The polar observationsat the Sun from ~ 1,2 = 2 a, u.

A. Solar observations from ilws polar viewpoint,

The evolution of coronal features above solar active regions, corenal streamers
and related transient, large scale phenomena == now observable only by solar limb studies
from Earth ~= may be undertaken from the A or B spacecraft by time=lapse observations
obtaired simultaneously at all solar longitudes. Coronagraphic studies on a spinning spacecraft
are difficult, but the potential is great for understanding the origin and dynamical structure
of the inner and o "er corona from simultaneous, polar and equatorial observations (J. A.
Simpson to G. Newt k, private communication, 1968).

B. Solt interplanetary studies.

Somewhere in the region tentatively identified as the transition region above
solar latitude ~ 60°, characteristics of the interplanetary medium increasingly become
determined by the properties of the sun and corona in the polar regions. For example, it is
currently believed that the polar region may be represented by a coronal hole where a
continuous emission of the solar wind at high velocities (> 700 km/sec) is expected. 17 It isin
this region that the rotational effects of the Sun cease to play a major role in the large-scale
structure of the magnetic field carried intointerplanetary space by the solar wind. The properties
of this region are unknown and expected to be totally different from those so far studied in the
vicinity of the equatorial plane. For studies in this region it is vital that measurements in the
north and south polar regions be made simultaneously since it is well-established that both the
temporal and spatial distributions of observable solar phenomena in the polar regions are frequently
different ot the two poles. 18 In addition to the particle, magnetic field and plasma interactions
which will be studied for the first time under these new physical conditions, we point out that

low energy particles from the galaxy may find a relatively easy entry to this
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region, as discussed below.

As shown in Figurc 4, the two spacecrafts pass from pole to pole in periods the
order of 260 days {or on an average of ~ 0, 7° per day). This corresponds to an elapsed time of
~ 10 solar rotations when the two spacecrafts are ot radial distances ~ 1.2 to 1.5 a.u. Cleorly
radially dependent effects are likely to be small compared with latitudinally dependent
phenomena being studied simultaneously on the two spacecrcft. The observations to be made
and the scientific objectives of Phase IV of the dual spacecraft are essentially the same os those
for the SEP mission (options 9 and 10). Both missions provide a scan of solar latitude at a
rate of ~ 0,4 = 0, 7 degrees per day at approximately constant radial distance from the Sun,
although the dual spacecraft mission provides coverage of the polar region of the Sun, while
the SEP mission does not. Among the latitude dependent phenomena to be investigated are
(o) the effect of differential rotation on the magnetic fiald structure in interplanetary space;

(b) the nature of the transition region from the polar coronal holes to the band of solar activity
(Figure 1); (c) the nature of transient phemomena such as shocks and high velocity streams

at hiph solar latitudes. Measurementsrelating to these questions made in Phase 1V are distinguished
from similar measurements in Phase |1l by the fact that the radial position of the spacecrofts is

not an important parameter during Phase iV, thus providing a clean separation of latitudinal

and radial effects.

It is likely that the combined direct solar observations, magnetic field, plasma
and high energy particle studies will introduce a qualitative change in our understanding of
the differential rotation of the Sun, of the ~ 22 year magnetic cycle and, thereby, in our
understanding of the internal dynamics of the Sun.

C. Golactic composition of cosmic radiation.

In part B above, measurements during the pole-to-pole excursion of the
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two spacecrafts were concentrated on the electrodynamics of the interplanetary medium
and the role of the solar features in determining the dynamics of the medium. If conditions
over the solar poles are anywhere near those predicted it would appear that cosmic ray particles
of low energy from the galaxy which cannot otherwise propagate into  ine inner part of the solar
system near  the equatorial plane becaus: of solar modulation may be able to penetrate
by way of the solar poiar magnetic fields to within ~ 1 - 2 a.u. If s0, we may be able to
obtain for the first time samples of th : 1. eneray composition of galactic cosmic rays;
that is, the relative abundances of the elements in the nuclear component of the
cosmic rays ond the relotive isotopic cbundances of hydragen to nickel.
Through such studies it may become possible to identify the low energy component of cosmic rays
accelerated in our local region of the galactic arm. These studies will be of vital importance
for deciding among models of nucleosynthesis of the elements in the sources of cosmic rays.
Furthermore, under such circumstances, it would become possible to obtain the energy densities
in interstellar space for these very low energy particles ( a problem concerned with the heating
of interstellar clouds),
Finally, all of these investigations over the solar poie when take 1 together with
observations in the equatorial lune will yield a "global" model for solar modulation which
takes account of the propagation of nuclear particles and electrons extending downward in energy to

77 show

energies where atprasent their modulation is not understood. Recent observations]
that evenathigher energies, revisions of our ideas abcut modulation may be required, possibly
involving processes taking place off the ccliptic planczl, or introducing in-erste!lar neutral
particles in the heliosphere.zz The IMP satellites and Pioneer 10/11 deep tpace probe observations

have raised a number of interesting questions regarding whether or not low energy particles

could have access to the solar equatorial zone.
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D. Energetic particles of solar origin,

The role of corona! transport in the piopogation of sular particles from fare
sitos to the interplanctary medium has been much studied but is not well understood. 23-26
Out-of=the-ccliptic missions will play a major role in deciding on the transport mechanism,
on the storage time ond distribution of porticles at the sun, ond, in turn, while using solar
particles as probes of the intervening magnetic fields, will obtain information on the near=sun
magnetic tield structure including the distribution of irregularities in the magnetic field, It
may be possible that the effects of differcniial rotation con be analyzed best by studying the
emission of solar flare particles at high solar latitudes.

E. Models of the heliosphere.

At the present time we cannot choose conclusively among medels of the
heliosphere with boundaries for particle modulation which, for example, could be a) panicake-
like in character, extending the order of say 20 to 50 a.u. in the equatorial region, but only
a few astronomical units thick over the poles, or b) with distant ‘.oundarics over the sclor
poles and therefore much more spherical in character, as sketched in Figure 7. 27 Altihough
these two examples represent cxtremes, it wauld appeor that dota obtaincd out-of~the~
ecliptic plane could assist in deciding between them by using galactic cosmic rays as probes
of the outer magnetic fields of the interplanetary medium. Predictions for th harged porticle
gradients, particle anisotropies and energy spectral chonges as a function »f solur la +*ude con
be made; therefore a wide range of models can be tested by the dual spacccraft mission
(e.g. reference 28).

Phase (V): Pcst solar polar observations

The above four phases of the dual mission illustrate the wide range of physical
processes which can be studied during the mission. After leaving the sun the dual spacecrofts
again travel outward from the Sun where they are abic to repeat some of the observations which

were obtained between Jupiier and the Sun in Phase 1} as much os a half solar cycle earlier.
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These latier measurements would indced be very interesting since they can provide further
evidence on the long~term changes in the heliospherg, especially in the latitudinal structure
of the interplanetery magnetic fields.

IV. Summary Remarks

We conclude from the mission alternatives that the latitude scan missions
such as the SEP options 9 and 10 (Figure 2) are dedicated to more detailed observations
and exploraiion of the soiar active zones (Figure 1) with a strong emphasis on extending
the stereoscopic viewing of the solar phenomena now under observation with Earth orbiting
satellites. On the other hand, the solar polar cap passes further extend the exploration
of new regions of the Sun ond interplanetary medium, the evolution of solar coronal features
seen simultaneously at all solar longitudes, and the possible accuss of low energy particles
from interstellar space via the polar mognetic fields. Suchparticlescan not be detected
with deep space probe missions near the equatorial plane in the foreseeable future. Thus,
in many aspects both types of missions are important for science, but are qualitatively differen?
in their goals.

With regard to strategies, the TJSB missions offer the unique advantage of
providing well~defined interfaces for international collaborations since one spacecraft could,
for example, be the responsibility of the European Space Agency while the second spacecraft
could be the responsibility o the NASA,

Some instruments should cover the same measurements simultaneously on both
spacecrafts, e.g. magnetic fields, plasmas, charged particles and x-rays. However, in
addition one spacecraft could carry a set of complex instruments to complement the other
spacecraft, viz. a coronagraph on one spacecraft, and a complex super-thermal particle

spectrometer and solar radio emission detecior «:. the other spacecraft.
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Although Table 1 suggests o wide range in costs bosedupon the launch
vehicle, the ultimate difference between a single spacecroft JSB mission and TJSB mission
is really less than indicated because the same magnitude of commitment and resources is
‘required for scientific instrument preparation and integration, for data acquisition throughout
the years of the mission and, most important, for the level of commitment of those in the scientific
community motivated fo undertoke such a long term enterprise.

The need for simultaneous measurements at Earth during an execliptic mission
must not be overlooked in order to separate snatial from temporal changes in solar interplanetary
phenomena, and fo relate these cbservations to the present day scientific knowledge derived
from equatorial measurements.

Ingenious experiments and observations have been reported for many myeors
to explore the high solar latitudes near the Sun and interplanetary space. These include
the use of radio waves from distant stars to study the magnetic irregularities and electron densities
near the Sur;, the observation of comet tails at high latitudes and the scintillation effects
of galactic cosmic rays to deduce propertics of the solar wind, and the large-scale probing
of the interplanetary medium by high energy cosmic rays to estimate the scale size of the
heliosphere. However, they cannot substitute for direct observations in the regions of the
solar system to be penetrated by an execliptic mission.

The author apologizes for not adequately covering in this note the many alternate
mission options with their unique scientific objectives.

He wishes to thank Dr, Bruce McKibben and Mr. John Niehoff for
assistance with the preparation of materials for this manuscript, and Mr. Dan Herman
of NASA and Mr. H. F. Matthews of the NASA/Ames Research Center for providing essential

background material.  This work was supported in part by NASA grant NG L 14-001-006.
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SOLAR EXECLIPTIC MISSION OPTIOXNS FOR I EARLY 1980°s

No. of Total

Maox. Spin (SP) or

Launch Space- S/C (Scicnce®) Solar  Stable (ST}
Vehicle croft  May, KG  lat., Deglt S/C
Shuttle/IUS(3)/ 2 550(60) 84 sp
TE 364
Titon/Cent/ Z 500(60) 90/90 sp
-450:b
shuttle/iUS(2)/ | 300(30) 58 P
TE 364
Anm/(.em/-ASb ? 250(3n) 39 Sp

1 150(15) 77 sP
Delta 391446275 1 150(15) ~30 P
Atlas/ 1 any(30) » P
Centour./TE 364
Tiran/Cent/-45% 250(30) 34 sp
) 150(15) 37 P
Delra 201448275 b 150(15) 24 P
Titon/Centau® 1 250(30) 59 3
1 187(15) 62 ST
Atlas Centaue® 1 250020 29 13
1 150(15) 34 ST

Time to
Launch Max. Lat., Heliopheric

Yeart)  Years

1981, 83
1980, 1, 83
1981, 83
1989

1980
1981,83
1982
19680-83
1980-83

1980-83

1981, 82, 43
1981, 82, £3

1951, 82, 83
1981, 62, %5

e Opposed passes,

+ Llotitude scans
~4 Opposed single postes

+ lotitude scons
3.9 Sing:’Q pass to

+88
~4 Single .as:
-4 Single pass
~4 Singlc pass
5.6 Single pass to

4 790
~0.2 Single lot. ran ~ 1 a.
~0.2 Single 1ot scon ~ 1 a.
~0.2 Single lat. scan
~2.7 Latitude scans ~ 1 a.
~2.7 _ Latitvde scans ~ 1 o,
~2.2 Latitude scans - ! a.
~2.2 T ctivade soamy ~ Yo

Coverage

€.

*

This vehicle or shuttie/IUS (interim upper stage) equivalent for > 1981 launches.

~45: TE 364-4 solid kick notor with spin table. -
27: Star 27 solid kick motor

Cost hracket determined on basis of launch vehicles shown, not shuttle equivalents (see footnote a).

Science included in spocecroft masses.
Latitudes are heliograchic. Hence when tandernm spacecraft are launched to solar fatitudes les than 900, one
$7C goos below the ecliptic and the other above after swingby, with ~ 14° difference in solar Tatitude if the swingby is
ot the solar node.
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Figure Captions

Figure 1

Figure 2

Figure 3

Idealized meriodional plane view of the inlerplanctary regions associated
with principal features on the sun. The shaded region represents a region

+ 7 in solar latitude within which all measurements to date have been made.
The tegion of principal solar activity over a solar cycle extends from 10 to

~ 35-40 degrees north and south latitudes and is highly variable. A region
from ~ 40 to 70 degrees is a tronsition region between the region of solar
activity and the polar region where the rotational effects on the magnetic
field carried out by the solar wind begin to subside. It is believed that the
polar region is mainly occupied by a coronal hole-like structure and therefore

that the solar wind has o high velocity in this region.

The solar electric propulsion miusion is one in which the spacecraft remains in
a 1 A.U. o:bit from the sun and is therefore synchronous with earth. The orbit
inclination is increased by thrusting ubout the nodes. In a period of ~3 1/2 to
4 years a full excuisicon of the spacecraft is expected to be between 50 and 60
degrees. The spacecraft is normally thrusting except for ~ 100 days per year
at the anti-nodes. However, the spacecraft propulsion can be turned off for

a day or so during the normal operating periods o obtain scientific data.

(See references 4 and 5.)

The AVEGA flight mode (é_\{—_!_f_arth Gravity Assist). In this mode the

transfer event points are:

2 =2

Point 1:  Earth launch 4/18/82, C, = 27 Km“~sec

3

Point 2:  Perihelion modification maneuver, AV = 900 m - sec-‘.
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Figure 4

Figure 5

Figure 6

Figure 7

Point 3:  Earth powered swingby, AV - 1000 m-sec-].

Point 4:  Jupiter encounter 3.2 years after launch.

The trajectory is not to scale.

The out-of~-the-ecliptic trajectory for the dual mission after Jupiter swingby,
showing the radial distance of the spacecrafts from the sun and the
heliographic latitude of each spacecraft as a function of time. (Adapted
from reference 7.)

The dual spacecrafts A and B enter the Jovian magnetosphere approximately 2
or 3 days apart. The figure is a meridional projection of the spacecraft
trajectory with Jupiter at the center of the coordinate system. The fiducial
marks on trajectory A represent 6 hour intervals which correspond in numbers
to the 6 hour intervals along trajectory B. Thus it is seen that one spacecraft
is near closest approach when the other spacecraft is at 50 Jovian radii.

The trajectory of Pioneer 11 is shown for comparison.

Projection on the ecliptic plane of the trajectories of spacecraft A and
spacecraft B. For comparison the trajectory of Pioneer 11 is sliown.

Two alternate models for the shape of the heliosphere. (See reference 27.)
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AN ALTERNATIVE OPTION TO THE DUAL-PROBE QUT-OF-ECLIPTIC MISSION
VIA JUPITER SINGBY

G. Colombo
and

D. A. Lautman
Center for Astrophysics
Harvard College Observatory and Smithsonian Astrophysical Observatory
Cambridge, Massachusetts 02138

and

G. Pettengill
Massachusetts Institute of Technology
Department of Earth and Planetary Sciences
Cambridge, Massachusetts 02140

We have recently conducted a preliminary study on the possibilitly
of combining the out-of-ecliptic (0OE) mission with a solar-probe
mission. In particular, we have been looking at the possibility of
having a high-inclination O0E probe complemented by a second probe
going from Jupiter to the sun along a rectilinear path (at least for
the segment from C.3 a.u. inward to the sun).

The scientific interest in approaching close to the sun is obvious
since it enhances observation of particles, fields, and gravitational
harmonics. Our particular choice of path results from the associated
simplicity of the spacecraft configuration needed to provide, for
example, good thermal control, a drag-free system, and good communica-

tions with the earth.
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A preliminary error analysis conducteé by J. D. Anderson of the
Jet Propulsion Laboratory leads to very interesting conclusions for
an elliptical orbit with a perihelion distance of IGRB, Assuming that
the nongravitational forces are compensated by a drag-free system
(with three degrees of freedom) and that the spacecraft is tracked
down to perihelion, the quadrupole moment of the sun can be determined
with an accuracy of 3 parts in 107. Since the estimated value of J2
ranges from 3 x 10'5 (applying Dicke's theory) to 1 x 10'7 (assuming
rigid rotation of the interior with the observed surface), the inter-
est in determining this moment with an accuracy of at least 1 part in
107 is clear. We remember that J2 gives & fundamental constraint to
the moment of inertia (or the ratio CIMR3) and, therefore, on the
internal den#ity distribution of the sun.

As mentioned above, the result obtained by Anderson implies a
three-axis drag-free system with an accuracy of 10'8 cm/sec%. A drag-
free system having this accuracy has recently been flown in the
TRIAD satellite. 1f, however, we choose a solar-impact
trajectory, then by using a spinning spacecraft, a one-axis drag-free
system can Je implemented that requires much less complexity. In
fact, a spacecraft spinning about an axis aligned with the rectilinear
path would allow 1) gyrostabilization (from 0.3 a.u. to the sun), 2)

an easier design for thermal shielding, and 3) a one-degree-of-freedom

drag-free system. In particular, a sphere with an electrostatic
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suspension is free to move along the spin axis with no exchange

of forcas along the path. The displacement of the sphere along

the spin-axis will be sensed, causing the thruster (oriented along
the spin axis) to compensate the nongravitational forces along the
path to the desired accuracy. The spacecraft will be forced to
follow the proof mass and, therefore, to follow a purely gravita-
ticnal path. Transverse forces should be 4 orders of magnitude
smaller and need not be compensated. The drag-free system can be
calibrated when the probe is far from the sun (5 a.y.) in o}der to
find the equilibrium position along the spin axis of the proof mass

in the gravity field of the spacecraft.

During the 3.5days that the spacecraft will spend in going from
0.25 a.u. to 0.0la.u. and cioser, the earth—sun-probe geometry will
permit tne earth to be in the beam of the 0.2-m-diameter antenna
pointing parallel to the spacecraft spin axis. The Jupiteruswihgby
technique has enough flexibility to enable the mission to be timed
so that the earth—spacecraft line remains within a few degrees of
the direction of the spacecraft track. A 20-cn dish mounted on the
spacecraft operating in the X band has a beamwidth of 8° and a gain
of 27 db. By using a 6%-m dish on the earth, this will allow a
transmiission data rate from 50 to 100 bits/sec, even with the noise
of the sun in the background. Doppler tracking using two frequencies
in the X banc (8 and 12 GHz) sihould yield a relative-velocity measure-

2

ment accuracy of the order of 10 © cm/sec (1 ¢ ) with 60-sec intagra-

tion time.
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From Jupiter inward (o 0.5 a.u., the spacecraft will operate
in ihe Pioneer mode, performing selected experiments related to the
soiar stereoscopic and 00c missions. The two-frequency radio-
science experiment will allow the integrated electron content to be
determined at each instant, and perhaps a weighted component of the
integrated magnetic field (from Faraday rotation).

From 0.5 a.u. inward, however, the mission will become more sun-
oriented. The spacecraft spin axis will be directed sunward at
this time, and the drag-free servo system will be activated. Some

relevant probe parameters inside 0.5 a.u. are given in Table 1.

Table 1. Probe parameters.

Solar Distance Time to 4R° Velocity Equilibrium
(a.u.) (39) (days) (km/sec) Tempg;ature
6.5 100 10.5 54 215
0.4 80 7.4 60 235
0.3 60 4.8 70 275
0.2 40 2.6 85 335
0.1 20 0.9 121 470
0.05 10 0.25 m 680
0.02 4 0 270 1060

REPRODUCIBILITY OF THE
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The temperatures shown in the table are surface temperatures
related to a properly designed reflective heat shield that covers
the "front" side of the spacecraft; the internal temperatures of
the spacecraft will not necessarily be so high. Furthermore, the
last few solar radii are traversed in less than an hour, during
which time, thermal equilibrium will not be established. It is
entirely possible that the system will survive to 2 Ry If it does,
a straightforward calculation shows that tracking to a doppler
accuracy of 1072 cm/sec over the half-hour interval required for
the spacecraft to fall from 3 to 2R, would permit J2 to be deter-
mined to an accuracy of ]0'8. Since a realistic estimate of the mag-
nitude of J, is about 10'7, as is shown in the Appendix, an extremely
valuable result would be guaranteed.

Obviously, many details of engineering design and scientific
applicability remain to be worked out for this mission. But the
preliminary effort so far expended appears more than sufficient to

warrant this further pursuit.
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APPENDIX
J2 OF THE SUN

The value of J2 can be inferred for a rotating axially sym-

metric body by means of the first-order formula (Jeffries, 1970)

3o,=f-%m (1)

where f is the flattening and m = mZRe/ge is the ratio of centri-
fugal force at the equator to gravity at the equator. The assump-
tions made are that the gravitational potential is given by its

first two terms only,

" Re
Vg = r 1 - JZ ('Tr

and that the surface is rotating uniformly so that the centrifugal

2
P2 (sin ¢J , (2)

force can be derived from the potential

mzrz cos2 s (3)

N

Vc =

Then tnhe actual surface will be a level surface of the potential
V= Vg + Vc.

if the surface is not rotating uniformly, we can modify equation
(i) oy assuming that, at any latitude, the surface will be perpen-
dicular to the resuitant of the gravity force given by the gradient
of equation (2) and the centrifugal force equal to m2(¢)r coso and

¢irected away from the axis of rotation. Assuming that the shape of

tne surface is"given by r = R¢ (1-Y), we find, to first order,

-42-



dy Rg u(s)

a}.ﬂ (3J2 + T—)Sin ¢COS (-] » (4)

We assume that the angular velocity of the sun's surface can be
approximated by w(¢) = wy = Wy sinzo and obtain

3 A N P z']

= Jd.=f=-<=-m .]-—'l'-(—) s (5)

2 2 2 0 l. Wy 3 ®o

where m_ = “’ozRe/ge’ Fur the sun, we have m = 2.14 x 107>, Wy =

14.4 °/day, and m2€¥'4.5°/day, so the second term in equation (5)
lies between 7.7 x 10-6 and 10.7 x 10'6, depending on whether the
differential rotation is included or not. The best determination
of the flattening of the sun (Hill, 1974) is f = (9.6 * 6.5) x 10°°.
It is clear that J2 cannot be derived with any accuracy from equation
(5), since it is the difference between two not very well-known quan-
tities of nearly equal magnitude.

If the sun is rotating uniformly and if the density distribution

is known, JZ can be directly calculated. Following an analysis by

Sterne (19394), we define the “apsidal motion coefficient,”

3 -"S

k=—_ »
4+2ﬂs'

where ns is the value at the surface of the variable n, which is zero

at r = 0 and which satisfies Radeau's equation:

dn . n2 _ . 6o =
rgetn n-6+ o (n+1)=0 . (6)

In equation (6), p is the density at r and . is the mean density

interior to r. Then,
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JZ = %- km (7)

where m has been previocusly defined. The coefficient k depends
solely on the distribution of mass within the star, ranging from
zero for a completely concentrated star to 3/4 for a homogeneous
star. Values of k have been calculated (Motz, 1952) for solar
models by Schwarzschild (1946) and by Epstein (1951). Motz obtained

= 0.00585 and 0.00589, which leads to J2 = 8.3 x 10'8 and 8.5 x 10'8,
respe-tively. Calculating J2 for three later solar models, we found
J, = 1.56 x 1077 for a zero-age sun (Schwarzschild, 1958)and J, =
1.41 x 1077 and 1.20 x 1077 for two models of the present sun
(Weymann, 1957, and Sears, 1964). Although we do not at present have
detailed calculations of later solar models, we note that a recent one
(Hoyle, 1¢75),proposed to explain the low neutrino emission from the
sun, has the unusually low central density of 75 g/cm . The ratio of
central to mean density is then 53.2, which is quite close to 54.2, the
ratio of central to mean density of the “standard model," a polytrope
of index 3. Russell (1928) found k = 0.0144 for a polytrope of index
3, so we consider 2 x 10'7 to be a reasonable upper limit to the value
of Jz fer a uniformly rotating sun.

I+ is of interest to consider a lower bound to k and,hence, to JZ.

The most concentrated star with a given central density is the general-
jzed Roche model, which consists of a homogeneous core, with a density
equal to the central density containing all the star's mass, and an
envelope with infinitesimal w

Caa ;w *wetmr CIBILITY OF THE
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density. Radeau's equation can then be solved analytically (Sterne,

1939b) to obtain

o3
C
Jz’f{%) (8)

With current estimates of the central density of the sun ranging from
about 75 to about 150 g/cn®, we find the lower limit of J, to be

between 1.4 x 10°° and 4.5 x 1072,
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Recently solar physicists have gained the ability to view the solar corona from
a new perspective, by means of space observations at x-ray and extreme ultraviolet
(EUV) wavelengths, which permitsus to observe the forms of the hot, but very tenuous,
corona against the relatively cool solar disk (Figure 1). Ground-based observau.ns
of the corona, except for relatively low-resolution radio data, require natural
(via eclipse) or artificial occultation of the bright disk, limiting coronal observations
to *side views'" through the atmosphere extending beyond the occulting disk. The direct
face-on view provided by EUV and x-ray space observations, combined with detailed
information on density and temperature of the emitting regions conveyed by the spectral
character of the ultraviolet and x-ray data, has given us the first detailed information
on the complex structures of the corona and their interrelations.

The possibility of looking down on the sun from a spacecraft high above the
ecliptic plane opens up yet another perspective on the sun, one that is certain to help
us understand the nature of coronal holes at high latitudes, and their relationship

to the expansion of the three~-dimensional solar wind.

The large dark area on the x=ray image of Figure 1 is a corcaal hole — a pheno-
menon whose properties are just now becoming understood, largely through EUV and
x-ray observations. Although the existence of large regions of low coronal density
had earlier been inferred from coronasraph "side views", we are now obtaining detailed
knowledge of their size, shape, density, temperature, magnetic field, and evolution

from spacecraft observations alt EUV and x-ray wavelengths.
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Briefly, coronal holes are large regions of the corona whose density is some
3-10 times less than that of the "average" quiet corona. The tempsrature, at least
at the lewl where measurable x-ray and EUV radiation is emitted, is also less,
having = value of about 1 x 10%°K fnstead of about 1.8 x 10K, as in the average
corona. Analysis of low-resolution OSO data (Munro and Withbroe, 1972) suggested
that the temperature gradient between the 104°K chromosphere and 106“K corona is
about an order of magnitude less in coronal holes than in the average sun. As a result,
the energy loss to the corona by thermal conduction back to the chromosphere, which
is a very important energy sink for the average corona, may be much less significant
for coronal holes. Due to the low density in holes the radiative losses are also less
(which is of course why they appear dark in the x~ray image of Figure 1). Since
energy losses by radiation and conduction are both drastically decreased in holes,
we may conclude that either the heating of the corona is less in holes or some additional
mechanism of energy loss is present in holes that is not found in other regions of the

quiet sun.

Coronal holes are assuming great importance today because of their apparent
association with high-speed streams of the solar wind. The association, first suggested
by Krieger et al (1973) on the basis of rocket x~ray data, has been put on a much firmer
footing from detailed correlative studies of OSO-7 and Skylab data during the period
1973 to 1974. Nolte e* al (1976) found that every large near-equatorial hole observed
during the Skylab mission was associated with a high-speed stream at 1 a.u. Furthermore,
there was a clear positive correlation between the velocity of the observed solar wind
stream and the area of the associated coronal hole as measured from Skylab x-ray
photographs. Finally, a very high correlation was founa between the polarity of the
interplanetary magnetic field associated with the high-speed streams and the magnetic
field underlying the associated coronal holes.

During the Skylab mission coordinated ground-based and space data revealed
that the location of coronal holes can also be detected through ground-based observations
of subtle properties of ccetain Franhofer absorption lines, notably He I\ 10830
(Harvey et al, 1975). This discovery has permitted the mapping of coronal hole

-49-~-



boundaries during the two years after the termination of the Skylab mission. Trese
two years were a time of large and persistently recurring high-speed solar wind
streams, and significantly, a pattern of long-lived coronal holes was detected from
the He I 10830 observations. Harvey et al (1976) have shown that, as before, there
is a good correlation between central meridian passage of holes that cross the equator
and high-speed streams during that time. In addition, when the data also include
high latitude holas that also extend down to i 40° latitude, the correlation becomes
even better. Thus there appears little question that the high-speed streams are
related to coronal holes, and in addition there is evidence that some of the streams
observed in the ecliptic plane are associated with holes at latitudes at least as high
as 40°,

To establish that the holes are the origin of the high-speed solar wind streams,
however, it is necessary to identify a physical mechanism in addition to finding a high
correlation between the two phenomena. In a search for a physical mechanism, we
first note that coronal holes occur over areas of unipolar photospheric magnetic fields.
Although magnetic fields are measurable only in the photosphere, they may be mapped
upwards into the corona, using potential theory along with the assumption that above
about 1.6 to 2.5 solar radii they are stretched out radially by the expanding solar
wind (Newkirk, 1972). Such calculations show the magnetic fields underlying holes
to reach the source surface and thus to opén out into the interplanetary medium, while
fields underlying other regions in the corona generally close back on themselves (Altshuler
et al, 1976). Thus holes seem an easy pathway for the escape of coronal plasma

into the solar wind.

We have already noted that the density and temperature structure of holes in
the low corona suggest that either the coronal heating rate is less in holes or excess
energy may be available to accelerate the solar wind outward in holes. It is interesting
that coronal holes are almost impossible to detect in the chromosphere or below,
suggesting that at those levels the atmospheric structure does not depend on whether
or not a hole exists in overlying corona. This suggests (although it does not prove) that the
amount of mechanical heating that passes upward through the photosphere is independent of
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the existence of coronal holes. Under th:t assumption Pneuman (1973)

and Noci (1973) showed that the solar wind, expanding outward in regions of open

field lines, would carry off energy through acceleration of the solar wind and through outward
thermal conduction, sufficient to compensate for the decreased energy losses from

holes by radiation and inward thermal conduction. The exact mechanism by which

originally closed field lines break open to allow the expansion of the solar wind and

the creation of a hole is not yet clear, but arguments based on energy flow support

the reality of the process.

If radial outflow really occurs over coronal holes, it should give rise to
observable doppler shifts of XUV emission lines. Preliminary reports (Cushmanand Rense, 1976)
indicate the detection of outward velocities of the order of 16 km/sec, which may in
fact be the beginnings of the solar wind expansion. However, the data arc scanty
and further verification is needed.

What does all of this have to do with the out-of-ecliptic mission? The significance
lies in the fact that coronal holes have been found to occur very frequently at the solar
poles. The polar holes appear to be very similar to equatorial holes in their physical
properties, with a major difference that they are much larger. A plausible hypothesis
is that they too give rise to high-speed solar wind streams. These streams may
emanate from the poies but spread out to lower latitudes, even reaching the ecliptic
plane if ihe polar hole extends to low enough latitudes.

Unfortunately observations of polar holes from the orbit of earth still suffer
partly from the projection problem described at the beginning of this paper. Because
polar holes always occur near the limb (as opposed to near-equatorial holes, which
are carried past disk center by rotation), we always observe them from the side.

This of course leads to loss of spatial resolution due to foreshortening. In addition,
observations from the side are particularly troublesome for observations of coronal
holes, which are by their nature only very weakly emitting, and therefore are very
easily obscured by foreground and background emission from the neighboring "normal"

corona,

-51-



It is also extremely difficult to get accurate measurements of magnetic fields
associated with polar holes. Firstly, projection effects lead to loss of resolution.
Secondly, the sensitivity of a magnetograph is proportional to the line-of-sight
component of the field direction; for vertical fields near the limb this becomes very small.

Finally, of course, velocities of radial outflow above a coronal hole at the
polar limb would not give rise to a line-of-sight doppler shift when observed from
the orbit of earth.

What might one hope to observe from a spacecraft situated over the pole?
Figure 2 shows a reconstruction of the appearance of the south polar hole as it would
have been observed from such a vantage point during nine months of the Skylab mission.
The images of Figure 2 were rectified using Skylab data from the Naval Research
Laboratory XUV monitor instrument (Sheeley, 1975, personal communication). The large
gize of the hole compared to typical equatorial holes (cf. Figure 1), and its extended
lifetime, are immediately apparent.

A spacecraft able to observe the sun from higher latitudes (say greater than 60°)
for several months at a time, and properly instrumented, should be able to accomplish
many significant observations of coronal holes. Large and sophisticated instruments
such as have been flown on Skylab are by no means necessary, and are probably out
of the question for the foreseeable future. The following are examples of importaat
observational objectives, that could be met by realistic instrumentation aboard an

out-of-ecliptic mission.

1) Continuous mapping of the location of polar holes, and study of their
evolution. A simple imager at any of a number of XUV or x-ray waveiengths, chosen
such that the emission within the band nass largely originates at temperature in
excess of about 1.5 x 106°K, would be adequate. Spatial resolution of about 30 arcsec
would he sufficient, For a small instrument, count rates would be quite low, but time

resolution need be only of the order of many hours, so long integration times are
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possible. Images could be built up by scanning a point detector (perhaps using the
rotation of the spacecraft for scanning). Data on the location of the hole and its
boundaries would be correlated with measurements from the same spacecraft of

local plasma parameters (density, velocity, magnetic field, composition, temperature),
and as the spacecraft traverses directly above differeat parts of the hole or its
boundaries, some icea of the three-dimensional flow field could bhe obtained. In
addition, from the absolute intensities recorded, some useful limits on the density

and temperature of the emitting plasma inside the hole could be obtained.

2) With imagerv at two or more XUV or x-rav wavelengths, one can obtain
much hetter information on the physical conditions in the coronal hole itself.
Approximate values of density and temperature can be determined independently,
and combined with modeling techniques, the data can give information on the variation
of the parameters with height. Since both the density and temperature distribution
in the low corona strongly determine the plasma flow properties at one a.u., correlation
with these properties measured at the spacecraft itself will be very important.

3) XUV spectroscopy at high spectral resolution ( \/A /\,2’,3 X 104) would be
very useful to measure the outflow velocity of material in the polar hole, in the manner already
reported by Cushman and Rense (1976) for equatorial holes. Unfortunately the weakness of
XUV emission lines in coronal holes, combined with the requirement for high spectral
resolution, implies either a rather large instrument or extremely long integration times.
This experiment, while very important, may therefore not be a suitable candidate fora very

early exploratory out-of-the-ecliptic mission,

4) Measurement of the polar magnsatic field from an out-of-ecliptic spacecraft
appears to he a natural and important objective. As mentioned ahove. there are
considerable advantages in observing polar magnetic fields from more nearly ahove
the poles. Spatial resolution of 30 arcsec would be adequate to detey mine the gross
structure of the fields and to follow their evolution. A small magneiograph operating
with a solid etalon  fabry-perot filter in visual vavelengihs might well Le feasible
for inclusion on an explnratory out-of-ecliptic mission,
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All of the above objectives would be considerably furthered by simultaneous
measures from the ecliptic plane, in order to obtain stereoscopic information.
In the case of magnetic fields, for instance, observations from the earth would record
those fields not recorded from the out-of-ecliptic spacecraft, and vice versa,
Comparison of relative signal strengths from such paired observations could help
determine the vector field in the photosphere, thus putting potential mapping of high-
latitude magnetic fields on a more secure footing. Similarly observations from an
earth-orbiting satellite of the XUV or x-ray structures in coordination with simultaneous
out-of-ecliptic observations of the same structures would yield the 3-dimensional

structure unambiguousiy.

We should note that the success of a program to study polar holes from out-of-
ecliptic may depend strongly on the phase of the cycle during which the program is
carried out, It appears that polar holes may shrink and even disappear near sunspot
maximum, doubtless reflecting the shriakage and disappearance of the unipolar magnetic
field cap associated with reversal of the general dipole field of the sun, which occurs
about that time. At about sunspot minimum, unipolar magnetic fields at the
poles and polar coronal holes appear to reach their greatest extent.

From the point of view of studying polar holes and their relation to the solar wind, then,
it may be useful ‘o time the passage of an out-of-ecliptic satellite over the solar poles,

or at lcast over high latitudes, to occur with a few years either side of sunspot minimum.
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Figure 1.

Figure 2.

Skylab soft x-ray image of the sun, June 1, 1973. Filter bandpass
2-32A and 44-54A. See Vaijana (1976) for details. Photo courtesy
American Science and Engineering, Inc., and Harvard College Observatory.

Diagram of the evolution of a coronal hole as it would have been seen from
above the south pole. Data are rectified from ATM Skylab observations,
May 1973 to February 1974, made with the Naval Research Laboratory
XUV monitor instrument. Data courtesy N.R. Sheeley, Naval Research
Laboratory.
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The state of the solar atmosphere, which is considered to include
the solar wind, is largely determined by maanetic fields. Both the magnitude
and the configuration of fields at photospheric level appear to determine
the flux of non-radiative energy, mass, and momentum into the base of
the corona. Likewise the interaction between coronal field and plesma
mocdulates the flow and produces the density distribution we see in the
corona as well as the state of the interplanetary medium. Rapid annihila-
tions of the field in the lower atmosphere associated with flares and
slower readjustments of the field associated with eruptive prominences
both lead to disruptions in the structure of the overlying corona and
solar wind.

Although a definitive test of the relation between coronal morphology
and magnetic fields is still lacking, several characteristic coronal
structures are associated with distinct topologies of the field:

The tightly closed coronal loops and arches above active
regions with similar configurations in the field.

Corona! holes at low latitude or over the poles with
magnetic fields which open directly into the solar

wind. Such regions appear to be the origin of fast

streams in interplanetary space.

Coronal streamers with large arcades in the magneti~ field
below 2 to 2.5R0 and a currert sheet above that height.

Such features are detected as the "sector" boundary between
large scale, oppositely directed fields in interplanetary
space.

Hot, dense knots of plasma in the very low corona and visible

as "bright points” in X-ray images with minute bipolar reqions
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distributed more or less uniformly over the surface. In the
upper corona and interplanetary space such regions are hypothe-
sized to give rise to minute current sheets which play a role
in determining the electrical and thermal conductivity, the
propagation of radio waves and energetic particles, and,
possibly, coronal heating.

The characteristics of the photospheric field in magnitude, spacial
extent, and lifetime suggest that the corona and interplanetary medium
can be divided into 3 regions having relatively distinct properties as
shown in the table. We note that although interplanetary measurements
have sampled both the plasma originating in the lTatitude zone < 10° and
shocks originating at h gher latitudes, the influence of the 10° - 50°
zone, which contains active regions, on *he interplanetary medium is
still uncertain.

A real understanding of the structure and evolution of the corona
and interplanetary medium can be claimed only after we have constructed
a self consistent 3-N model of the entire region and have tested it with
conzomitant observations in the lower solar atmosphere, in the corona,
and in interplanetary space. The Out-of-the-Ecliptic Mission will provide
not only the critical tests of such models but will also afford insight
into the fundamental mechanisms governing this entire region through
the sampling of zones where different field topologies, magnitudes, and
evolutionary timescalec (and presumably different mechanisms of mass,
energy and momentum transport) dominate. Several specific questions may

be considered:
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Are the polar regions identical to the coronal holes at

low latitude?

If this is so, how do we account for the fact that polar
regicns with apparently identical magnetic configuration
display a vastly different appearance in the corona?

Does the coronal and interplanetary microstructure change
with latitude? What influence does this have upon the
heating, electrical and thermal conductivity, wave content,
and energetic particle propagation of the medium?

How is the corora "mapped" into interplanetary space?

How does the solar-interplanetary field couple to the
interstellar fielc?

What role does the continuous occurence of coronal transients,
which originate at < 60°, play in determining the state of
the interplanetary medium and energetic particle propagation?

What mechanisms control coronal and interplanetary abundances?

These are but a few of the questions concerning the rcle of solar magnetic
fields in determining the structure of the corona and interplanetary medium

which will be explored by an Out-of-Ecliptic Mission.

Concerning the mission options two points should be kept in mind:
1) Although the appearance of the corona suagests that a mission
restricted to 2<40° might be successful in reaching the polar
zone, only a polar mission can guarantee that a truly new region

of the interplanetary medium is to be explored.
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2) The corona and interplanetary medium are continually evolving.
To assure success the Qut-of-Ecliptic Mission must encompass a
coordinated praogram of solar and interplanetary measurements

so that a coherent attack can be made upon the important problems

which beckon.

This presentation was made possible through the generosity of colleaques
at Kitt Peak National Observatory, High Altitude Observatory, Smithsonian
Astrophysical Observatory, and American Science and Engineering who kindly

allowed the use of illustrative material.
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3-D Solar Radioastronomy and the Structure of the Corona and the Solar Wind
J.L. Steinberg and C. Caroubalos

Observatoire de Paris,Meudon, 92190,France.

Solar radio bursts are intense radio emissions from localized
regions in the corona and interplanetary medium. Their brightness
temperature is so much higher than the electron temperature of the
ambient plasma that the meckanism which produces them is certainly
non-thermal ; the necessary energy is brought into the source region
by energetic electrons which can give rise to different types of
transient radiation. One of them is the type III radioburst produced
by energetic electrons travelling along open magnetic lines of force.
Another quite usual form is the type I burst, typical of the meter wave

lengths range.

We do not fully understand yet how the non—thermal energy is
converted into electromagnetic energy ; but we know that, to be efficient
enough, the conversion must take place at frequencies close to the
resonant frequencies of the medium. At these frequencies, the refractive
index for radio waves takes extreme values : close to O for the plasma
resonance, much larger than | for the gyro-resonances. As electromagnetic
waves travel away from their source, those resonance conditions are no
longer fulfilled because of the non-uniformity of the electron density
or magnetic field ; the refractive index comes back quickly to unity ;
such a variation of the refractive index is favourable to beaming effects.
The radiation mechanisr itself which can involve some amplification may
also produce a directive primary emission. 1In both cases, the beam will
be oriented along or at definite angles to the principal directions of the

medium : the electron density gradient or the magnetic field.
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Using results from the STEREO-1 experiment, it is shown
that stereoscopic observations in the deci to decameter A range
can provide information omn

- the burst emission mechanisms

- the local electron density gradient and magnetic field
vector at the source

- the macrostructure of the corona and the solar wind

- the characteristics of small scale electron density

inhomogeneities.

Radio bursts of type III can also be used to map solar
magnetic field lines of force throughout the iuterplanetarv

medium up to the earth orbit and beyond.

Future experiments of these kinds should be carried out
between an out—of-the-ecliptic prote and the earth or am earth

satellite.
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Beaming of the radiation of type I and type III bursts was
predicted long ago, but not observed until recently. Rather than
giving up the basic mechanisms which seemed capable of explaining
many observed properties but implied beaming effects, radio astronomers
suggested that random inhomogeneities of the refractive index scattered
the radiation.(Roberts, 1959). This suggestion received strong support
when scintillations from radio stars seen through the upper corona
were discovered. Fokker (1965), Steinberg et al (1971), and Riddle (1972)
carried out Monte Carlo numerical computations of the scattering of the
radiation from a source embedded in the inhomogeneous medium. These
authors used models which were extrapolated to low coronal altitudes
from measurements of radio scintillations made for paths which did not
cross the corona lower thar 5 solar radii or so. However, these studies
were successful in accounting for several observations which could hardly
be explained in any other way. They showed that the inhomogeneous
medium produces a scattered image broader than tl - .ource and appreciably
displaced from it ; at the same time, the random propagation tends to
suppress any beeming of the radio waves and smoothes the radiation pattern

of the source.

Measurements of the angular distribution of the intensity of a
source of radio bursts can thzrefore yield information on :
- the orientation of the principal directions of the medium :
> .. . -
grad N, or ﬁ, the radiation mechanism and beaming processes.
- the characteristics of small scale inhomogencities which

cannot be obtained in any other way.
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To measure directivity,observations from the ground only are
inadequate. For many years, authors tried to reach at least a
statistical view of the directivity of radio bursts ; for instance,
from their E.W. probability of occurence ; but, if the orientation
of the radiation pattern of individual bursts relative to the local
vertical through the source is not constant, no information on the
directivity can be obtained from a single observing site. Simultaneous
observations should be made in at least two widely different directions

(Steinberg and Caroubalos, 1970).

We have seen that the suprathermal electrons which produce type
III bursts are guided along open magnetic lines of force. These lines
are carried avay ty the solar wind into interplanetary space so that
type III are observed from low in the corona to the earth orbit and
beyond. If we were able to map the successive positions of the type III

source, we could also draw 3-D maps of some solar magnetic lines of force.

Stereoscopic observations of radio bursts are powerful tools to
study the corona and solar wind. This may be illustrated by some recent
results obtained with the STEREO-1 experiment carried out in 1971-1972
at 169 Miz in cooperation between France and the Soviet Union.

Caroubalos and Steinberg, 1974; Caroubalos, Poquerusse and Steinberg, 1974 ;
Steinberg, Caroubalos and Bougeret, 1974). At 169 Miz, radio bursts of

types I and III occur at altitudes in the range 0.3 - 0.5 solar radius.,

STEREO RADIOASTRONOMY OF TYPE I BURSTS
Let 8 be the stereo angle between the two observing directions.
When 6 increases, the correlatica between the two intensity- VS time -
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records taken simultaneously (in the source time scale) decreases in gene-
ral. Even with @ = 15°, this is clearly visible,but when @ = 35°, the
correlation coefficient is less than 0.1. This means that the beamwidth
of type I radiation is sometimes smaller than about 25°. However, on
some consecutive days, the same intensity may be received at both
observing sites and then the beam pattern looks nearly isotropic.

Such an apparent contradiction can be resolved if we note that the
STEREO-1 observations were carried out in the ecliptic ; so that we

are actually analyzing only a plane section of a 3-D beam pattern

and we do not know the configuration of the beam pattern out of that
plane ; we cannot, for instance, know if the 3-D beam pattern is solid,
multilobed or even hollow. It is easy to conceive beam shapes whose

cross sections by different planes can be either narrow or broad.

The ratio R of the burst intensity measured in Space IS to that

measured at the earth L varies widely from event to event ; so that the

beam has to be randomly oriented if its shape is assumed almost constant ;
the rms deviation of the orientation is about 0.25 of the beamwidth and
this is a rather clear indication that the source does not contain a

large number of inhomogeneities.

This is, in turn, connected to an old problem : type I burst
intensity can vary by a large factor in 0.1 second ; but the observed
source size is about 3 arc min or 0.3 light-second ; so that it was
suggested long ago (Hogbom, 1960 ; Fokker, 1960) that what we see
is actually the scattered image of a deeper and smaller source. In a
scattering corona, the assumed small scale inhomogencities do produce

a broad scattered image of a point source but at the same time they
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broaden the angular distribution of the radiation from that point source.
Both effects are intimately connected together via the scattering power
distribution along the path. The total rms random angular deviation of
the radio rays over.their trip from the source to us cannot be larger
than half the observed beamwidth ; STEREQ observations yield directly

a measure of the beamwidth and,thés, an upper limit to the rms angular
deviation along the path. This limit is too small for the existing
models to accourt for more than a small part of the image size. Therefore
either there is less scattering than generally assumed to account for
wmost of the source apparent size or the inhomogeneities built in the

models are inadequate.

In any case it has been demonstrated that very interesting
information on the beam orientation and shape can be obtained from
stereoscopic observations. To-learn more, it is necessary to go out
of the ecliptic plane for the following reasons :

- to compar: the beam orientation to that of the density gradient
we must know thz latter and therefore the 3-D electron density
distribution in the source region. This can be obtained from
coronagraphic measurements on the limb where the electron density
distribution as a function of latitude will always be better known
than the longitudinal one. It is therefore much more effective to
measure the beam orientation in a piane perpendicular to the ecliptic
than in the ecliptic.

- operating & stereoscopic experiment between an out-of-the-
ecliptic probe and the earth will also provide a larger varicty of
cross sections of the beam pattern using solar rotation (fig.1);in
the ecliptic, solar rotation moves the same cross section of the

beam across our lines of sight. Using an out-of-thc-ecliptic set-up
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one should be able to get much closer to a complete descriptinn of the
3-D beam pattern of the bursts.

If the out-of-the-ecliptic probe is on a 1 AU orbit, in a plane
tilted to the ecliptic, the stereo angle will also vary quite rapidly
and this is again favourable to a detailed description of this beam

pattern.

STEREO RADIOASTRONOMY OF TYPE I1II BURSTS

The spectrum of a type III in & frequency-time domain (dynamic
spectrum) shows a band of noise drifting from high to low frequencies.
This band is sometimes split in two components which, at a given time,
are centered on harmonic frequencies. Some type III's are therefore
made of two components which ar: believed to be produced,one (the
"fundamental") at the local plasma frequency fp, the other at twice that
frequency. When observed with a single frequency receiver, the first
component is recorded first and the second some seconds later, making

up a "pair" of type IIl's.

This interpretation of pairs as fundamental-harmonic pairs has
been questioned in recent times but not in a convincing way ; and to
settle that cuestion,directivity measurements are important : indeed,
the conversion mechanism and the propagation conditions are different
for the fundamental and the harmonic ; for instance, the fundamental
is generated at about the local plasma frequency so that it should be
beamed into a narrow cone ; and if the corona is assumed quasi spherical
this cone should be about radially oriented so that few fundamental
components should be seen in high longitude events ; this is not the case :
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fundamental components are seen nesrly all over the disc.

Stereoscopic observations showed that the first (fundamental)
component of a pair is systematically more directive than the second
(harmonic) and this is a strong argument for the fundamental-harmonic

interpretation of pairs (fig.2).

The time profile of a type III at a fixed frequency is also
rich in information as it is the convolution of an exciter function
by the transient response of the corora which includes the effects
of multipath propagation. At 169 Miz, it was found independent from
the direction of observation ; therefore propagation conditions do not

play an import.nt role in the formation of the time profile,

While the time profile is independent of the direction of observation
the intensity ratio R = Ig / Ig cen teke values very different from unity ;
the rate of change of the intensity with the observing directions can
reach * 10 dB and more over 30°., This proves, again, that coronal
scattering is less effective than previously thought ; even less effective
than necessary to account for some other observations ; for instance,
scattering-has been invoked to explain that, at a given observing
frequency £, the fundamental component (local plasma frequency fp = )
and the harmonic component (2£p = f) are observed at the same position
although the first shouid take place at the f critical level and the
second at the f/2 critical level, higher up in the corona. This
observation is indced explainabie in a scattering corona (Riddle, 1972
Leblanc, 1973) but the scattering power tas tc be larger than the one

deduced from directivity measuremerts.
Another result from STEREO obscervations is that the directivity

ratios of various type 11I's can be very different. This can be
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interpreted if the observed directivity is produced by coronal macro-
structures mostly in the form of streamers. On Nov.14, 1971, for instance
type III have been observed thrnugh a streamer ; the overdense streamer
material reflects, absorbs and scatters the type III radiation, awvay

from its source and produces the observed directivity. If this
interpretation is correct, the streamers or "lames coronales" detected

by Axisa et al (1971) do control the type III image size and shape as

a piece of ground glass or a light shade. Observations of these images
with radiocheliographs together with Stereoscopic observations can be used
to study the streamer structure which is hard to resolve optically because
of line of sight integration effects. We still do not know wherc are: the
type I1I sources located as compared to streamers ; to settle that question
2-D position measurements at radio frequencies are necessary but at the
present time,they are np more accurate than | arc min or so. Occultation
effects are only detectable with Stereoscopic observations but they are
very sensitive to the position of the source relative to the occulting
structure. They open up new ways to localize the path of the type IIl
electrons relative to streamers and the site “nre these electrons are
accelerated in the active region. Here again che stereoscopic observations
dould be carried out on an out-of-the-ecliptic probe because the macro-
structure of the corona is better known from optical observations as a

function of latitude than of longitude.

Oue of the most useful properties of type III's is that they are
produced over trajectories which span the interplanetary medium, At each
altitude the 10-100 keV electrons induce plasma waves which are scattered
into electromagnetic wives at the local plasma frequency f. or at twice
that the frequency. Therefore from the measurement of Lhe position of
type I11's at several frequencies, a map of the electron density along

the trajectory and a map of that trajectory itself can be drawn,
7



As the emergetic electrons travel most probably along magnetic lines
of force, we have a way of plotting such sun-rooted lines of force up

to the earth orbit and beyond even out of the ecliptic.

Such an experiment should be carried out at frequencies lower
than 10 Miz if we are interested in the coronal and solar wind structure
higher than 10 Rg ; this means that observations should be made from
space as radiation of these frequencies do not reach the earth. As a
matter of fact IMP-6 has just done that (Fainberg and Stone, 1974).
IMP-6 was spin stabilized around an axis perpendicular to the ecliptic
and carried a dipole perpendicular to that axis. Using the nulls in
the receiving pattern of a short electric dipole it is quite possible
to measure the direction of a eource as projected on the ecliptic plare.
An experiment jointly designed and built by Paris Observatory and
Goddard Space Flight Center teams will measure the direction of the type
III source at 24 frequencies on ISEE-C. Using a spin plane and a spin
axis dipole, the experiment will measure a complete direction (two angles)
at each frequency agd will produce 3-D maps of some magnetic limes of
force from 10 Ry altitude tou the earth orbit and beyond. It wiil,
however, be recessary to assure that these lines of force rotate with
the sun as a solid body. The use of a second remote satellite equipped

in Tuch the same way s ISEE-C could eiiminate this restriction.(fig.3).

There are some indications from the radioastronomy experimen <
on IMP-6 and other experiments that few type TI1 have been detected
far cut from the ecliptic. This might very well be due to sorc
direciuivity of the radiation, but this difficulty can be overcome by

going out of the . zliptic.



One of the main purposes of any out-of-the-ecliptic mission
will certainly be to explore the 3-D topology of the interplanetary
magnetic field and more specifically its latitude variation ; the role
of solar active vegions in the determination of this topology will be
studied. Fquipments designed to measure the local magnetic field vector
will be flown to achieve this goal but it will be very hard to reconstruct
the magnetic configuration in- the whole heliosphere from local measurements
only. Type III tracking at several frequencies can provide the overall
description of this field topology which will be essential to the
interpretation of most local measurements made on the O/E probe : for
instance the modulation of cosmic rays by the interplanetary magnetic
field cannot be understood without a description of this magnetic field

in the whole heliosphere.

CORCLUSION

Stereoscopic observations of solar radio bursts are not needed
only to improve our knowledge of the physics of these transient radio
emiccions. In the deci- to decameter-A range, they can be used to
probe the macro and microstructure of the corona. In the hm to
km-A range, type IIl's are natural tracers of sun-rooted magnetic lines
of force ; tracking them as a function of frequency will give a 3-D map
of some lines of force from low in the corona to the earth orbit and
provide an overall picture of the interplanetary medium which is essential

to the iaterpretation of local measurementis.

The choice between the two wavelength ranges depends upon the
scientific object “ves of the mission ; but it has been shown that, in

b 2§, observatic: : should be carried out from an out-of-ecliptic

prohe.
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Fig.1

Fig.2

Fig.3

Steinberg - Caroubalos

3-D Solar radioastronomy

Figure Captions.

Exploration by stereoscopy in a plane perpendicular to the
ecliptic of the radiation pattern of a radio burst using solar
rotation. The plane sections 1 to 3 are analyzed at difi>rent
t'mes. If the exploratior was carried out in the ecliptic,

only one plane section would be studied.

A typical pair of type III bursts at 169 Miz as recorded
irom the earth (top) and from the Mars-3 Soviet & 1ce probe

on Nov.14, 1971. The intensity ratio ISpace/IEarth

first component (fundamental) is always greater tham that of

the second component (harmonic).

3-D mapping of a solar magnetic line of force using a type

III burst as a tracer.

-78-






(10) 3WIL

§12,85,!!

1 X 22

vl

o1

EARTH FLUX (100%2wWm™2Hz™)

vl AON |6

] | i

| |
P 3 3 3 3
STEREO FLUX (10°%W m2Hz")




0/E PROBE

LINE OF FORCE




CHAPTER IIT

SOLAR WIND

ATOMOT U MED
PRFCEDING PAGE BLAY™ NOT VM

-83-



N76;é41é5

IPS OBSERVATIONS OF THE SOLAR WIND SPEED OUT
OF THE ECLIPTIC

by
W. A. Coles
and

B. J. Rickett

APPLIED PHYSICS & INFORMATION SCIENCE DEPARTMENT
UNIVERSITY OF CALIFORNIA, SAN DIEGO
LA JOLLA, CALIFORNIA 92093

[Invited paper presented at the NASA/ESRO Symposium “The Sun and Interplanetary
Medium in Three Dimensions" G.S.F.C., May 1975].

September, 1975

-84 -



Abstract

Interplanetary scintillation (IPS) observations from 1971-1975 show
that the average solar wind speed increases away from the solar equator,
with a mean gradient of 2.1 km/s per deyree. These results are compared
with spacecraft observations over the t 70 attainable in the ecliptic and
with those deduced from comet tails. The role of temporal variations,
especially those caused by latitude dependent solar wind streams, is
emphasized. This points to the need for extensive ecliptic ard ground-
based observations during an out-of-the-ecliptic spacecraft mission.



Introduction

The solar wind both in and out of the ecliptic can be studied from
the earth by the method of Interplanetary Scintillations (IPS). The
method was pioneered by Hewish and his colleagues, who deduced the solar
wind speed from multiple station observations. In 1966 Dennison and
Hewish (1967) found an increased speed out of the ecliptic, while in 1967
Hewish and Symonds (1969) found no such increase. Their multiple station
observations then ceased. In this paper we report solar wind speeds
deduced from 74 MHz IPS observations made at UC San Diego from May 1971
through to April 1975. The observing system was described by Armstrong
and Coles (1972) and by Coles et al (1974). Results from 1972 were reported
by Coles and Maagoe (1972). We will also mention briefly the relevance
of IPS observations simultaneous with an out-of-the-ecliptic spaceprobe
mission.
IPS Method

The scintillation signal is the sum of waves scattered along the line
of sight from a given radio source., Most of the scattering occurs where
the line of sight is closest to the sun, because of the steep decrease with
solar distance in the strength of the electron density microstructure which
causes IPS. For a spherically symmetric solar wind a weighting function can
be defined and the IPS "mid-point" speed (Coles and IMaagoe 1972) can be
shown to be a spatial average of the solar wind speed centered on the point
of closest approach. However, in the presence of solar wind streams spherical
symmetry does not apply.

The effect of the spatial average through such streams rias been inves*igated
by comparing the IPS observation with those expected by mapping point observa-

tions made on the IMP-7 spacecraft out along the line of sight in question,
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Harmon (1975) and Coles et al. (1975) demonstrated a close agreement
between IPS "mid-point" speed and the IMP-7 data mapped to the point where
the 1ine of sight is closest to the sun. More detailed comparisons are in
progress, investigating the precise form of the spatial weighting caused
by streams. However, for the present purposes the comparison demonstrates
that each IPS observation is representative of the solar wind speed at the
point of closest approach.

Results

This effective observing point changes in solar latitude, longitude
and radial distance as the sun rotates and the earth orbits the sun. Thus
for radiosources not in the ecliptic, about two months of high solar latitude
data can be obtained each year. The geometry, however, is such that the
high latitudes occur together with small solar distances. The distance
dependence can be separated out by studying the four ecliptic radio-sources,
for which the latitude remains within 10° of the equator; Figure 1 shows
the solar wind speeds averaged into intervals of 0.1 AU in radial distance
during 1971-1975. We conclude that there is no significant variation of
average solar wind speed with radial distance between 0.4 AU, and 1.1 AU.
Figure 2 shows a similar plot for all sources versus latit.~ and, because
there is no radial! distance dependence, it can be interpreted as showing
the solar wind speed as a function of latitude. The vertical bars are
+ 2 standard deviations in the average solar wind speed over latitude inter-
vals indicated by the horizontal bars. The r.m.s. variation in a single
speed observation is remarkably constant at about 120 km/s, showing no
significant change with latitude., The vertical error bars are larger at

high latitudes because there are fewer data points at high latitudes. (In a



4

typical year, 300 observations from 0-10%H decreasing to 25 observations
from 50°-70°N).The major conclusion is that there is a systematic increase
of solar wind seed with latitudes both north and south of the solar equator.
This is evident in each year from 1971 through 1975 as well as in the grand
average of all data. The average gradient is close to 2.1 km/s per degree
of latitude. However, the curves are not quite symmetrical but centerec near
10°N, giving an apparently steeper gradient in the south than in the north.
This asymmetry is only marginally significant and we are still checking for
second order systematic errors which could cause this.
Discussion

Our observed latitude gradient must be compared with other data. As
already mentioned,the Cambridge IPS observations detected a latitude gradient
in 1966 but not in 1967. HWhereas this could conceivably be influenced by
solar cycle effects, it is more likely that the small number of observations
at high latitudes is responsible. Their measurements included only about
30 days each year which corresponded to latitudes above 20°; the long term
average behavior could well be masked by the day-to-day and month-to-month
variability found in the solar wind speed.

Spacecraft observations have been analyzed to look for effects due to
the + 7° 1atitude range available in the ecliptic (e.g. Hundhausen et al. 1971).
Smith and Rhodes (1974) and Rhodes and Smith (1975) deduced large apparent
gradients (10-15 km/s per degree) by comparing solar wind speeds observed
near Earth (Explorer 33,34,35) ancd at Mariner 5. They analyzed data from
nearly six solar rotations over latitude differences from 0° to 6°. We
suggest that a possible explanation of their large gradient over a few degrees
of latitude comes from solar wind streams, From our IPS data it 1s clear that
solar wind streams often exist for several solar rotations with steep latitude

gradients near the equator (see for example the wide southerly stream in
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Figure 13 of Coles et al. 1974). It is likely that such features contribute
strongly to a six month average. Figure 2 shows that in 1972 the

apoarent gradient between t 5% was + 4 km/s per degree, while in 1973 the
apparent gradient reversed to - 3 km/s per degree. The influence of

steep latitude gradients from specific recurrent streams was probably the
cause for such large values.

More difficult to reconcile are the results from comet tail observa-
tions. Brandt et al. (1975) have analyzed 678 comet observations spread
over 75 years and conclude that the latitude gradient is - 0.9 + 0.7 km/s
per degree north or south; that is not significantly different from zero.
Their observations are concentrated in the range 0° to 50N (as are the
IPS observations) and are scattered fairly well through the phases of the
solar cycle. It would be of interest to see if the high latitude data
were uniformly distributed over the phases of the solar cycle. Except for
solar cycle effects we cannot suggest any simple explanation for the
discrepancy; though long term systematic or random temporal variations could
be responsible.

Conclusions

We have presented strong evidence that during 1971 through 1975 the
average solar wind speed increased out of the equatorial plane giving an
average gradient of 2.1 km/s per degree of latitude either north or south.
Our observations show that stream and also slower variations can obscure the
average latitude behaviour in the solar wind (as they do also for averagc
properties in the ecliptic). In planning out-of-the-ecliptic spacecraft
missions such changes must be expected. Jupiter "swing-by" missions would
give 12-18 wonths at wmore than 30° from the equator. During this time it wil]

be important to maintain regular observations in the ecliptic in order to
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disentangle temporal and latitude effects. A continued program of IPS
observations throughout the period would cover a range of longitudes and
latitudes and further help build a picture of the spatial and temporal
structure in the solar wind. In addition to the average latitude behaviour
such joint observations would allow the latitude structure of individual
streams to be explored.
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Figure Captions

Figure 1.

Figure 2,

Solar wind speeds from 1971-1975 measured within 10°
of the solar equator, averaged into 0.1 AU intervals
of radial distance. The vertical error bars are %

twice the standard deviation in the mean,.

Solar wind speeds from 1971 through 1975 averaged
into latitude intervals shown by the horizontal bars.
Vertical bars are * twice the standard deviation
in the mean. The lower right graph is the overall

average from the other five graphs.
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LATITUDINAL PROPERTIES OF THE SOLAR WIND

FROM STUDIES OF IONIC CCMET TAILS

John C, Brandt
Laboratory for Solar Physics and Astrophysics
NASA-Goddard Space Flight Center
Greenbelt, Maryland 20771

Abstract - Analysis of the orientations of ionic comet tails
gives no support for the suggestion that the radial solar wind speed
is higher near the solar poles than near the equator. These results
refer to a long-term, global flow pattern and do not refer to short-

term variations,

~95-



Evidence from comets concerning the latitudinal variation of
solar wind parameters has been discussed previously by Pflug (1966),
Brandt (1967), and by Bertaux, Blamont and Festou (1973). In this
short report, I summarize the evidence based on ionic comet-tail
orientations as recently analyzed by Brandt, Harrington, and Roosen
(1975), and show the distribution of the sample in latitude, time,
and phase of the solar cycle,

The basic observation is the position angle of the tail axis on
the plane of the sky (Belton and Brandt 1966). The position angle €
is interpreted in terms of a tajl vector T whose direction in space is

determined by dynamical aberration, viz.,
T=w-Y (1)

where w is the solar wind velocity vector and V is the vector velocity
of the comet., The astrometric technique developed by Brandt, Roosen,
and Harrington (1972) does not assume that the comet tail lies in the
plane of the comet's orbit. Each observation determines essentially
a half plane in velocity space. A preferrcd solar wind velocity vector

(Wr’ W, w¢) is determined as the one which minimizes the sum of the

e
squares of the residuals between the computed and obscrved position angle:s.
At present, a sample of 678 obscrvations are available and these
are sprcad over approximately 75 years in time and between roughly 0.5
to 1.5 a,u. in heliocentric distance. The basic results are a radial

velocity, < v, > =~ 400 km/scc, an azimuthal velocity < w, > = 6-7 km/sec

¢

(varying with solar latitude b and distance r as cosz’315 lbl/r), and a
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RMS dispersion of 377, An additional result from comet tail
orientations, but not from the astrometric technique, is that

L 2 225 km/sec (Brandt and Heise 1970), These values are in good
agreement with results from spacecraft and provide confirmation of
the basic approach.

This technique has been previously used to search for a
meridional flow pattern in the solar wind, A value v, o~ 2.5 km/sec
(at o = 450, varying as sin 2g) has been found in the sense of a flow
diverging from the plane of the solar equator by Brandt, Harrington,
and Roosen (1973). This result implies a radial variation in the
equatorial density of the solar wind of N « r-2'013. 1f this law
held from the sun to earth, the density would be 7% smaller than on
spherically symmetric models,

The basic technique can be used to search for a latitudinal

variation of the radial solar wind speed by assuming that it varies as

dwr
wr=wo+m|b| (2)

where v and dwr/dlbl are constants to be determined, The results

are given in Table 1,
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Table 1.

Solar-Wind Speeds With and Without a
Latitudinal variation in Radial Speed

w, or w dwr/d|b| W w RMS Dispersion

- m- o— M) e [M
(km sec'l) (km sec 1 deg 1) (km sec 1) (km sec 1) in (® Ck)

402,5411.9 e +2,6+1.2 7.041.8 39749

418,5427.3  -(0.940.7) +2.941.3 5,342.2 39750

The latitudinal variation found in our sample, if any, is in the
sense of decreasing radial speed with increasing latitude. However,
the error in rdwr/d}bl] is almost as large as the value of-0.9 km sec” ! deg"1
found, and there is clearly no trend, In addition, the best solution as
judged by RMS dispersion is still the solution with [dwr/dlbl] =0,

When an additicnal significant parameter is included in the model, the
dispersion must decrease even if only marginally., The lack of a decrease
is a definite flag that the additional parameter has no significance.

The slight increase in RMS dispersion is simply due to round-off error,
The errors in the components of the solar wind speced increase with a
latitudinal variation included because then all components are functions
of heliographic latitude and can be correlated, Possible correlations
between components are calcrlated and are used to assign the probable

errors, This is the explanation for the ipmcrcasce in errors whilc the

RMS residuals remained essentially constant,
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The negative result for significent latitudinal variation in v,
refers only to a long-term, global situativn. It does not rule out shorter
term results such as the one presented by Rickett (1975; preceeding paper).
It does appear to imply that such short-term variations average out
over the long term,

The sample is concentrated in the range 0 = Ib! < 50° as shown
in Figure la where the solid line represents the present sample of
678 observations and the dashed line represents the sam~ number
distributed at random; only 60 observations lie in the range
50° < |b| <90% 1If we plot the distribution aga.ast latitude
instead of the absolute value of latitude as shown in Figure 1lb, we
find a strong concentration of observations in the northern hemisphere.
There is no obvious reason to expect an adverse effect from this
observational bias. The sample by year of observation is shown in
Figure lc which refiects the irregular nature of cometary apparitions
and the reduction of observations, rigure 1ld shows the distribution
of the sample with phase in the solar cycle; the observations ave
concentraced toward solar maximum,

Becauss the astrometric technique can be applied only to fairly
large groups of observatiouns, results on short-term variations in the
solar wind speed cannot be obtained directly, Work on an indirect
technique is currently in progress.

Nevertheless, there is ample direct evidence for large, short-
term variations in solar wind properties. The time required to

establish a meaningful measurement of an average propecty at a
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particular ictitude is prubably at least ome solar rotation., This

waz found tc be the case for spacecraft observations of w, as reported

¢
by Lazcrus and Goldstein (1971). Heace, direct out~-of-the-ecliptic
observations of the solar wind s: uld utilize an orbit with a slowly
changing latitude. Several passes through all solar latitudes and

possibly several spacecraft will be required to map out the basic

structure of the solar wind in three dimensions.
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FIGURE CAPTION

Figure 1, The distribution of the sample of comet observations:
(a) in absolute value of solar latitude; (b) in solar latitude;
(c) in date of observation: and (d) in solar cycle phase. See text

for discussion,

-103-



0° 10° 20°30° 40°50°60° 70° 80°90°

180

160

140

|
(—) =
§ & &

SNOILYAY3SE0 40 ¥3GWNN

20+

0



NUMBER OF OBSERVATIONS

200 —TrTrTrTrT T T T T T"T1T 1T 1§ T 71T 1
180 |- -
160 I -
140 - T
120 - -
100 | B
80 - -
60 I U -
et L
[ [}
- Coems
40 ."'“" I _
r---j p=——y
f"'j e |
20 i 7
'.-.._l b = ==
... ...
0 s i i — i i i 1 1 [ | L i

—90°-80°-70°-60°-50°-40°-30°-20°-10° 0° +10°+20°%30°+40° +50°+60° +70°+80°+90°

SOLAR LATITUDE, b



NUMBER OF OBSERVATIONS

240 I ! I ] I L I ! ) 1 | ) ! r 1 !

200

180

160 +

120

100 |

60

40-

20

T

0bd 1 11 R | L

85 90 951900 05 10 15 20 25 30 35 40 45 S50 5‘5 60 65
YEAR OF OBSERVATION



NUMBER OF OBSERVATIONS

200

180

160

140

120

100

40

20

T

MINIMUM, P=0.0
MAXIMUM, P=0.4

.1

SOLAR CYCLE PHASE, P

0 01020304050607 080910



N76-24127

Implications of Saito's Coronal Density Model on the Polar Soler Wind Flow

and Heavy Ion Abundances

William C. Feldman
University of California, Los Alamos Sci=ntific Leboratory

Los Alamos, New Mexico 87545

ABSTRACT

A comparison of polar solar wind proton flux upper limits derived
using Saito's coronal density model, with Ly & measurements of the
length of the neutral H teil of comet Bennet at high latitudes, shows
that either extended heating beyond 2 Rs is necessary some of the time
or that Saito's polar densities are too low. Whichever possibility is
the case, the fact that the solar wind perticle flux does not sappear to
decrease with increasing latitude, indicates that the heavy element
content of the high latitude wind may be similar to that observed in
the ecliptic. It 1is then shown that solar wind heavy ion observations
at high latitudes allow a determination of the electron temperature at
heights which bracket the nominal location of the coronal temperature
maximum thus providing information concerning the magnitude and extent of

mechanical dissipation in the intermediste corona.
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1. Introduction

There is, at present, a lack of information on the physical
conditions in the polar regions of the solar corone end solar wind. This
lack results in a corresponding uncertainty in the global characteristics
and extent of that plasma of solar origin which £1ills interplanetary
space and thereby controls the near sclar environment. For example, only
little is known about the variation with heliographic latitude of so
fundamentnl a flow parameter as the solar wind mass flux., Similarly,
hardly any. ing is known ebout latitude variations of the solar wind
energy and m ‘entum fluxes. Yet, these parameters may be very important
in determining .he physical state of the polar corone and the size of the
solar dominated cavity over the poles which separates the sun from the
local interstellar medium. In addition, the existence of heavy elements
in the polar solar wind may depend (Alloucherie, 1967, 19703 Geiss et
al., 1970) on whether or not the proton particle flux exceeds a
temperature dependent lower limit.

It is therefore useful to consider hypothetical variations of solar
wind particle and energy fluxes with heliographic latitude. This task is
approached in section 2 of this paper by calculating upper limit values
of the polar solar wind particle flux implied by the most comprehensive
coronal density model developed to date (Saito, 1970). This model was
determined from an average K corona dbrightness distribution constructed
using 15 solar eclipse observations as well as K-coronameter measurements
all made at the minimum phases of the solar activity cycle. As a

necessary result of the method employed, the model densities (and hence
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the upper limit values of the solar wind particle flux derived below)
determined for the polar regions are uncertain because it is not pccaible
to uniquely invert the convolution integral which relates the coronal
brightness distribution to the average line of sight electron density.
Nevertheless, it is shown that if the polar coronal densities are as low
as calculated using Saito's model, then without extended heating, the
enitted polar particle flux should be substantially less than that
observed in the ecliptic plane at 1 AU and less than that necessary to
drag coronal heavy elements away from the sun. However, limited evidence
based on Ly & measurements of the neutral hydrogen tail of comet Bennet
(Bertaux et al., 1973; Keller, 1973), is consistent with a polar solar
wind flux et least as large as that observed in the ecliptic at 1 AU.
These observations therefore require either an extended coronal heat
source distinct from electron heat conduction or that Saito's polar
densities are too low. In any event since the
particle flux in the polar wind may be comparable to that observed in the
equatorial wind, it is possible that coronal heavy ions at polar
latitudes do indeed expand with the protons into interplanetary space.
Since it is veasonable to expect that heavy elements will be
observable in the polar solar wind, the range of ionization state
"freezing in" distances is estimated in section 3 for selected heavy ion
species at polar latitudes. It is found that the polar coronal density
ray be sufficiently low that tho ionization states "freeze in" below the
nominal location of the temperature maximum. Hence high latitude heavy
ion obscrvations may allow a determination of the thermal state of the

intermediate and low corona and provide an estimate of the ragnitude and



extent of mechanical dissipation. Section U summarizes the mein

conclusions.

2, Latitude Variations of the Solar Wind Particle Flux
It is currently thought +that the solar wind ev-~lves from open field

regions in the corui2 (see Hundhausen, 1972 for a review), Such regions

are generally distinct from regions of activity and are generally characterized
by low density. For th - =: regions, the electron density, N, as a function

of solar distance, r, and heliographic latitude, 6, has been modeled by Saito
(1970) with the relation

N o= 3:99 X 10801 — 0.5 sin) L 158 x 1086(1 —0.95 sinB)

= R

0.0251 x 108(1 - Sinllzel =3 (1)
cm
R2.5

where R = r/Ro and Ro is the solar radius.

Upper 1imit values for the polar solar wind perticle flux can be
derived using relation 1 if various subsets of several reasonable
assumptions concerning the state of the intermediate corona are adopted.
These assunptions are 1) the coronal gas consists of H, Ke and electrons
only, 2) there is no extended heating other than that due to
electron heat conduction much beyond the coronal temperature maximum,

3) the energy equation may be closed with the standard relation

Q= -KOTS/QVT (Chapman, 1954; Spitzer, 1956) which assumes that binary
coulomb interactions limit the mean scattering length of a thermal
electron, 4) coronal electron and proton velocity distributions are very

REPRODUCIBILITY OF THE
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nearly Maxwellian, 5; wave-particle intaractions and macroscopic wave
pressure effects are negligible above the heating region, and 6) the
megnetic field is open but not necessarily radial,

The purpose of this section is to show that if .he coronal”density
over the pole drops off as quickly as implied by Saito's analysis then
some of the above assumptions may be tested by in situ solar wind
observations. We begin with a standard single fluid formulation of +™e
coronal expansion using equation 1 in place of an energy equation and
derive upper limits for the particle flux at 1 AU, A separate treatment
based on various possible forms of the energy equation is considered next
to provide independent estimetes of the 1 AU fiux upper limit, The
results of this analysis are in agreement with those obtained by Durney
and Hundhausen (1974), As will be shown in section 3 these upper limits
are substentially lower than that observed in the ecliptic at 1 AU and
are sufficiently low, that if all of the above assumpiions are correct,
He++ and many of the heavier ions should not expand with the protons away

from the sun at polar latitudes,

(i) Mass Flux, Momentum Flux and Density Equations

The mass and momentum conservation equations are respectively;

WA(R) = F (2)
NG m M
av _ _d_ ——9%D
m MNVaR 3 (WeT) 2 (3)
[0}

Here A(R) is the area of a flux tube whick varies as Raif the expansion 1s radial,
G s the gravitational constant, Mo is the mass of the sun, mp is the proton

mass, M is the mean molecular weight = (1 + 4a)/(2 + 1) where a is the He
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abundance by number, k is Boltzmann's constant, N is the proton density, V is

the bulk convection speed and T is the one fluid temperature. Concentrating on the

region in the intermediate corona between R = r/Re = 2 and 4, equation

1 for 6 = 90° can be simplified to the form:

6
B(R) = 12 : 10° -3 ™

If it is assumed that A(R) veries as RS then equations 2, 3, and 4 can be

integrated analytically to obtain T(R)
7 2
wm (¥ ], (2 [1_(32)]_ m (), (6—-3)
T, R TkR R T R X 2T 6 — 25
[] o
g  (6-25)
ﬁ: -1 (s5)

Here the subscript o refers to parametars evaluated at the base radius Ro.

In the following Ro s chosen equal to 2.

Equation 5 can be rewritten in sirplified form as follows:

R
T(R) = (%;)6 i, - cli- )1 ¢, (nv)f[(-g:)“s - 11} (6)

Here C1 and 02 are constants which are readily evaluated by compering

equations 6 and 5. Inspection of equation 6 shows that T(R) depends parametrically om
two variables, To and (NV)O. Following the analysis of Brandt et al. (1965)

it is possible to show that two physically reasonable assumptions-imply

stringent constraints on the range of reilizable values of To and (NV)O. These

two assumptions are: 1) the derived temperature, T(R), must remain positive through-
out the range of validity of equation 1; according to Saito (1970), R € b4, 2} there

i{s not sufficient external heating t sond R = 2 to produce a second pezk in T(R).
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It is seen from the third term on the right heand side of eguation 5
that for a constant T , increasing (NV)o eventually drives T(R) negative,
The radius at which this happens can be increased beyond R =‘h by in-
creasing To' However if '1'° is too large, the (3/33)6 term in frqQnt on the
right hand side produces a second peak in T(R) beyond R = 2, Therefore
acceptable ranges of T and (NV)ocan be determined as follows. The
minimum value of To’ TL’
that T(R) €0 for R> R

is calculated for (NV)o = 0 under the assumption
X where RX is the limiting distance of validity of

equation 1. This gives

(550 6]

Given R = 2, M = 0,547 (corresponding to a L% > abundance by number) and

‘ZE
e
=

= 0.85 x 106K and 0.89 x 106K respectively.

assuming R, = 3 and 3.5 then T

X L
Upper limits for T  and ’hv}o are determined from equation 5 by finding
the lergest value of T end (NV)o such vnat T(R) 2 0 and dT/dR < 0 for R in the

range Ro <RS Rx. Thus for each R the following two relations must be satisfied;

[

GM m M R°7 mpM(NV)ZO ( 3 s) o \6-25
T 2= |12} |+ —r (r) - (8)
o 'rkROR(+> (R'X) No2k 6 — 2 '\Ro
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and

Inspection of equations 8 and 9 shows that for (NV)O = 0 both conditions
can be satisfied simultaneously. However for each R both conditions cannot

be satisfied if (N’V)o is larger than some maximum value. This maximum is

obtained by equating the riglit hand sides of equations 8 and 9.

N [%6(;)7 Gl
=TSO

Setting S= 2 (radial flow) and (1w)e = (Nv)0 (Ro/Re)2 (the subscipt e refers to

(10)

parameters evaluated at the orbit of the earth), equation 10 is plotted

in Figure 1 for Rx = 3 and 3.5. The minimum value of the right

~CTRILITY OF TH
L, PAGE IS POOk

Il \ -
s At
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hand side of equation 10 for R in the range Ro €RS IS{ is the maximum flux
at 1 AU consistent with the assumptions dT/dR <0 for R22 and T 2 0 for

1

R< Ry Thus for Ry= 3.0, (Nv)e <0.L x 1o8 ansec™ with 0.85 x 1o6x <

(R =2) €1.1 x 106K and for R = 3.5, (nv)e <0.2 x 108 cm_2sec-1 with

61( <7(2) <0.98 x 1o6

0.89 x 10 K. The curves for T(R), corresponding to
values of (IW)e and T(2) determined from equations 9 and 10 evaluated near
the minimum of the curves in Figure 1, ere drawn in Figure 2, Drawn also
for comparison are the poler scale height temperesture, TH(R) = (GMomPM)/ (krzdln‘.I/d:)
and the curve T « R-2/7.
Since it is likely that the flow is more divergent than R.2 inside of
sone radius,RD, it is necessary to consider how this possihility affects
the upper limit of (NV)e. This may be accomplished by assuming the area
of a flux tube increases as RS out to PD and then as R2 from there to 1 AU,

S 2
i ; = o =
Re. Using this model, (NV)D (NV)O(RO/_.D (NV)e(Re/RD) and hence

(NV)e can be determined from equation 9 using the relation

R /R \ 52
_ (o]
(), = () (i) (i) R, <R <Rx <R, (11)

Investigations of equations 10 and 11 for S in the range 2 < S < L,

(%/Ro) =2, (r&/Ro) =1.75 and R S R < Ry show that the maximum flux at

1 AU consistent with & single temperature maximum below R, is not significantly
changed from its value for § = 2 ((NV), < 0.2 x 108cm-23ec-1). However, if

S is sufficiently large and/or (RD/RO) is sufficiently small, this upper

limit is raised. For example choosing S = 5 with (RI?/RO) = 2 (which is

equivalent to expansion from a polar region defined by 60° <8 < 90° at
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8 -2 -1
Ro to the full hemisphere at RD), (IW)e <0.28 x 10 cm sec . It should
be noted though that for all cases of nonradial expansion (NV)O is significantly

raised over that obtained for § = 2.

ii) Energy Flux Supply to the Polar Wind

An alternative approach to the polar particle flux problem is possible by
considering the energy equation. Here, s limit on (NV)e ray be established if the
veloeity at 1 AU is known and if the usual assumptions about the state of the

intermediate corona are made. Using a one-fluid, steady-state, spherically

symmetric model, the energy equation

ot v - e o a1

may be combined with equations 2 and 3 and integrated to yield

A(R)Q + F lmMV2+§-kT-M = ¢_ = constant. (13)
2 p 2 RRQ o

If a supersonic solar wind exists at 1 AU but not at F‘o then the doninant term at 1

1.

GM m M
s 1 2 . S .
AU is F [-2- mpMVe ] while at R,, the dominant terms are A(RO)Q + F [-5- KT - R,
Therefore
Q GM m M
1 2 50 24p — 2P
oM FTmn_ Y 2K, R=r (%)
o (N}
Further progress is not’possible without an additional closure
relation which gives Qo in terms of the lower velocity moments. Usually
the Spitzer conductivity is assumed valid so that
- D ==
Q = - ICO'I‘S/ vr (15)
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1

with K, = 7.7 % 1077 erg cm sec™t K77/2 (Chapman, 1954; Spitzer, 1956).

However, it is also possidble that the density is sufficiently low over
the poles that equation 15 is not obeyed. In particular, it is p;ssible
that the polar density is so low that the dimensionless third moment,

q = Q/[1.5 NkI(kT/me)llal, becomes impossibly large at a low altitude

5 em™3 (Saito, 1970),

(Parker, 1964). For example if N_ = 1.23 x 10
T, = 0.98 x 106K (see section (i) above) and T « R'2/7 then q =
(0.15)(R/Ro)(3l/7) or ¢ > 1 wvhen R> 1.5 R . It is therefore probable
that below this altitude instabilities develop (Forslund, 1970) which
will limit Q to a value less than the Spitzer upper limit. 1In other
words, the heat flux will be limited within 1.5 Ro thus et ‘ectively
producing an isothermal region at lower altitudes and a regiorn of steeper

than R’2/7

temperature decrease at higher altitudes.
It is thus not clear how to estimate the value of Qo in equation
1k. For the sake of concreteness two alternate approaches are adopted

2/7 and the

below. The first assumes equation 15 to be valid with T < R~
second adopts an exospheric approach. In both cases the solar wind He
abundance is assumed to be a free parameter since its value is observed
to be highly variable in the ecliptic at 1 AU and is not known &t high
polar latitudes. Such an assumption is necessary since, in contrast to
the analysis presented in section (i) where upper limits for (NV)O were
independent of M (see e.g. equation 10), the magnitude of the He
abundance may be significant here. This fact results because most of the
energy needed to drive the solar wind expansion goes into gravitational

potential and kinetic energy which are both mass dependent. However this

effect is more than compensated for by the fact that maximum values of
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T, derived from the analysis in section (i) scale linearly with M (see e.g.
equation 9).

2/1 and

Assuming first that equation 15 s velid, T < R
T, =(0.98 x 106)(M/o.5h7) K (see Figures 1 and 2) then upper limit values
for (NV)e can be calculated from equetion 14 for chosen values of M and
Ve. The results are summarized in Tedle 1 under the label (NV)e (Spitzer)
for v, = 320, 450 and 750 km/sec and * values corresponding to a He
abundance of 0, 0.04 and 0.08 by nurtar.

In the appendix, an analysis is tresented which shows that it is not
clear vhether or not electrons are ccllisionless below R = Ry- If indeed

coronal electrons are collisionless nzazr to but outside or 2 Re then Q

must be calculated using exospheric *xecry (Jockers, 1970; Lemaire and

L TUTTY OF THE
ZA%D 15 POOR

.4
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Scherer, 19Tla,b; Schulz and Eviatar, 1972; Hollweg, 19Th; Eviatar end
Schulz, 1975). In this approach, only those electrons shove the electric
potential barrier, |eA¢| with velocities directed away from the sun can

carry heat. The three fluid energy equations may be combined and integrated

to yia2ld
GM@m
lead] =M 4 [(%-mpvz) - RR, (16)

where the A symbol signifies a difference between sny two radial distances
and e is the electronic charge. Choosing Ro and 'Re = 1 AU as the two

referenee-distancnz then

|A¢I5M .];mvz.*.%
Sl =M e’ *RE (17)

If both Ve and the shape of the electiron distribution at Ro’ f(V), are known

then Qo is readily evaluated using the relation

oo n/2 n/2
Qo = J f f (-;- meV3 cosb cos¢)f(V)V2dV cos0a0d¢ (18)
B -n/2 ~1/2

where -;_-mt_‘vl?’2 = |eAp|. Assuming a Mexwellian shape for £(V) then

Wi () ) By )

° /2? me kTo kTo

=120~



Equations 14, 17, and 19 can be combined to give a self-consistency
condition for B = Qo/[(NV)okTO] and hence en upper limit for (NV); if

the bulk convection speed at 1 AU is to te greater than or equal to Ve.

wr_ |2 ( ) 13.25

(wv) <N [ _o ~(8+2.5 13:22 (20)

L) o 2“me e [(B+7T+ 8 ]
where
2 (21)
Mu_ V GM Mm
_1l "pe © p _ 2
B = > kT + RoRokTo 5 and Ve 20

Using equations 20 and 21 along with the assumptions that Ro = 2, No = 1.23

b3 105

em 3 (Saito, 1970) and T, = 0.98 x 106(M/0.5h7) K (see e.g. Figures 1
and 2), upper limit values for (NV)e heve teen calculated for various values
of M and Ve and are ulso listed in Teble 1.

A comparison of the exospheric upper limits with the Spitzer upper
1imits for (NV)e shows that if both the wave-particle collision frequency and
the coronal electron density are low encugh over the solar pole so that an
exospheric formalism is appropriate, very severe upper limits can be placed on
the solar wind flux at 1 AU whether or not the He particles expand with the
plasma. These upper limits fall well below that calculated from the mass and
momentum equations alone. However, since it is likely that the corona is
sufficiently turbulent that an exospheric formulism is not appropriate, the
true upper lirits for (NV)e may be less than but closer to that calculated
using the Spitzer conductivity,

A conparison of the upper limit values for (NV)e derived using the form

of the energy equation which incorporates the Spitzer conductivity with that



derived using the mass and momentum equations, requires a knowledge of M and Ve.
Reasonable choices for values of these quantities are made as follows. First,
inspection of Table 1 shows that by choosing the solar wind He abundance to be
4% by number, the error made in estimating (IW)e is probably less than 20%.
Therefore, for the purposes of this comparison, M is chosen to be 0.547. Zon-
cerning the speed of the polar solar wind at 1 AU several pieces of evidence
have recently indicated that Ve over the pole is higher than that observed in
the ecliptic (Cole, 1974) and may be close to 750 km/sec (Gosling et al., 1976;
Feldman et al., 1976). If this is the case then from Tabl- °, enrergy considera-
tions require that (NV)e be less than approximately 0.4 x 108 —_— sec-l.* This
value compares favorably with that derived using the miss and momentum equations

8 -2 =1
em - sec )

((NV)e £ (0.2 to 0.4) x 10 . It is theref>re concluded that if heat
conducticn is the dominant mode of energy transport at atout 2 Ro’ and if
Saito's polar density model is correct then the particle flux of the poinr

solar wind should be less than about 0.5 x 108 em™? sec™. This upper limit is
about a factor of 7 tirmes less than the solar wind particle flux observed in the

ecliptic at 1 AU (Feldman et al., 1976).

3. Latitude Variations of Heavy Ion "Freezing In" Distances

Alloucherie (19€7) derived an approximate criterion necessary for a

heavy ion of mess Amp and charge Z to diffuse upward in an expanding corona.

*
It should be noted trot this value is an upper limit. If the heat flux, Q,
is regulated below 1.5 Ro as suggested earlier, then the region below 1.5 Ro

becomes more nearly isothermel thereby reducing VT, O, and hence the upper

1imit value derived for (nv)e.
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His result is:

) 1/2
2 .GMdmp kTo
() R 2R 2 m
(NV)O > 0 " ® P

BJE‘ehlnx(zalA)

(22)

where the symbols are as previously defined and ln) is the coulomd

3

logarithm. Choosing No = 1.23 x 10S em” ", 'I‘° = 0.98 x 106K and expressing

22 in terms of (NV)e we get:

g /R S~2
2.0 x 10 o -2 -
(NV)e > —(—Z?’/‘:)—— (R—D—> cm  sec (23)

Since for a radiel expansion (S = 2) this limit is approximately a
factor of U to 10 times greater than the upper limit for (NV)e derived above,
it is reasonable to conclude that if Saito's model is correct and if the polar
corona is not externally heated above r = 2R@, He may not expand with the

solar wind. This conclusion rerains valid for 8 € L and (RD/RO) = 2 as well,

However, observation of the length of the neutral hydrogen tail of Comet
Bennet (Bertaux et al., 1973; Keller, 1973) as a function of heliographic
latitude indicates that the polar solar wind flux is at least as large as
2 x 108cm--zsec-1 at 1 AU. This value is in disagreement with the upper
limits deduced in section 2. It is therefore concluded that at lezst one
of the assumption. made in the above analysis is not correct and that it
should indeed be possible to observe solar wind heavy ions at polar latitudes
at 1 AU. If true then measurements of the populatin densities of individual

heavy ion ionization states will yield information concerning the temperature
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structure of that region in the polar solar corona where the various jonization
states "freeze in."

It is possible to determine the "freezing in" distences of the various
heavy ion species as a function of heliographic latitude using equation 1 if
the following assumptions are made: 1) the flow is radial; 2) the velocity
distribution is Maxwellien; and 3) the electron temperature, T, depends on the
radius, r, as T = ié(r/Re)'Y. Following prev.ous work
(Hundhausen et al., 1968a, b; Bam> .t al., 1974) these distances are
defined as those for which the expansion rate, Te.l = (VdlnN/dr) becomes
larger than the ionization state changing rate, T:i + T;i = N(R1 + Ci).

He.: )o is the electron temperature at the base of the corona, V is the
solar wind speed, Ri is the rate of recombination from state i to state i-l
and Ci is the rate of collisional ioaization from state i to state 1 + 1.*
Changes in the "freezing in" distances with latitude of a sample of the
most abundant ions are shown schema:ically in Figure 3 superimposed on scale
height temperatures calculated using equation 1 for & = 0° and 90°. For
purposes of illustration an isothermal corona with T_= 1.0 x 106K and a 1

F

AU particle flux of 2.5 x 108cm'-2sec'-1 were assumed for evaluating T:i + T—l

ci’

The scale height temperature for a static corona is given by TH =
(GMGmpM)/(krzdlnN/dr). Inspection of Figure 3 shows that the region in the
corona for which temperature values can be determined frcu solar wind heavy
ion data moves inward from above to below the temperature maximum as ©
varies between 0° and 90°. Thus at some intermediate latitude, coronal
temperatures bracketing the maximum can be sampled allowing the magnitude
and extent of mechanical dissipation in the intermediate corona to be

estimated (see e.g. the analysis of Brandt et al., 1965).

*Collisional ifonization and radiative recombination (including dielectronic
recombination) coefficients for 0, Si, and Fe were kindly supplied by Dr, A, Dupree.



4, Summary and Conclusions
In this paper two related aspects of the physical state of the inter-

planetary plesma at high solar latitudes were explored. In the first part
upper limits for the polar solar winé particle flux were derived using a set
of reasonable assumptions rconcerning the base coronal conditions along with
Saito's (1970) coronal density rmodel. In the second part, it was determined
whether this flux was sufficient to drag the heavier ions away from the sun
into interplanetary space.

From the analysis in the first part it was concluded that if Saito's
model is correct, the polar electron density is sufficiently low that in the
absence of extended heating the soler wind flux at high latitudes should be
at least a factor of from I to 10 tizes less than that observed in the
ecliptic at 1 AU, Such a low perticle flux was shown in the second part
to be small enough that most heavy ions would not be expected to expand
with the protons into interplanetary space.

However, indirect and lizited evidence available at present is con-
sistent with a polar solar wind that Mas at least as large a velocity (Coles
et al., 19T7l; Brandt et al., 197k) and as large a particle flux (Bertaux
et al., 1973; Keller, 1973) as that observed in the ecliptic at 1 AU, From
the analysis presented in section 2, these observations then require either
that extended heating distinct from that provided by electron heat conduction
is necessary some of the time above 2Re or that Seito's polar densities
are too low, Whichever is the case, the fact that the
solar wind particle flux does not appear to decrease with increasing heliographic
latitude (Bertaux et al., 1973; Keller, 1973) indicates that coronal heavy
ions may be expected to expand with the protons away from the sun. If true
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then measurements of the population densities of individual heavy element
ionization states in the polar wind will provide information at 1 AU con-
cerning the thermal state of that region in the intermediate corona where

the respective icaization states freeze in. It turns out that the latitude
variation of these freezing in distances calculated using Saito's model

is such that the region in the corona for which temperature values can be
determined moves inward frem above to below the nominal location of the
temperature maximum as O varies between 0° and 90°, Therefore, measuicmentis
of heavy ions at high solar latitudes may provide valuzble information con-
cerning the magnitude and extent of mechanical dissipation in the intermediate

polar coronsa,
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Table 1
Upper Limit Values of (IW)e

Consistent With the Energy Equation

km/sec % em™2 sec? en 2 sec”t
v, He/H (NV)e(Spitzer) (NV)e Exospherie
320 0 1.02 x 108 1.2k x 106
Ls0 0 0.70 x 10° k.96 x 10"
750 0 0.33 x 10° 0.51
320 ) 1.28 x 105 1.3 x 10°
kso b 0.88 x 10° 5.2 x 10°
750 4 0.11 x 10° 0.4
320 8 1.50 x 108 1.50 x 106
Lso 8 1.06 x 108 5.59 x 101'
750 8 0.49 x 10° 0.16
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Appendix
Comparison of Expected Electron-Electron Collision Lengihs
with Scale Lengths in the Polar Corona
The magnitude of the electron conductivity in the polar corona

depends critically on the electron-electron collision length, lc. if lc
is small enough then the Spitzer conductivity is applicable but if it is
too large, then an exospheric approach is needed to evaluate the polar
electron heat flux. It turns out that, according to Saito, No is
sufficiently low over the pole that it is not clear whether or no! **eormal
electrons are collisionless above R = pR , For examrie ithe sell scattering time for a
thermal electron at 2R° is 1, = (1.1 x 10"2)'1"(>3/'2/r«0 = BT sec (Spitzer, 1956)
whereas at that distance the expansion time (assuminsg a radial zagnetic

field) is Ty = [(k’i‘o/me)ll 2d1nN/dR] -l 60.5 sec. Furthermore the coulomb

scattering length, ﬂc, defined by
R +1%
o c

(A1)

(-]
{
Lo
e
o\
mB ®
St
[
]
n
R
0”&

may be either larger than or smaller than the temperature scale length,

-1
lT = [-a1nT/dR)"" = 3.5 Ro, depending on the value o the maximum altituie

at which Saito's density model is wvalid, RX’ This is readily shown by

assuming a density model consistent with Saito's results (1970):

R -6
N=N(—) 2< R <R
o X

N =N (%) (:—;)‘ . Ry <R (a2)



vith Ry £ 4. Combining Al and A2 and using R, =2 with N from equation 1
evaluated at 0 = 90° it is found that lc/R° = 1.33, 2.48 and 6.69 for BK =
3.0, 3.5 and 4.0 respectively.
Since the actual value of lc may be either less than or g{eater
than lT depending on the value of Rx’ it is not known whether the Spitzer
conductivity or a conductivity calculated using exospherfe theory is most
valid in the polar solar corona. However, the fact that Rc is of the same
order of magnitude as £T suggests that neither of the above is correct and
that to obtain an accurate determination of the true conductivity a

kinetic approach ray be necessary.
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Figure 1.

Figure 2.

Figure 3.

Figure Captions

Plots of equation 9 for RL = 3 and 3.5. Redial flow is assumeu
and hence (NV)e = (NV)O(Ro/Re)2. The minimum value of each

curve corresponds to the meximum flux at 1 AU consiste;; with

the assumptions dT/dR <O for R # 2 and T 2 0 for R < Ry,

Coronal temperatures, T(R) for values of (NV)e and T(2) determined
from equations 9 and 10 evaluated at the minima of the curves in
figure 2. Drawn also for comparison are the polar scale height

(2

temperature, TH(R) and the curve T «

Variations with latitude of the “freezing in" distances of a
sample of the most abundant heavy ions. Scale height tempera~
tures are calculated using equation 1 for 0 = 0° ana 90o and a

constant "freezing in" terperature of Tp = 1x 106K is assumed.
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ABSTRACT
The large-scale, three dimsnsional magnetic field in the interplanetary
medium is expected to show the classical spiral pattern to zeroth order.
liowever, systematic and random deviations can be expected, althou;n their
nature and magnitude cannot be predicted. The sector structure should
be evident at high latitudes, but the actual extent is unknown and the
shape of the sector boundaries is controversial. Interplanetary
streans will probably determine the patierns of magnetic field intensity
but the actual patterns cannot be calculated at present because of our
iimited knowledge of speed »rofiles and the source conditions. The
large~scale spiral field can inducc a meridional flow which might alter
the field geometry somewhat. The non-uniformities caused by streams will
prodably significantly influence tie motion of solar and galactic particles.
Unambiguous and detailed knowicdge of the 3-dimensional ficld ard its
dynamical effects can only bc obtained by in situ measurements by a

probe which goes over the sun's poles.
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I. INTRODUCTION

One cannot be ¢. :ain of what will be observed on an out-of-the=ccliptic
mission. It is basically cxploratory. GCne can try to predict what will
be seen, using current theories and the available interplanetary observations,
and this paper attempts to do so for the incerplanetary magnetic field.
However, extrapolations to as little as 10° above the ecliptic ave highly
uncertain, Only in situ measurements can provide us the unambiguous and
detailed knowledge that we seck.

Many of the properties of the magnetic field observed in the ecliptic
plane follow from a simple relation which is valid when the magnetic stresses
are not so large as to appreciably alter the motion, viz,

B(x) = Da(r)/p 1 B, - v X 6

where E(r) is the field in a radially woving volume element with constant
spead, g is the densicy,_§° and o, are the fiecld and density at some surface
near the sun, and Vo;:{_ is the gradieat of the :dispiacement vector which is
determined if the speed is known on the source surface. Thus, if Bo, %o
and Vo are knowa at some inner boundary (say 0.1 or 0.2 AU), and if 5(r)
is xnown, then to good approximation one can project or map the field any-
where within 1+ AU by (1), if the ragnetic stresses can be neglected, 7This
approach to the interplanetary magretic fieid is discussed in Schatten
(1972), Nolte and Roelof (1973), andé more generally in Burlaza and Earouch
(1975) and Barouch and Burlaga (1975a). It is valid for both time-dependont
flows and steady flows.

Very little is lmown about the latitudinal variations of V near the sun
(vo(a)) so one rust be content to cxpilore scveral rcasonable alternatives

in order to study the effects of Vo§ on the three dimensional field, 0%
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coursc, the simplest assumption is V=coascunt, which gives the spiral [ield,
as discussed below,

The values of Bo(ro,ﬁ,c)can be cstimated by projecting photospheric
magnetic field measurements upward throuza the solar envelcpe to the Alfven
point and beyond, Several techaiques for doing this are available in the
‘literature, although none is complately satisfactory., Tae proaslen is
illustrated in Figure 1 from Schatten (1971), which shows a skctch of an
eclipse in which the lines presumcbly represent magnetic field lines. One
sees a variety of structures. Near the sun, the field is comple: with many
closed loops visible at low latitudes., Farther from the sun, the field
lines generally tend to djverge and to become nearly radial. This is

represented formally by assuming potential ficlds near the sun and supposing

that only the lowest order harmonics contribute to the interplanetary field.

The transition to radial fields is generally made artifically at some
distance, and structures such as helmet streamers can be modeled by post-
ulating that currents are present only ian thin sheets. Such methods are
suificient for us to make estimates of the field out of the ecliptic, but
it must be emphasized that these are only approximations based on models
rather than firm theoretical predictions. There is no substitute for

in situ measurements of B out of the ecliptic.

II. MAGNETIC FIELD DIRECTION

Parker (1958) presented a model for the zeroth order configuration of
the magnetic field lines, assuming constant Vo, Bo’ and-po, and steady
corotation., In this case, (1) gives the well-known Archemedian spiral. A
good illustration of this pattern may be found in Hirose et al, (1970).

Measurements have shown that Parker's model given an acceptable zeroth
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order approximation for the ficld in the ccliptic plane between 0.3 AU and
S AU (sce the revicw by Bechannon, 1975, and the paper by Mariani et al.
(1975)). There is appreciable scatter of the observed points ahout the
theoretical curve, which might be due in nart to variations in Eo and %
(Burlaga and Barouch, 1975), and one can expect to observe similar scatter
away from the ecliptic. One might also see systcmatic effects in the
direction of E_due to systematic variations in Eo associated with structures
such as helmet streamers and polar plumes,

Stenflo (1971) attempted to compute realistic interplametary magnetic
field configurations by introducing a reasonable model for V(r) near the
sun, projecting measured photospheric fields to a source surface at 2.61’o
using the potential field mapping technique, and mapping fields from the
source surface to 1 AU by a technique equivalent to Eq.(l). An important
result is that although there are coumplex loop-configurations close to the
sun, farther from the sun the field becomes more radial and only the lowest
harmonics are significant for the solar wind flow. In particular, the
large-scale (as 1 AU),3-dimensional field which he computed for the period
Feb. 17 to March 10, 1970 was found to have the spiral form predicted by
Parker's model (see Figure 2),

The pattern that we have been discussing is altered by the presence
of streams. The magnetir field lines will be more radial when the speed
is high than when it is low, This effect is small, however, being just
a few degrees in the ecliptic plane (e.g., see Burlaga and Barouch, 1975)

and probably even smaller at higher latitudes,
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III. M\GNETIC FIFLD SENSE (SECTORS)

Wilcox and Ness (1965) showcd that the interplanctary magnetic
field is structured such that it tends to point away from the sun for
several consecutive days, then abruptly changes direction by 180° and
points toward the sun for several days, etc.. In other words, the "sense"
of the field is sectored on the mesoscale., In 1964, four sectors were
observed by IMP 1 (Wilcox and Ness, 1967). Secveral papers, beginning
with that of Wilcox and Ness (1965), show that the interplanctary sector
structure is related to the polarity of the photospheric magnetic field,
In a recent study of this sort, Nolte (1974) (see Roeclof, 1974) computed
the cross-correlation (calculated over nine solar rotations) betwecen the
interplanetary polarities which were mapped to their connection longitudes
on the sun using the solar wind speed and an empirical technique an“ the

H_ chromospheric polarities. He found that the cross-correlation peaks
A

at latitudes +30° and -20°, suggesting that the base of the field linmes
is generally not in the solar equator; however, the correlation was low,
.3, When he computed the cross-correlation coefficient for magnetic
field data corresponding to speeds >%00km/sec, he found a pcak of ~0.5 at
a latitude very near to the solar equator, suggesting that the streams
which are observed originate near the solar equator,

Ness and Wilcox (1967) showed that the sector structure changes with
time. Two sectors were observed in 1962, four in 1964, and the structure
was complex in 1965. Similar piots for 1970-1972 are given in Fairfield
and Ness (1974) together with rcferences to other papers on time variations,

Generally, the pattern of 2 or 4 sectors is the dominant one.
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Wilcox and Svaalgard (197%) coanidered w intereating nattern in
1969, when 2 sectors were predouirant for several solar rotctions,
Comparison with the solar fieclds, as determincd by the "hairy-ball"
(potential field mapping) model, showed that the scctor boundary, projected
from 1 AU to the sun, corresponded to an "arcade" of closcd loops rumning

approximately N-S. Thus, oae expects that the sector boundary cxtends

to rather high latitudes in this case,

Altschuler et al (1974) comnuted the large-scale photospheric magnetic
field in terms of surface harmonics (Pz (8) cos nf and P: (6) sin ©J)
for the yecars 1959 throuqgh 1972, Tor the year 1969 they found that the
dominant pattern was a dinole whosce axis was in the solar equatorial
plane; in other words, they found a two-sector patterm, the scctior doun-
darys running N-S, consisteat with tiie results of Wilcox and Svaalgazd
dascrived above.

Altschuler et al (167%4) Zound tiiit the solar ficld pattern chanzed

with time in a way cousistent with snacecraft observations of the inter-

»lanatary magnetic field polarity., Tor oxamdple, in 1962 the dominan
wattern was again a divnole im tho cquatoriel plane, in azvecenoal witi the

Mariner 2 obscrvations. In 19563 choy found that m=1 and m=2 wore wouilly
Irequeni, corresponding to 2 scciovs and four sectors, vesneci.vely,
consistent with the IMD2 obhscrvacions, auus, it annears that zhie lo.ost
harvonics of the solar ricld dulormmiang Che secior struciur ar ot be
used to predict the sector s:tvucturce oo 2ll latitudes,

Sltschuler et al, (197%5) Zound chat 2 sectors, with the sero ol 2
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dipole whose axis is in the ccuatorial plane, is tice dominant pattern,
They also found that four scctors occur frequently and that a -5 dipole
predominates only occasionally. Thus, one expects that gencrally taere
will be two sectors whose boundarics extend N-S, somctimes four scctors
will be present, and occasionally the polar regions will tend to we
unipolar with a *sector bounda:y*" in the solar equaterial planc. The
time variations can be very irmportaat for a S/C mission lastiny nore than
a year, It will be important to corrclate measurcments of the solar
field, out-of-ecliptic measurerecnts, and measurcments made near the
ecliptic, to separate the space-time variations

Svalgaard et al. (1974) proposed a model to describe the more complex
configurations in which both a N-S dipole and a dipole whose axis is in
the equatorial plane contribute to the interplanetary magnetic field.

v

This is illustrated in Figure 3 (bottom), which shows that the polar
fields and the equatorial fields might combine to give sector boundaries
that are tilted with respect to the solar eguator, the direction ol tiict
depending on the polarity of the fields. The figure also illiustrates the
magnetic arcades and the associated helmet streamers that are nresumed

to be associated with sector boundaries. Svalgaard et al. (1975%)
presented evidence that strongly supports this picture for the period
that they studies. An alternative model (see Figure 3) was presented by
Hansen et al. (1972) based on data obtained in 1972, when 4 sectors were
obscrved at 1 AU and coronal strcamers were observed by 0SO-1. Iiaasen

¢t al, postulate a coronal bridze corresponding to the low-latitude

arcades of Svalgaard et 2l., but :they differ in postulating iadependen:
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streamers at high latitudes. The relative merits of these two models

has not been established. Out-of-ecliptic measurcments could be decisive.
Rosenberg and Coleman (1969) showed that the number of days with

negative polarity varied sinusoidally with a period of 1 year between

1964 and 1967, randomly in 1968-1969, and sinusoidally with a 180° phase

shift in 1970-1973. This pattern showed the expected change in 1974-1975

(Fairfield and Ness, 1974). Following a suggestion of Rosenberg and

Coleman (1969), Schulz (1973) suggested that this is a consequence of

“warping” of the equatorial plane (minimum B surface) of a dominantly

N-S solar dipole with significant quadrupole contributions, This conflicts

with the results of Altschuler et al. (1974) which show that the N-S dipole

is not frequently observed at the sun., It also implies that the sector

boundaries should trace a "sinusoidal®™ line with small ampiitude about

the solar equator, in contradiction with the results of Svalgaard et al,

which suggested that sector boundaries are not tilted so much. This

difference has not been resolved, but could be settled by an out-of-ecliptic

mission.

IV, MAGNETIC FIELD INTENSITY

Parker's model, based on the assumption of constant and uniform V
and B> provides the zeréth order approximation of the interplanetary
magnetic field intensity. It predicts the measured value of & 57 in the
ecliptic plane at 1 AU for reasonable values of Bo near the sun, and it
prcdicts somewhat smaller fields near the poles. A somewhat more
complicated model, assuming constant V and a N-S dipole giving Eo’ was

discussed by Parker (1958) and considered in more detail by Stern (1964),



In vicw of the results of Altsciiuler et al. (1974), which showed that a
NS dipole rarecly dominates, this model is generally not appropriatc.
Superimposed on che large-scale variations in magnetic ficld intensity
are non-uniformities due to strcams, These are the result of 705 #0 in
BEq. (1). Faster plasma overtakes slower plasma, causing a compression of
the plasma and (because the ficld is “frozen" to thc plasma) an enhancement
in B, Shears in V can also cause a change in the magnetic field intensitcy,
and this too is implicit in (1) (see Burlaga and Barouch, 1975). Enhance=
ments in B are generally observed at the leading edge of streams at 1 AU,
often as large as four times the ambient value. Similar enhancements
night be observed out of the ccliptic, depending on the velocity profiles,

They might be the most important masnetic field intensity variation

[0}

at high latitudes. Illustrative spatial coniiIgurations of tite mametic
f£ield intensity on a spherical shell with radius 1 AU, relative to the
unperturbed oquatorial field at 1 AU, are shown in Figure 4 Ivom Larouch
and Burlaga (1975a). At the top, is the result for Vv = Vo (i< cos &%)
cos ©; at the bottom is the result Jor V = V, (1+a cos Lfyerp ={9=3

In the first case, one ecxpects that the field intensity might be appron-

imately twice the unperturbed intemsity in some regions out of the cclintic,

3¢

if the streams extend to high ilatizudées. In the second case, in whic
streams are confined near the eciiptic, B(6) is strongly perturbded only
near the ecliptic,

3illings and Roberts (1655 sun~osted thot streams come {rom ro~ions

-

of open and diverging magnetic field lines near the sun and fhat slow

"3

lasma is associated with closcd locps. Tais is consistent with tie
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observation that the solar wind speed is gencerally small near sector
boundaries, which according to Svalgaard ct al, (1974) arc associated

1so consiztent with

4]

with "arcades" of closed loops near the sun., It is
mappings of streams back toward the sun (Roelof, 1974). Pncuman (1973)
and Pneuman and Kopp (1970, 1971) modeled this situation with a dipol!~ in
the solar equatorial plane, The basic idea is that when the ficld lines
diverge, heat is readily conducted to the critical point whiere it can
effectively accelerate the solar wind, whereas when the field lines are
closed heat cannot be conducted rodially because of the low perpendicular
conductivity and energy is not available for acceleration, Of course,
other models are also possible, The poiat that we wish to emphasize is
that stream profiles might be related to the magne’ ficld ncar the sun,
Calculations which explore the consequences of variable Bo(e,d) are given
in Barouch and Durlaga (1975a). The result is that there might be a
latitudinal variation of the streoam induced perturbations in 3 which
results from the latitudinal desendince of 3.

Yo conclude that streams induse sinilicant distortions in the =~ ai:zic

ficld intensity which must be considered in measuring

»

et

Uzevool™ orcer

r
[ 2]
4]

field, They are also iInteresting In themselves and may help to unl. cooond
the source of streams, Finally, they have important effects on solur

particles, galactic particles, wnd possibly ¢ lar wind flow perturdations,

©

s discussed in the next section.

V. IFFECTS OF 3(8,0) ON COSHIC Vs 1) PLASML

Scveral authors (e.g. scc e review of Meatgowery, 1972) supsescow

that particles should have ecasicr cceezs and shorfer nathis L0 Loov Louor

- — T . ‘f ‘-E,v{ OF TE}'E
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the solav systom over the radlally diver dng polar [ield. b i they
entor the tiphtly wound spizal o the eciintic, he actudd 70 b i not
known, since it depends on thie Jlucauacions of T oaway fren the ecliutie
as well as on the large scale topology. Direct measurcments would be
decisive,

It has also been suggeztcod thal menosc..¢ configurations aisociated

f )
7.‘
)

with shock waves (Gold, 1959; lawviker, 14u3; ¢ - ~woreciably soeriuss cosnic

rays and cause "Forbush decreases®™ in thelr intensity, and tuere is some
avideace in support of this view (e.g. Barnden, 1573). Obviously,
latitudingl variations in sucihi confijuraticns would have corresponding
cficets on the cosmic rays, ovul diroct measurcments arce neldce to deter-
mine the nature ol these variasicns cnd the size of the uvilccts,
vidlents in D can also significantly
<Zfect cosmic rays. Barouch and IJurlaga (1975b) showed that Fordusa
decreases and similar galactic cosmic ray intensity variations are strongly
correlated with magnetic Iield crhancoments associated with strcams,
They proposed that these are the results of pevpendicular gradient drifts,
and Barouch and Surlaga (1975a) showed that the drift specds are
appreciably higher than the specds in streams, as required, If streass
extend to hizh latitudes, onc cxpects to observe Forbusl, decrecases chere.
If streams do not cxtend to nigh letitudes, there will be small drilts
due to the spiral field configuration (Winge and Coleman, 1968), but there
way be no observable eifccts,

Streams cause ficld lines to diverge less rapidly and eventually

converge in the compression rcojions in front of streams. Thus, solar

particles moving in such mososcale conlisurations will be collimated luss
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strongly than du the large-scale sniral field, and sonc will fiirror

(Barouch and Durlaga 1975a), ziving cirveam related inteasity and aninotropy

i
~

.

profiles, One expects systematic diflorceaces in these preliles wirll ine-

creasing latitude, deponding on the variations of the streams,

Low energy (thermal) particles are alzo inllucneced by the magnctic

field, althouch not as strongly as :the hih enersgy narticles wiosc .norpy
] £ © . wJ 4

density is much less than 32/(Sf). In fact, Parker's model

ol L TuTmes

-

constant V and gives a spiral ZIield, is not cxactly scli-consistent Ior
this reason (Gussenhoven and Carovilleno, 1373; Alckseyer et al, 1971).
In narticular, the spiral ficld gives a JxB = (UxD)xB force that causes
a moridional flow away from the ecliptic, This flow has been studicd by
Winge and Coleman (1974) and by Suess (1974), 1Its magnitude might be as
much as s 1 km/sec in the ecliptic at 1 AU. Rosenberg and Colcman (1973)
iavoked this flow and the frozen ficld condition to explain his obscrvations
that the magnetic field direction diverges away {rom the eclintic planc,
Taesc effects are small and have not been confiimed., They vary with
latitude in the spiral field cornfiguration, and they might be strongly
modified by streams,

VI. SUMMARY

One expects the large-scalc, thavee-dimensional magnetic lield lines
of the solar wind to have the foirm o: sz}rals wrapped on cones, as
described by the solutions of affhgr. Solar wind streams and solar
magnetic field configurations probably will not alter this very much,

although small, systematic cifcects due to the variation of the orientation

vf B near the sun might be obscrveble.

R}"Z)fz_(;.'T'ITJCEILH'Y OF THR
OR“JAA\H'\XIJ PAGE Is POO“
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The scctor pattern possibly extends to hizh latitudes and can change
appreciably during a year. The pailtein and extent of scctor boundaries
is a matter of controversy. Extrapolations of the solar ficld and mapping
of the interplanetary field to the sun suggest that the boundaries extend
nearly north-south, although tilted somewhat depending on the polar and
sector field directions. On the other hand, the "Rosenberg-Colcman
dominant polarity effect™ and some calcuiations suggest that scctor
boundary surfaces are confined closer to the cquator. Two distinctly
different models of sector boundaries have been proposed by Svalgaard et
al. and Hansen et al,, but one cannot chose one or the other at the moment.

The interplanetary magnetic field intensity will vary with latitude
depending on the photospheric field configuration. For a solar monopole,
the polar field near 1 AU is a/2 smaller than the equatorial ficld. The
intensity might vary more than this on a smaller scale, £ 1 AU, duc to
the prescnce of streams, The actual configuration depcends on both the
strean profiles and the magnetic ficld intensity profiles near the sun,
but these are not known at present,

The gradients in magnetic fi:zld intensity produced by streams cousc
energetic particles to drift away from the ecliptic, and they might be
responsible for Forbush deercases. If so, thesc decreases suoculd disannoar
at high latitudes if the speeds cre coniined near to the eclipcic., Stream
induccu mucnetic {iceld crhvancoencnts nisht also mirror solar p.ciic. s
aedd reauee thelr collinavion, covaing

o

strean=related changes Laeointensity
«nd arisocropy. The cofifcct varics with lcatitude in a2 systemacic way, s0

s - on tos L N S B - fechomcclintic i Coyea
vo.Ge G Ccan CSL 050 Luias ViIda Wl OvI=0J mlnomCC ANTLC NLLOL 0N,
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The ! -rge-scale spiral {ield causes a small meridionul flow a4 a
conscquence of the JuB force. ‘ihe wazaitude of this {low —I-Lt be
altercd by streams and vary witl: latitude for this rcason,

In conclusion, an out-of-the~eclintic mission will allow us to test
present models of the interplanctary masnetic ficld, resoive sume
controversies, provide iafornation needed to understand cnersetic
particle and plasma motiors, and it will probably give new results that

we cannot anticipate,
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FIGURE CADPTIONS

Figure 1 Sketch of a solar eciipse on 20 liay 1965, 7Tlhe contours
arc believed to indicate the directioa of thco magnetic
field

Figure 2 Interplanctary magnetic field lines on a scale of 1 AU,
seen by an observed in the ecliptic piane. They were
computed by Stenflo using photospheric magnetic field
measurements,

Figure 3 Sector boundaries. This illustrates two conceptual models
of sector boundaries and their relation to coronal streamers.

Figure & Magnetic field intensity contours relative to the un-
perturbed intensity in the ecliptic plane at 1 AU, on a
surface with radius 1 AU, The top figure shows the
pattern caused by a stream which varies with latitude as
cos O, and the bottom figure describes the result of a

stream which is confined near the ecliptic.
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Abstract

Initially spherical blast waves are systematically distorted due to persistent
latitudinal solar wind structure. This is to be distinguished from the non-systematic
(randem) distortion due to varying structure in longitude which introduces an = 30°
average deflection of shock normals from radial. The systematic latitudinal effect
should be at least 25° ot mid-latitudes, andobservable in the 30° noise level with
14 or more shocks for statistics. The observed occurrence rate of shocks during
solar maximum is sufficient to detect the effect. Corotating shucks should become
dete~table hetween 1 and 5 AU. Identification could be a problem because of the
30° noise level becoming greater beyond 1 AU. However, the three~-dimensional
geometry of corotating shocks show a strong latitudinal structure which can be used
in an out-of~the-ecliptic mission for a statistical identification based on shock

occurrence rates,
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Introduction

Most of the interplanetary shock waves observed with 1 AU of the sun
originate from some short lived solar event, such as a solar flare, and then
propagate out as a more-or-less spherical shock wave until they leave the solar
system, Beyond 1 AU another class of interplanetary shock wave becomes common=-
the cortating shock pair formed by the interaction of long lived solar wind streams,
We discuss here the three dimensional geometry of these two classes of interplanetary

shocks and how these geometries can be studied with an out-of-the-ecliptic mission,
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Out-of-the-Ecliptic Distortion of Solar Blast Waves

Lack of spherical symmetry in the solar wind distorts the surface of a shock
wave as it propagctes away from its solar origin into interplanetary space, This
phenomenon is observed near the solar equatorial plane at 1 AU, where the inhomo-
geneities associated with solar wind streams produce typically a 30° deflection of

the shock wave normal away from the radial direction (Heinemann and Siscoe, 1974;

Hirshberg et al., 1974), The distortion results from differential adveciion of the
shock front due to solar wind speed variations and from difierential propagatic;n
speed of the shock in the solar wind due to density variations-~the shock propagates
more slowly in - 3h density regions. In spite of the large distortion of individual
shocks, the averaged shock normal direction near the equaterial plane at 1 AU is

radial from the sun (Chao and Lepping, 1974; Heinemann and Siscoe, 1974),

A systematic variation in latitude oi he solar wind speed and density pro-
duces a systematic distortion in latitude of the surfaces of solar produced shock waves,
That is, the averaged shock normal direction @s) in general will not be radial from
the sun. The angle between Es and the radial direction will depend on latitude in
a manner which reflects the overage latitudinal deperdence of the solar wind speed
and density.

A lower iim't on the deviation of Es from radial is shown in Figure 1, Here

a shock wave that was spherical at 20 solar radii becomes distorted into a quasi- ellipse
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at 1 AU by the action of a differential advection of 400 km sec-‘ ct the equator
increasing smoothly to 600 km sec-l at the poles. This latitudinal gradient of solar
wind speed, approximately 2 km sec-ldag-l, is at the lower end of the range of
gradients suggested in the literature (see reviews by Gosling, 1975, Hundhausen, 1975,

Dobrowolny and Moreno, 1975). The figure probably also underestimates the dis-

tortion for the assumed gradient since it neglects the possible latitudinal gradient in

density-decreasing toward the poles (Hundhausen et al., 1971)--causing the shock to

propagate faster in the solar wind at higher latitudes.

The maximum deviation of ;s from radial (Aemax) occurs at mid-latitude a-d
is about 25° at 1 AU. In order to observed this effect, enough solar generated shock
waves must be measured while a spacecraft is in the mid-latitude region to obtain a
value for the polar angle @s) of Es with a statistical error considerably less than
Aemox' For the sake of having a numerical e.cample, we take the requirement that
the expected standard deviation of '55 be less than or equal to 1/3 of the conservative
value obtained above for Aemax’ i.e. S.D. @s ) s 80.

Neor the equatorial plane the distortions produced by solar wind streams
cause approximately a 30° standard deviation in the ongle between individual shocks
and their average, radial direction. The standard deviation of the average angle of
N stocks is 300//N . For N=14, thisis ~ 80. Thus in a 30° backgrounc Hoise
level ir the angle of individual shocks due to stream structure, it takes 14 shocks to

- -~ . I o
obi~ir a value of 8 with an expected standar¢ deviation of 8 from the true value,
s

- o
It is likely that the noise level ot mid-!atitudes i< less than 30 since the effect of streams
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in producing solar wind inhomogeneities as measured by enhanced radio scintillations
is apparently confined to within 40° of the equator (Houminer, 1973). Thus the
requirement of 14 shocks is probably more than necessary.

To estimate the time needed to observe 14 solar generated shocks, we use
the 100 years of SSC statistics compiled by _Mayaud(1975), The volidity of this

procedure is based on the study of Chao and Lepping (1974) showing that at least

874 of SSC's can be associated with solar activity such as solar flares and type 2

and type 4 radio bursts. There are on average about 10 SSC's per year during solar
minimum and about 35 SSC's per year during solar maximum. Thus about 17 months

are required in the first case and 5 months in the second of mid-latitude observations

to observe 14 shock waves originating from a solar surface source. We conclude that

an out-of-the-ecliptic mission scheduled for solar maximum would have high probability
of observing systematic shock wave distortion even if the worst-case example discussed
aboveshould apply.

The importance of measuring the systematic distortion of the shock shape lies
in its use in determining the systematic latitudinal dependence of solar wind parameters.
This method is independent of all other methods. It does not involve unravelling
separate space and time variations, In the case of an out-of-the-ecliptic mission via
Jupiter, the space dependence involves both radial distance and latitude angle which
car give independent contributions to any variation: observed in in situ measurements.
Knowledge of the three dimensional shape of blast waves is important also for determining
the flow of flare ener_y into interplanetary space. A non-spherical shock shape implies

that . wrgy is not distributed uniformly but converges in some places--relative to
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a purely radial flow--and diverges in others. In the case considered, energy would
diverge away from the equator causing the shock strength to decrease faster in the

equatorial plane thun would be expected on the basis of spherical symmetry,

Three Dimensional Structure of Corotating Shocks

Near the equatorial plane the border between contiguous solar wind streams
is a spiral (.S_i"_‘_'_bbii ¢ 1963; Dessler, 1967). If the trailing stream--in the sense
determined by the direction of the solar rotation-~is faster, a pair of shock waves
will form at some distance from the sun (Hundhausen, 1973 a,b). Such shock wave
pairs have a parently been observed between 1 and 5 AU by the Pioneers 10 and 11

spacecrcft (Hundhausen and Gosling, 1975; Smith and Wolfe, 1975). In a steady

state situation, the streoms. their spiral border, and the shock pair all corotate with
the sun. In this section we estimate the heliocentric distance of shock formation in
the equatorial plane as a function of the speed differential between the streams and
give a qualitative description of the three dimensional shape of the shock surfaces.
For the latter we assume that the stream border is perpendicular to the equatorial
plane. This example illustrates the essential aspects of the geometry and possibly
represents the typical case as indicated by radio scintillation observations (Houminer,
1973) and the north-south alignment of coronal holes which might be the sources of
fast streams (Krieger et al,, 1973; Noyes, 1975).

Figure 2 shows the relevant geometry in the equatorial plane. The figure
also iilustrates one argument for expecting the existence of shock pairs which at the
same time suggests a simple calculation for the approximate heliocentric distance to

their point of formction, The spiral labeled stream interface is the border between
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the streams. Sample flow streamlines-~labeled fost and slow--are shown in the corotating
reference frame in which all geometrical features are time independent. With the fast
stream trailing, the pitches of the spiral sireamlines in both streams are such that they
would intersect the spiral interface unless prevented from doing so by forces that act to
deflect the flows away. The build up of pressure at the interface resulting from the con-
vergence of the flow there produces such a force (Siscoe, 1972). Relative to the flows

in the two streams, the interfac. looks, like a curving wall and the flows are forced to
follow the curve because of the increased pressure. The compressive deflection of a
supersonic flow by a curving wall is known to produce a detached shock wave in the

flow (Landau and Lifschitz, 1959, p. 429). Streamlines intersecting the shock waves

are deflected parallel to the interface spiral, bringing to an end the compressive
interaction between the streams.

The approximate location of the origin of the shock waves can be found by
considering the characteristics of the flow eminating from a point, A, on the interface
close enough to the sun that the streamlines are essentially radial but far enough from
the sun to be in the supersonic region. The characteristics are generated by foll wing
the progress of a sound wave starting at A and subsequently expanding and being con-
vected with the flow, as illustrated in the figure, However, before the shocks are
formed, the flow converges cn the interface; thus the sound speed must be greater than
the speed characterizing the convergence in order for the sound wave to expand. As
the wave moves out from point A, the sound speed decreases because the solar wind
cools as it expands, and the speed of convergence increases becouse of the relative

. 1Ty or .
U.L.‘,‘_‘, ‘”A'_‘ ‘;4‘1(},’:‘ 1" TII’
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pitches of the spirals. A distance is reached when convergence exceeds the speed of
sound and the wave begins to shrink,

From the point of view of an observer moving with the flow along a streamline.
and looking at the wall represented by the interface, he sees the wall approach him--
that is, convergence in his frame of reference, If we think of the wall as a piston
moving into the flow, at the point where the sound wave begins to shrink, t.< piston
is moving faster than the local speed of sound, and a shock wave will form upstream
from the piston. Thus, the origins of the shock waves will be approximately at points B
in the slow stream and C in the fast siream marking where the sound wave stops
expanding away from the interface.

To find the approximate locations of these points and ti. - ir dependence on the
speed cifference between the streams, we consider an idealized case in which the slow
stream has constant speed V,, the fast stream has constant speed Vs the speed at the
interface is V, = (V, s+V‘:)/2, and the Mach number, M, is constant throughout. Using

the procedure given in Heinemonn and Siscoe (1974), we find the equations of the

characteristics to be

n,= g (0 +onc/e = ofe)
: M
%= M - a/nr/rf - f/ff)

where 7 is the azimuthal angle in the corotating reference frame, r is the heliocentric

distance, and =V /M Q, re= Vf/MQ . Without the g» terms, these are the equations
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of Parker's solar wind sairals (Parker, 1963, p. 138). The ¢n terms represent the

movement of the sound wave away from the spiral. The equation of the interface is

n= 1 0 -/r) @

with fo = v o/M 0. To estimatc where the shocks form we determine where the radial
separation between the characteristics and the interface begins to decrease, i.e. set
dAs/dn = 0. The result is shown in Table 1 for different speed differentials, Vg-V_
with V_ = 400 km sec” and ¥ = 4,

As expected, the bigger the differential, the nearer the sun the shocks form.
In the biggest case considered 160 km sec-‘ , they form near the orbit of Mars, Any
differential bigger than approximately 50 km sec—] produces shocks inside the orbit
of Jupiter. Although this example is idealized, it gives a fair test of the argument
based on characteristics to predict qualitatively the essential geometrical aspects
of the formation of corotating shocks. The prediction that typical solar wind sireams,
which have differerticuls bigger than 50 km sec:“'l , should form shocks between the
orbits of Earth and Jupiter is apparently confirmed by the Pioneer 10 and 11 observations.
This justifies applying the argument to determine the out-of-the-ecliptic shape of
cororcting shock waves,

The application is straightforeward, and the result is immediate if we consider
the situation at the poles. Here the border between the streams is a radial line--the
polar axis. The pitches of the stireams lines are essentially zero and, hence, so is the

speed of convergence of the streams. A sound wave starting here will expand forever,
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although it will slow down because of the radial decrease in sound speed. Thus
corotating shocks will not form over the poles. At intermediate latitudes, the pitches
of the streamlines and the border are not zero, but they are less than at the equator.
A sound wave must travel further before the convergence speed overtakes the sound
speed and shocks form. Thus, the distance to the formation of the shocks increases
with latitude.

The three dimensional geometry of the stream interface and the shock pair
is sketched in Figure 3. The interface is generated by an expanding meridian circle
that rotates about the polar axis as it expands so that its intersection with the equatorial
plane moves along the border spiral. The leading points of the shocks are in the
equatorial plane and the leading edges spiral outward as they move away from the
equator, maintaining a proximity to the interface. A sketch on an expanded scale
of a single corotating shock surface is shown in Figure 4, The motion of this surface
is analogous to that of a tapered paper banner attached to a stick that is being twirled
around the polo- axis. The length of the banner is determined by the lifetime of the
solar wind stream,

To study these structures an out-of-the-ecliptic mission is needed that covers
the radial range between Eaorth and Jupiter. Knowledge of the three dimensional
nature of these shock waves is essential for the interpretation of cosmic ray data and
for applications to other astrophysical situations. The distortion of solar shock waves

as described earlier and the highly structured geometry of corotating shocked woves
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illustrate the complexity of the problems faced by galactic cosmic rays as they try to
enter the inner solar system, Three dimensional probing of the interplanetary medium
is required to obtain a complete picture of the extended stellar envelope of a
representative from a major population of main sequence stars, The interaction of
such stars with the interstellar medium in various galactic situations can they be
treated with a fuller understanding of the stellar parameters. Comprehension of the
three dimensional aspects of structures generated because a star rotates has application
to contemporary astrophysical problems such as the interaction of the Crab pulsar with

the Crab nebula,
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V.-V dAr/dn =0

f s

16 (km/sec) 12.5 (AU)
32 6.2
48 4,2
64 3.1
80 2.5
96 2,
12 1.8
128 1.6
144 1.4
160 1.3

Table 1.  Approximate heolcentric distances in the equatorial plane to the
formation of shock pairs duc to interacting streams with various
speed differentials. In this example the average speed is 400 km sec-'I

and the Mach number is 4 throughout,
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Figure 1.

Figure 2,

Figure 3.

Figure Captions

A meridian plane cross section thrcugh a solar origin shock surface assumed
to be circular at 20 solar radii and distorted into a quasi-ellipse at 200 solar
radii by the action of equator to pole solar wind speed differential of 200 km

sec

A sketch of geometrical features of the flow in the equatorial plane and in
the corotating reference frame, The stream interface separates a slow stream
(leading) and a fast stream (trailing). Sample streamlines and corotating shocks
in both streams are shown, The shocks deflect the streamlines parallel to the
stream interface--with no deflection they ‘ould intersect the interface. The
circles are sequential snapshots of a sound wave starting at A and expanding
while being convected with the flow (distortion due to the flow speed dif-
ferential is neglected). Shocks form where the sound wave begins to shrink
which happens when the speed of convergence of the streams toward the
interface (due to the differences in the pitches of the various spirals) becomes

bigger than the local sound speed.

A sketch of the three dimensional geometry in the northern hemisphere of the
stream inferface and associated shock pair. The interfoce is generated by an
expanding meridian circle that rotates about the polar axis as it expands so

that its intersection with the equatorial plane follows the interface spiral, like
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a needle in the groove of a record, The interface separates the shock pair.
Their leading point is in the equatorial plane and their leading edges spiral
away from the sun as they move away from the equatorial plane, maintaining

a proximity to the interface,

Figure 4. A sketch on an expanded scale of a single shock surface. The location of
the equatorial plane is indicated by lines radiating from the sun. The motion
of the surface is similar to that of a tappered paper banner attached at its
point to a stick that is being twirled around the polar axis. The length of

the banner is determined by the lifetime of the streams.
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Cosmic-Ray Transport Theory and Out-of-the-Ecliptic Exploration

J. R. Jokipii
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Abstract

The reasons for studying cosmic-ray transport theory are
summarized and the fundamentally three-dimensional nature of the
process is pointed out. Observations in the ecliptic plane cannot
unambiguously test transport theories since the solutions to the
transport equations depend critically on boundary conditions and
variation of parameters such as diffusion tensor out of the ecliptic.
Sample calculations are shown which illustrate the problem. It is
concluded that out-of-the-ecliptic observations are essential to

further test transport theory.
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I. Introduction

The study of cosmic-ray transport theory has an old and vener-
able history, for it is clear that in order to understand anything
in cosmic-ray astrophysics we must first understand transport. The
observed near-isotropy of cosmic rays was early recognized to imply
that the orbits of the particles have been severely distorted in
their motion through space. Since the work of Fermi (1949) it has
been understood that the motion must be treatasd statistically, since
the plasmas and magnetic fields through which the cosmic rays move
are irregular and turbulent. This basic fact leads to the view that
the spatial motion of cosmic rays is to a very good first approxima-
tion a random walk in three dimensions.

The solar wind provides an excellent local laboratory for testing
our ideas of cosmic-ray transport by comparing in situ obserQations
with theory. A comprehensive theory has been developed which has
had reasonable success in explaining the various cosmic-ray phenomena
in the solar wind (see reviews by Jokipii, 1971 and V61k, 1975).
Before going on to discuss this theory in detail, it is useful to
emphasize that irrespective of the detailed theory, cosmic-ray trans-
port theory is fundamentally three-dimensional and that this problem
is much more severe than for some other aspects of the physics of
the interplanetary medium. The general picture is illustrated in

figure 1 for particles originating in the galaxy or at the sun. It

REPRODUCIBILITY OF THE
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'3 a2vident that, for exanmple, there is no viewing direction in which
one sees cosnic rays which have sampled only the ecliptic plane.
This conclusion depends only on the turbulent nature of the inter-
planetary plasma and the consequent stochastic motion of the cosmic-
ray particles.

One can, of course, dream up experiments which could be used to
study cosmic-ray transport iocally. For example, a useful experi-
ment would be to inject a small beam of ''tagged" cosmic rays at one
npoint and measure them a distance ~0.1 a.u. away. But such experi-
rents are clearly not possible in the near future. We must be
content with what nature provides, and work with the full three-
dimensional problem.

The preceding discussion his intentionally been as general as
pcssible in order to emphasize the fundamental nature
o° the conclusions, In the next section, the current detailed theory
of cosmic-ray trinsport is discussed, then some quantitative calcu-
iations are presented which illustrate the effects of uncertainties

ir parameter outside of the ecliptic.
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II. Current Transport Theory

The current theory of cosmic-ray transport has been comprehen-
sively discussed in an earlier review by the author (Jokipii, 1971).
The theory works at two levels, which could be termed the “‘macro-
scopic' and the "microscopic'. This is illustrated schematically
in figure 2 which shows the particle being scattered randomly by the
magnetic fluctuations. Hence the particle pitch angle 0 undergoes a
random walk., The details of this scattering process and its relation
to the detailed microstructure of the magnetic fluctuations are
studied in the microscopic theory, whereas the resulting spatial
diffusion is considered in macroscopic theory. Thus, for example,
in the simplest form of quasilinear theory, where only planar magnetic
fluctuations with wave vector parallel to the average field are con-
sidered, the pitch-angle scattering is characterized by the Fokker-
Planck coefficient

w2

<802> _ 0
At

1
lujws, 2 Full - EF:) ' 0
wvhere mo = qBO/mc is the particle cycliotron frequency in the average
field B, u = cos®, w = particle speed, r.= w/wc, and P, (k) is the
spatial power spectrum of the magnetic fluctuations as a function of
wavenumber k (see, e.g., Jokipii 1966, 1971). Other more complex
expressions result if other magnetic fluctuation configurations are
assumed. Similar expressions result for the other Fokker-Planck

coefficients such as <Ax2>/At, etc. Hence, if x is a direction
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normal to BQ. we have

<ax2> _ [plw -
it 82r:,_(k 0) . (2)
0

The above expressions are examples of microscopic transport theory.
However, in most situations the cosmic-ray angular distribution
is driven essentlally isotropic by the scattering, so that the
transport must be described by the diffusion approximation. |If
U(g,t,T) is the particle density averaged over pitch angle as a
function of position r, time t end energy T, then the diffusion

equation reads in the rest frame (Parker 1965, Gleeson and Axford 1967,
Jokipii and Parker 1970)

W
L A L J _w,i 3
5t T ax; Lei; %, V193 * 3 3, o7 (@ T V) Ga)

with an associated flux of particles in the rest frame

Fom o, 4y u-v—"‘-l-‘-i’—-(uw) (3b)
i ij axj W, i 3 T '

where Kij {s the cosmic-ray diffusion tensor, \Iw is the solar wind
velocity and a(T) = (2mc? + T)/(mc2 + T). The associated anisotropy
is [8] = 3|F|/wU. In a coordinate systen with the z-direction oriented

along the average magnetic field §0, Kij may be written
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where the parallel diffusion coefficient «,, the perpendicular
diffusion coefficient k) and the antisymmetric diffusion coefficient

Ko Can be written

-1 '
M
Ky = wl du'[lﬂ e (5)
<0025 /8t
-1
1
2,
kL= g LR o (6)
0
KA = %rcw . (7)

The diffusion equation (3) embodies the macroscopic theory which is
connected to the microscopic theory by equations (5) - (7). At
present, comparison of transport theory with observation must be
done through the use of macroscopic theory and then working back to
the microscopic theory. We are unable to measure <ads/at, ete.
directly.

With regard to the problem of out-of-the-ecliptic exploration,

it s clear that the solution to equation (3) depends on a knowledge
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of Kij and \lw throughout the modulating region and on the value of
U on the boundary. There appear to be no purely locally measurable

properties of the solution which can be used in checking transport

theory.
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III. |llustrative Calculations

To illustrate the rather large uncertainties introduced by lack
of knowledge of parameters out of the ecliptic, | present in this
section a summary of some analytical calculations published elsewhere
(Owens and Jokipii, 1971). This problem has also been considered by
Sarabhal and Subramanian (1966) and Lietti and Quenby (1968). Con-
sider th< 11-year solar cycle modulation of galactic cosmic rays by
a solar wind which is not spherically symmetric. The 11-year solar
cycle variations are usuallw regarded as slow enough that the time
derivative in equation (3) can be neglected in solving for U. In
this calculation the various parameters In the transport equation
are allowed to vary with heliographic latitude and the effects of
the variation on the density U and the flux F in the solar equatorial
plane are consicered.

The following forms for the various parameters were assumed:
The various components of the diffusion tensor are independent of
erergy T and are proportional to heliocentric radius r out to some
boundary r = D where < + o, The cosmic-ray density U(r,T) is
assumed t> take on a given inters-ellar value Um(T) -~ AT"2:5 gt r = D,

Finally, we follow the usual practice of circumventing the
problem of proper boundary conditions at the Sun by requiring the
solution for U to be finite at the origin. This will be shown to
lead to negligible error in the present case. See Jokipii (1971)

for a more complete discussion of this problem.
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Equation (3a) for U(r,0,4,T) becomes, in spherical polar

coordinates

1.3 2(y 1 - 1] - a_ : 55:39.- ‘A
[} (vw “u 7 " r sind 39 |n3(r 0 r snne a¢)

1 L(K'L aU+_ﬂ_3_U_) -——-(TUo.)"o- ®

In what follows, we consider only molels which are axisymmetric
(independent of ¢). If © = 0 is the axis of solar rotation, this
corresponds to a latitude-dependent solar wind. Effects of magnetic
sectors could be represented by taking 68 = 0 along a sector. The
two terms containing k, cancel from the density equation @) if
3<A/33 = QKA/3¢ = 0, as in our axisymmetric model. Thus the terms

in <, do not contribute, and equation (8) becomes

1 3 ) U 1 au w3
—— —— r (V Y - ¢ — - — (K.L S|n:) ) - em—— ——— (TUQ) = 0.
2 3r w " 3r r25in0 ) 20 3r 9T

(9)

Since x,, and «, are taken to be independent of energy, equation (9)

separates, and one writes

U(F,O,T) = S(I’,O)Q(T), (]0)

RFPRODUCIBILITY OF THE:
Gith AT PAGE 18 FUOR
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Upon neglecting the small energy dependence of a(T), one finds

immediately that S must satisfy -
qV S
LAl s - B -2 g simeB] -2, an
r2 or r r2sino 20
with
o(1) = 7(3a/2a)-1 (12)

The separation constant q must be chosen to agree with
u_(T) « T72.5, in which case we choose q = -1.

A number of different forms for the variation of the parameters
Vw, k, and K, were chosen. Define

v, (e,r) = v [1+5(0)], «yle,r) = k [1+e(0) ]r

and «, =uk, . (13)

The problem may be solved in terms of a series of Legendre
polynomials and the general solution is given by Nwens and Jokipii
(1971). An illustrative velocity variation is given by
V= Vo[l + .30P2(cose)] where V_ is the average velocity and P, is
the Legendre polynomial of order 2. This velocity variation is

illustrated in figure 3. Some typical results of the calculations
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are illustrated in figuras 4, 5, and 6. - It is clear that many of
the parameters observed in the solar equatorial plane can be sub~
stantially changed by varying the solar-viind parameters out of the
solar ecliptic plane. Of particular note is the fact that the radial
anisotropy observed in the equatorial plane is extremely sensitive
to parameters outside the equatorial plane. As shown in figure 6,
even the sign of the anisotropy can be changed by relatively small

velocity variations.
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IV. Conclusions

gge may conclude from the above discussion that fundamental
ambiguities in testing cosmic-ray transport can be removed by
carrying out measurements out of the ecliptic. The out-of-the-ecliptic

measurements most necessary to study cosmic-ray propagation are:

a) Measurements of the flux of cosmic rays as_a function
of solid angle and energy with as much resolution as
possible. The anisotropy measurements are easier to
carry out on a spinning spacecraft.

b) Simultaneous measurements on board the same spacecraft
of the plasma and magnetic field. These measurements
should be spaced in time so that good time-series
analyses (power spectra, etc.) can be obtained.

c) The spacecraft should go as far out of the ecliptic
as possible to insure that any variations with helio-
graphic latitude will be seen.

d) Good base-line measurements at Earth or in the eclip-
tic plane should be obtained simultaneously.

{t is not crucial that these measurements be carried out at
constant heiiocentric radius, although this might aid interpretation.
It appears that measuring protons and possibly electrons will be
adequate and it is better to optimize measurements for one species

rather than compromise these in order to study composition.
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Figure Caetions

Fig. 1. Schematic illustration in a meridian plane of typical
trajectories of solar cosmic-rays (dashed line) and
galactic cosmic rays (solid line) which reach a detector
at 1 a.u. The fundamentally 3-dimensional character of
the motion is apparent.

Fig. 2. [Illustration of the 'scattering' of a cosmic-ray particle
by a magnetic irregularity. If the region over which A0
is correlated is small, a Fokker-Planck equation results.

Fig. 3. [1llustration of the velocity profile used in some of the
calculations. & is the angle relative to the z-axis.

Fig. 4. Comparison of linearized and exact solutions for the case
V= vo[1 + 0.30 Pz(cos 0], x, = kof» W =4%. The density
u(r,2) is given for both solutions as a function of angle @
r=0.20in terms of U_ = U(r = D,0). Straight line shows
the corresponding result for an isotropic wind V = Vo
The linearized calculation keeps terms only to first order
in § as defined in equation (4). From Owens and Jokipii (1971).

Fig. 5. Total cosmic-ray flux as a function of r,0, and with F¢
suppressed. The pattern is azimuthally symmetric and even
about the equator. (a) The parameters V(0) = Vo[l +0.30 P, (cos 0)],
K“(F,Q) =¢ rand u = ¥ were used. The position of Earth

0

for D = 5 a.u. is indicated. Of particulsr interest is the
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virtual source of particles in the equatorial plane at
r=0.5D. (b) Same as (a) except that V(0) =kvo[l + 0.46 Pz(cos e)].
Note that the flux is much larger and virtual source has
moved out to r ~ 0.9 D. From Owens and Jokipii (1971).
Fig. 6. Anisotropy in the equatorial plane at r = 0.2 D for
v(e) = v, *+ Vsz(cos 0) , as a function of Vz/vo'
Note that in our model the anisotropy is radial. From

Owens and Jokipii (1971).
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COSMIC RAY MODULATION 1IN THREE DIMENSIONS

N76-24181
J. J. Quenby

Physics Department, Imperial College, London SW7 282

Abstract. A brief Cfitique of spherically symmetric conventional
modulation theory is supplied. Estimates are made of the cosmic
ray intensity at high solar latitudes. Direct evidence for
significant off-ecliptic cosmic ray gradiénts is reviewed in
support of the requirement for an off-ecliptic spacecraft mission.
The possibility of measvring the galactic spectrum is discussed.

Spherically symmetric modulation theory and its problems.

Cosmic ray modulation arises because motion of the energetic particles
along the spiral interplanetary magnetic fieid lines is controlled by
scattering due to magnetic irregularities which are being convected
outwards by the solar wind. Inward diffusion is balanced both by outward
convection and energy loss of the particles as they suffer adiabatic
deceleration in the expanding wind. A Fokker-Planck equation expressing
these effects in a spherically symmetric, steady-state situation is
(Parker 1965, Gleeson and Axford 1967)
Y2 (et (1)

A 8 ayy-,2x Uy 2V 8
T (r2vU - r K, 3 3T

Here U is the differential particle number density at position r and
T+ 2T,

T+ T, :
wind velocity and K., the effective radial diffusion coefficient, is given

kinetic energy T,a= with T, as rest mass energy, V is the solar

I
perpendicular diffusion coefficients with ¢ = cos™! (B.r / |B] ljj ).

by K, =’K'| cosy + KJ_sinzw for K.‘ ar.d K, respectively the parallel and
Particle streaming S is due to diffusion in the wind frame plus an
additional term involving a Lorentz transformation to the rest frame via
the Compton-Getting factor C such that
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$ = (VU - K.grad U (2)
=1- 8 K
with C=1 3 3T (aTy) and K as the tensor diffusion coefficient.

At magnetic rigidities exceading about 1 6Y, radial streaming is
usually negligible and uader these circumstances the Fokker-Planck
(1) can be integrated to give a relation between the Galactic density
U(rg, Tg) and the observed density U(r.T), '

Ulr, T) =Ulrg, Tg) exp (- 7,9 £ dar) (3)
r

for spherical symmetry with 9 determined by the effective outer bound

to the interplanetary scattering process.

it is important for Astrophysics to know the energy spectra of
various nuclear species of cosmic rays in the galaxy and a common method

for achieving this '""demodulation’ is as follows:
(a) Estimate the Galactic electron spectrum from radio synchrotron data.

(b) Compare the near-earth electron spectrun with the Galactic spectrum
to find the magnitude and rigidity dependence of f'9 (CV/K ).dr.

(c¢) Use the results of (b) to correct the near-earth proton and heavy
nuclei spectra for modulation.

Various objections can be raised to this scheme. First, the average
Galactic electron spectrum derived from radio data may not represent the
local spectrum and in any case one must be sure of the model enabling the
effects of local, cold, absorbing interstellar clouds (Goldstein et al.
1970a) to be taken into account. Second, there is no adequate theoretical
explanation as yet for the magnitude, rigidity dependence and radial
dependence of K., as witnessed by investigations of solar proton diffusion
‘e.g. Webb et al. 1973) and the measurement of cosmic ray radial gradients
(<10%/AU) which are much less than those expected on the basis of
theoretical K. values (e.g. Webber and Lezniak, 1973). It is important to
know the r dependence of the integrand in (3) since. adiabatic deceleration
is inversely proportional to r. This importance becomes apparent in our
third point, based on the work of Goldstein et al. (1970b) and Gleeson and
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Urch (1971) who, for certain choices of r dependence and reasonable
magnitudes of K., find that adiabatic deccleration may completely
exclude all <100 MeV/nucleon particles from the inner solar system.

Thus no certain knowledge of the lowest energy Galactic primaries is
possible. Fourth, the cause of time variations in the modulation is
unknown, with not enough solar cycle variation in the solar wind
parameters being observed near earth to account for the known changes in
the cosmic ray flux (e.g. Hedgecock et al. 1972). For example, the
power spectrum of magnetic irregularities at 10™* Hz should change by a
factor >2 in order to account for the observed modulation of 1 GV particles
between 1965 and 1969 according to resonant, wave/particle interaction
theory while in practice the change is <103 (Hedgecock 1975). Off-
ecliptic control of modulation via the effects far beyond 1 AU of solar
streams emerging from the zones of maximum solar activity may be the
only way to explain the cosmic ray tl-year cycle. Hence careful study

by off-ecliptic spacecraft is required.

The off-ecliptic route to the boundary.

It has been thought that a direct determination of the Galactic cosmic

ray charge and energy spectrum can be achieved employing ecliptic plane
spacecraft trajectories to the outer planets. In this way the problems
of section 1 are all by-passed. However, the boundary to modulation
could be as far as 100 AU and the low, measured cosmic ray density
gradients seen by Pioneer 10 render this abproach uncertain. Alternatively,
we note that cosmic rays have an easier inward motion over the solar poles
where the geometric path length along the interplanetary field lines is
much shorter than in the tightly wound spiral regime of the equatorial
plane (Lietti and Quenby 1968). An appropriate Fokker-Planck equation
for the steady state which relinquishes the requirement of spherical

symmetry and takes into account the spiral geometry is then
S oo &y = L8 (2emy (4)
rz Sr

if K, =0 for path length s along a magnetic flux tube of arca A.
Allowing K, = Ker sin99 where 6 is solar latitude yields
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CVr

v
g = ('Irg) exp - {

Cwr 2sin2"Q ¢
Ker

and if q = 0 and u/llg = '/e at | GV, we obtain the following table for
the percentage residual modulation at 1AY:

} (5)

o =90° o = 300 8 =0
Yug (ar 16v) 633 222 92
Thus on a simpie model for scattering, a spacecraft passing over the poles
at 1 AU may see 4902 of the unmodulated intensity and therefore get a better

measurement of galactic conditions than is available at Jovian distances.

Direct evidence for off-ecliptic gradients

Observations confined to the ecliptic plane can only reveal the existence
of off-eciigtic effects by noting modifications to cosmic ray streaming
from the expectations of the spherically symmetric model case. Equation
(2) in a more general form is

sV vZ . 8U
_s_-=cug-x"(6—;)" g ()8 (6)

vhere v is energetic particle velocity and w is cyclotron frequency. it
has been assumed that direct slippage of particles across field lines makes
only a small streaming contribution (KL/K" N ;2%? <<1, T being time to
travel one parallel mean free path). Furthermore, we assume the short-
circuiting by scattering of that perpendicular gradient which would cancel
out the anisotropy due to (Ex Ejj.drift in the non-scattering limit when
Liouville's theorem applies to the particle intensity. At high rigidities,
some few to a hundred GV, the radial streaming is negligible over long
periods with the third term on the right of (b) cancelling out on average.
Then the first two terms combine to give the streaming from the east or

1800 hr LT anisotropy. When, however, the anisotropy is studied in
practice as a function of sign of the interplanetary field sector structure,

two effects of the third term become apparent. A north-south anisotropy
su

arises due to (G—r radial * B, or the effect of the radial gradient and an
ecliptic plane anisotropy arises due to (g—l: )z x B, or the effect of off-
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ecliptic gradient. Hashim and Bercovitch (1972) find Gz = 5.5 R™0-63/A0
directed north + south in 1967/68 for the latter effect, possibly
physically resulting from the excess northern hemisphere solar activity
suggested at that time by coronal green line 5303A emission.

The previous discussion refers to the first derivative of density,
but studies of the second harmonic of the cosmic ray intensity can reveal
the presence of a rising or falling, symmetric, off-ecliptic gradient via a
dependence on the second derivative. Lietti and Quenby (1968) essentially
use a version of (5) for the rising gradient case to predict a second
harmo?ic5wi§h direction of maximum perpendicular to B and amplitude
a2 =i-&-%?g~o.005P 2 at rigidity P, cyclotron radius p. This
expression is in reasonable accord with cvservations a:though Nagashima
et al. {1972) claim that a cylindrical pitch angle particle distribution
about B with a different physical cause better fits cosmic ray anisotropy

" data.

With finite 51: the symmetrical gradient will either feed particleé‘
into the equatorial plane or draw them off to higher latitudes, thus
setting up radial streaming. A correction to the Fokker-Planck (1) is

employed by adding
U

div [ - ;é‘z- ( g—r ) 1to the right hand side. Dyer
et al. (1974) in particular evoke this streaming for a falling gradient to
explain a sunward flow at ¥ 1 6V seen by a satellite detector which is

too large to be explained by any energy loss effects in a spherically
symmetric model. These authors require maximum modulation over the
sunspot zones with maridianal flow patterns set up to draw particles down
from 0 =07 and up from @ = 909, Cecchini et ai. {(1975) have developed

a computational model to confirm the above model. Chief features are:

r/
K = K,8P f(e)é €XPTolexp(1) rel AU
r/ r>1AU

To
K =k 8Py F(3)( ("/rg)’ r< AU
("/ro) r>1AU

f{(8) = 1+ cos 8 (-3 + 5 cos? 0)

.
1

= 19 .
Ko 2.2 1012 cn? ey 3t AU



€ = 0.5, 1A0; V, =const.; Py =100 MV; Ug a(T + T0)"2-75

Thus 5LIKQ = 0.05 at 1 GV. The results of employing an alternating gradient
technique to solve the corrected Fokker-Planck, with finite 51, is to predict
an inward streaming ~0.3% in amplitude between 2 and 1071 GeV, a radial
gradient ~10%/AU at 1.1 GeV between 1 and 10 AU and a ratio U(e)/u(e=- L2

at 1 AU varying from 2.5 at 8 =0 to 0.7 at © = 609 ior 1.1 GeV protons®

Hence it is possible to explain the radial streaming with reasonable gradients

and KL/K' ratios.
1

Conclusions.

We have shown that study of cosmic ray modulation by integrating the transport
equation outwards in the ecliptic plane, assuming spherical symmetry,
encounters various prohlems. The transport processes and boundary conditions
are insufficiently well understood, modulation may be controlled by off-
ecliptic gradients and assymetries can have noticeable effects on solar
equatorial plane observations. Three-dimensional study of the solar

cavity cosmic ray distrivution is required to:
(a) Measure off-ecliptic gradients and streaming.

(b) Enhance understanding of the solar control of intensity time

variations.

(c) Gain better knowledge of boundary conditions, especially the
possibility of measuring a near-Galactic energy spectrum over the

solar poles.

Objectives (a) and (c) are satisfied by a Jovian swing-by mission
but (b, requires a direct injection at 1 AU spacecraft for detailed time

variation studies on solar wind and solar parameters.

RFPRODUCIBILITY OF THE
¢ oAT, PAGE IS Poolf.
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Abstract

Based on a modified WKB analysis of the interplanetary irregqularity spectra,

a discussion of the radial dependence of the radial cosmic-ray diffusion coef;
ficient at polar heliographic latitudes is presented. At 1 AU radial distance

the parameters are taken to equal those observed in the ecliptic. In the sense

of a present best estimate it is argued that relativistic nuclei should have signi-
ficantly easier access to 1 AU at the pole than in the eci.ptic. The reverse

may very well be true for the direct access of very liw rigidity particles.
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1. JIntroduction

The access of galactic cosmic rays to the inner solar system is regulated
by the cumulative effec* of the irregular fields which scatter the par-
ticles on their way in. To determine the degree of this access . . helio-
graphic latitudes that are significantly different from the solar equa-
torial plane, one has to rely.on theoreticzl estimates. These conventional-
ly assume a diffusive propagation scheme. Of primary importance is then
the spatial diffusion coefficient or, more generally, the diffusion ten-

sor,and in particular its spatial variation in the solar system.

In the earlier work of V&lk et _al. (1974) the irregular fields were assumed to
be Alfvén waves of solar origin, convected outwards by the solar wind.

In a (on the average) stationary interplanetary medium with axial symme-
try around the solar rotation axis, this led to a radial direction for
almost all wave normals beyond about 1 AU. Assuming the effective average
magnetic field to be in the ideal sniral field direction and the wave am-
plitudes to vary according to the (WKB) approximation of geometrical
optics, a radial dependence of the coeff{.. ent for diffusion along the
average field was calculated, As a sensitive function of the angle be-
tween wave normals and average field, the value of this diffusion coef-
ficient, or equivalentlyﬂof the mean free path, varies from a minimum

at O degrees to 1infinity at 90 degrees. Since in the solar equatorial
plane the angle between the radial and the spiral field directicn is
large already at 1 A", and increases with radial distance, deviations of
the wave normals from the radial direction have been discussed by Richter
(1974) in the context of the solar wind strecam structure; sce also Hollweg
(1975},
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We do not intend to evaluate here the effects of deviations from the
simple picture of V8lk et al. (1974) at low latitudes and refer to a

future publication (Morfill et al., in preparation). W2 shall rather

concentrate on the situation at polar heliographic latitudes. There the
assumption of all wave vectors k being radial and parallel to the average
field B  leads to the minimum value of the radial diffusion coeffi-
cient K as far as its dependence on the angle between k ani B is
concerned. Thus, within the WKB approximation for the radial development
of the scattering centers, this provides a lower limit for K . Such a
lower limit is of interest, if it can be argued, or at least be specu-
«11"d in a reasonable way that even in this case there is essentially un-
impeded access to about 1 AU for a significantly larger part of the galac-

tic energy spectrum than in the solar equatorial plane.

We shall give a short discussion here, motivated by three considerations.
The first one is that in two earlier publications this author was associated
with (V8lk et al., 1974; vblk, 1975), a rather different result was be-
lieved to hold true, Another reason is given by the present discussion of

an ex-ecliptical probe to explore the sun and the interplanetary medium.

The final reason is that via easy access at the poles much larger regions

of interplanetary space might possibly be populated by particles of galac-

tic origin,

In the next section we shall present che general behavior of K in a modified
WKB analysis, using simple approximations to two rather different measured
interplanetary power spectra. In the last section the relation to the expected

actual situation at the heliographic pole is discussed.
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2. WKB “Ml!’is

Consider the simplest, axisymmetric, interplanetary medium, where all quanti-
ties depend on heliocentric distance r and where vanly the ideal spiral field

B with components

1) %/ \*
M B, = B, (°/¢) ; Bgn0jBg=3B, Y. Qe -sind
. y e ) ' 7
\

and the power spectrum P (f,r,8) may in addition depend on heliographic la-
titude 9 + Here z, is a radial reference level, B o is independent of @ ;
¢ denotes heliographic longitude,stz.GS x 10-6 cps is the angular fre-
quency of the sun's rotation, V is the solar wind speed (assumed to be radial
and congtant), and £ is the wave frequency seen by an observer at rest re-
lative to the sun's center. Then it is simple to show (V&6lk et al., 1974)

that for e — -;F the radial diffusion coefficient is given by

@ K=f R _2e 'S.B&("fne),z
. (V-r'!,\l) ’S.'B{ (T’e)l:.

1

:{dr'f" @“Fz){PG'g .;:; Q(RV::}\!.’A,)

-1
)9“155"")}

In equation (2) we have /3 = % ¢ the ratio of particle velucity w to the

velocity of light ¢; R denotes particle rigidity; Va = B - (4 )'-1 is

the (vectorial) Alfvén - speed, where @ is the average solar wind mass den-

sity;’,& =¥ /w is the cosine of the particle's pitch angle, where Yy is

the velocity component parallel to B; r, = 1 AU, The amplifica n_fac. _
! =1 RYRQTRI U R eR LIl L)
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for the Alfvén wave amplitudes ‘Bk
' X 2 2 3
- ’JB& (f)l . V+ Var (%) . YM(“) \L! ) oy (ﬂ)
[SBacr)]*  \ Ve &/ e () N

is independent of wavevector k and C). If both r, and r are large compared
to the Alfvénic critical radius (%20 Ry, in the equatorial plane), then
the approximation on the far r.h.s. of equation (3; holds in this lowest
order WKB approximation . However, following equations (1) and (3) we have
(et @ = 90°); {§ B (r ,e)> / Bc,0) ~ 1, where {&B%) is the total
power in the fluctuations. Thus, the possibility arises that <J 82> / §_2>1
beyond some radial distance in which case we expect wave propajation to be
rather drastically altered by nonlinea: vffects that ultimately should lead
to dissipation oi wave energy. To take thris possible effect into account, we

modify equation (3) so that for all r
>, . 2
ca { $B(v)> £ B )

A similar device has been used by Hollweg (1973} and appears as a simple if
crude way to take the inadequacy of the linearised WKB approximation into

account.

It is clear physically that equations (1), (2), (3) and (3a) also hold if,
at given ro'Bro' v andg are different from their values at O C, arn Johyg as
their dependence on © 1is weak.enouah, such that for example é—g—é NN

For the rest of this section, hcwever, we will conscider Br (ry), v, 9 (rl)

and P(f,e,tl) as given by their values in the equaturial plane,
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Gbserved power spectra at 9::0 and reor. (e.g. Jokipii and Coleman, 1968;

1
Bercovitch, 1971), generally approximate rather well a power law for P(f,zl)
at high frequencies, while flattening at low frequencies. Qualitatively, an

analytical form

2
@ Plhn)=Cp 1+(4/ )

with parameters Cf. fo\ and q £0,is not an unreasonable representation. With

equation (4) the general character of K {r) can be inferred. For small enough
rigidity R, so that (gl . V/R> 27 fo we have K ~ r3*2q whereas K.~r3 for
'2‘- VR& 27cf_ . The exponent of r is additively increased by unity when-
ever the supplementary restriction (3a) comes into force. For our present
discussion we choose q = -—3/2. Thus, K ®2 coast (or ~r) for small R . r2,
whereas K~r3 (or ~r4) for large R . rz. At onffi~:_,tly large r, K will
be ~r? {ox ~r4) for any R. At fixed values of g and R, the transition of

K to the r" \or r4) dependence increases with decreasing f ycf. equation (2).
As an aside we should mention that for this value of q and for the present
case of k #i B the quasilinear expression for K used in writing in equation

.(2) is numerically quite satisfactory and the modifications in the region

around'& = 0 (e.g. Jones et al., 1973) therefore not essential.

NMumerical results are shown in Figures 1 and 2. Figure ! is calculated using

the spectrum of Jokipii and Coleman (1968) where, in reference to eguation

-3 -1 -
(4), Ct o 16 x 10 7 . Tz-(ﬂz) ! q'_ fogiﬂ x 10 S- Hz; qg-3/2, and Alfvén wave

propagation was started at r, = 20 RO (solar radii). Figure 2 uses the spec-

trum published by Bercovitch (1971) which we roughly approximate by C,%6 x 10_'?

4
T2~(Hz)’1"q; foa', 7 x 10 6, Hz; q -3/2. Although the results are not very much
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different for both cases near r = 1 AU, the very different to-valnes lead to
strong differences in the onset distance of the r3 {or rather r‘) lawv. We
should mention here that we used here the component of the magnetic spectral
tensor perpendicular to the ecliptic to represent the total power per fre-
quency interval. For true axisymmetry of the spectrum all K values in Figures

1 and2 should be multiplied by a factor 1/2. This is an unavoidable uncertain-
ty

The interesting aspect of these results is that they imply little modulation for
relativistic nuclei, where adiabatic deceleration is small, considering the
value of fo in Figure 2 as a rather extreme lower limit to the actual situation.
For 1 GeV protons, for example, a 10-20 percent modulation is estimated in

the diffusion convection approximation.

3. Discussion

The above results were obtained by fﬂ:ting) at 1.Aag ,the average solar wind
parameters as well as power spectra by the corresponding quantities observed
at 1 AU in the ecliptic; the spatial dependence of the spectra assumed a modi-
fied WKB approximation for the irregularities. In reality, the polar region of
the corona may well be a large, stationary coronal hole, resulting in a some-
what (perhaps fifty percent) larger flow speed and, possibly, somewhat more
power in the frequency region f >"‘fo° All this would lead to a moderately in-

creased modulation.

On the other hand, it may very well be that the power

in frequencies ‘s fo is much smaller atg = T/2 than near @ = 0. We have taken
these fluctuations also to be Alfvénic which leads to the amplitude variation
given in equation (3).In reality, the part in the spectrum with f< fo may well

be due to the solar wind stream structure (Goldstein and Siscoe, 1972). If

the latter is assumed to be absent at @ = 90®, also the power at f,s fo would

be absent with a corresponding decrease in modulation. In this light, also



the possibility of increased scattering at larger distances due to local pro-
duction of waves - a situation that is quite likely at &30 - appears
rather weak. Irregularities produced by emhanced (compared to the ecliptic)
turbulence due to radially increasing departures from thermal equilibrium at

the poles should be assumed to have small scales, irrelevant for cosmic rays
even in the case of the Firehese instability. It should be added that in con-
trast to a popular feeling this result for K and the consequent argument for
modulation has little to do with the shorter geometrical path along B of a
galactic particle to, say, 1 AU, but rather to the strong decrease with r of the

magnetic field at the poles.

Thus, barring unknown new effectsg, the present best estimate is that cosamic

ray access at the poles should be significantly better than at {?’ﬁo for rela-
tivistic nuclei. For very low-rigidity particles on the other hand, the sharp
increase of K with r occurs only at such a large radial distance that their
direct access may be at least as strongly prohibited as in the equatorial plane.
However, for this last kind of statement; the present estimate is not well

suited.
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Figure Captions

Pigure 1:

Figure 2:

The radial diffusion coefficient K at heliographic latitude

9 = 90° as a function of radial distance ¥ in solar radii Ro

for various proton energies. The power spectrum P (f) =Cf . 2

3

with the values C. = 16 x 10 2z 7179, £=7x 107> gz

(Jokipii and Coieman, 1968} . Wave normals k are assumed to be

radial. The calculation was started at r = 20 RO .

The same as Figure 1 with values of C_ and f‘:> adapted to the spec-

f
tra of Bercovitch (1971).
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Solar Cosmic Ray Measurements at

6 . 2 4 1 3 2 High Heliocentric Latitudes
760~ .
N Kinsey A. Anderson

Physics Department and Space Sciences Laboratory
University of California
Berkeley, California 94720

Introduction

Observation of solar cosmic ray fluxes at high heliocentric latitudes
would provide several new dimensions in specifying important physical
processes in the solar atmosphere and interplanetary space. Valuable
new approaches would be available for such problems as the steady state
acceleration in the solar atmosphere, propagation of fast charged particles
in the solar coronal magnetic fields and in interplanetary space, the true
interplonatary particle spectra free of transient solar influence, and accel-
eration in interplanetary space by shock waves. For this brief review
of what might result from a program of solar cosmic ray observations on
"out-of-the-ecliptic' spacecraft the following outline will be used:

A. Thr~ magnetic fields of the Sun at high latitudes

B. Propagation of fast charged particles in the solar corona and

in interplanetary space at high latitudes

C. Origin of interplanetary particle populations

D. Other particle phenomena in interplanetary space(e.g., accel-

cration of shock waves)

E. Effect of spacecraft mission characteristics on solar cosmic

ray studies at high latitudes

-231-



A, Solar Coronal Magnetic Fields

It is now well known that the magnetic fields close to the Sun
control the intensities of charged particles that appear in interplanetary
space. They do so in a variety of ways and to varying degrees. For
example, particles from flares near the East lim' are detected at central
meridian and more westerly longitudes only several hours after the flare
(Van Hollenbeke et al., 1975). The measured low cross field diffusivity
of the particles in interplanetary space requires that the diffusion occurs
in the corona. This is a reasonable requirement since hydromagnetic
wave activity should be more intense in the solar corona and the wavelength
of such waves can be of the size needed to effectively scatter solar flare
particles.

Energetic solar particles stream fromthe solar corona in high
intensities for many days, even weeks, following large solar flares. In
general terms, this basic observation means that there is a sequence in
which the particles are first accelerated, then stored for some time in
the solar corona, then released into interplanetary space. The quantitative
behavior of each of these steps is not well known and in fact is at the center
of much controversy. For example, the acceleration may be essentially
steady state and the storage transient. On the other hand there is the
possibility that the acccleration is impulsive and the storage long term,
Such a situation requires very low collisional energy losses, something

that might be achieved in a "cosmic ray plasma' where all particles are
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energetic, approaching a Maxwellian distribution (Anderson, 1972). In
either case the magnetic fields of the sun play a major role in each step
of the three step sequence. All our experience with these processes has
been in the magnetic fields of the solar activity zones. It seems unlikely
that the full sequence of acceleration, storage and release takes place

in the high latitude coronal fields. However, there are two inversely
related questions of basic importance:

1. Do solar particles, accelerated in the activity zones, propagate
into the high latitude solar regions?

2. Can we use the solar particles, if they do indeed move into
the high latitude regions, as probes of the solar magnetic
fields there?

With these two questions as the basic motivation for solar cosmic
ray studies at high heliographic latitudes, we next summarize some of
the information now available on high latitude solar magnetic fields.
Figure 1 is a photograph oé the solar corona that shows the polar plumes.
This old photograph is of interest because it shows an intermediate corona,
the kind expected in the 1983 to 1985 period. The polar plumes have
gen=rally been considered to outline the magnetic fields over the Sun's
polar cap and their appearance suggests that the field lines in these
high latitude regions are open. Notice that the polar plumes appear only
above latitudes of 50 to 60°. Because these field lines are so different

from the activity zone and transition zone field lines, a strong impztus

-237-



is given to going to the highest possible solar latitudes in order to encounter
a qualitatively different phenomenology.
Magnetograph observations suggest that the S:n's polar magnetic
fields are not uniform bundles of lines. Figure 2 shows measurements
by Stenflo (1971) that lead to the following conclusions about the high altitude
fields:
1. They are patchy with large regions (channels) of weak (less
than 10 Gauss) fields. These channels extend from the poles
down to latitudes less than 50°.
2. The strengths in the : trong field patches range from 10 to 20
Gauss.
Polarization methods of magnetic field determination (Charvin, 1971)
indicate that the polar fields may not consist entirely of opzn field lines.
Figure 3 shows the polar field topology based on the optical technique.
On the other hand the Skylab coronograph shows tie polar regions as
large coronal holes which are evidently stable at least over the duration
of the Skylab mission (Newkirk, 1975). This observation implies that

most of the field lines over the poles are open.

B. Solar Cosmic Ray Propagation at High Solar Latiwdes

A rccent statistical study of solar flare cosmic ray events by
Van Hollenbeke ct al. (1975) has revealed that:
1. The onset time of 20-80 MeV proton fluxes at Farth systemati-
ca'ty decreases with heliolongitude away from a minimum

point at 50° + 30° W of central meridian (Figure 4).



2. The intensity of solar cosmic rays at Earth is strongly depen-
dent on the distance in longitude from the flare site. The
preferred connection region is 20° W to 80° W longitude with
some of the spread being due to the variable solar wind velocily.

3. Flare sources on the back side can sometimes be identified
by very large X-ray and radio emission regions which extend
above the limb, Particles from flares located away from the
preferred longitude region as much as 150° are sometimes
detected at Earth in this way.

4, The energy spactra of the protons from individual flare events
loc: ted in the preferred connection region (20 to 80° W) are
remarkably similar: most of these spectra are fit by power
law exponents between -2 and -3.1 (Figure 5).

5. The energy spectra of flare parcicles measured near Earth
changes systematically with distance from the preferred-
connection longitude. At 40° E the range of power law
exponents is -3.7 to -5.0 (Figure 5).

The authors have eliminated interplanetary diffusion and adiabatic

cooling as causes for the above observations. They explain the results

in terms of energy depzndent diffusion of the flare particles from the

flare site through the coronal magnetic ficlds out to the spiral interplanc-
tary ficld lines that ccnnect to the observing site. The progressive softening

of the flare particle energy spectra is attributed to the more rapid loss
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of the higher energy particles onto spiral field lines leaving in the vicinity
of the flare site. The lower energy particles are preferentially retained
so that as the diffusing particle population ages, its average energy and
spectral slope decreases.

Such observations will make it possible to spacify certain physical
conditions in the coronal regions, especially the particle diffusion coef-
ficient. Experiments at lower energy can determine the total amount of
matter traversed by the particles and thus a physical model of the diffusion
in the high latitude corona can be built up.

The out-of-the ecliptic missions offer the possibility of doing an
analogous experiment in which latitude is the variable, thus complementing
the longitude studies. In the latitude case the situation is even more
complex but also should be more revealing about the spatial structure
and characteristics of the solar coronal magnetic fields. To reach high
latitudes, the particles will have had to propagate through the transition
zone as well as appreciably into the polar fields. There are bound to be
great surprises in such observations too far outside our present experience
to anticipate. Nonetheless, Figure 6 attempts to qualitatively indicate

what might be the outcome of solar cosmic ray observations at high latitudes.

C. Origin of ihe Interplanetary Particle Populations

Figure 7 shows the so-called quiet time proton energy spectrum in

interplanetary space. At the lowest energy end there are the solar wind
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protons. At high energies (greater than 10 GeV) the protons almost
certainly belong to a galactic population of particles, and at the very
highest energies, the particles may even be intergalactic in distribution.
In the range 30 MeV to about 10 GeV the protons are probably galactic
but their intensity is strongly modulated by the Sun's magnetized plasma
wind, at least near the ecliptic plane. The range from 2 to 100 MeV has
recently been studied extensively by the University of Chicago and
Goddard Space Flight Center Groups. A detailed study by J. Kinsey (1970)
is based on the hypothesis that the protons in the energy interval come
from two distinct populations. Figure 8 shows some spectra in this
energy regior. Those observations may be represented by

dJ

€. - -8 g
T5 Fs E + FgE (1)

dJ/dE is the number of protons per square centimeter-steradian-second-
MeV. F g’ Fg. s and g are parameters that give best fits to the obser-
vations. It is forind that Fs and s are highly variable while Fg and g
vary much less. The interpretation is that the first term on the right
hand side of Equation (1) represents a proton component of solar orig:n
while the other term is presumed to be galactic in origin.

No doubt the proton fluxes in this energy range will prove to be
quite different when observed at high heliographic latitudes. There
detectors presumably would be far removed from the solar source regions
and the reduction of intensity in the galactic component by modulation

should be much diminished.
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Figure 9 shows the energy spectrum of electrons at times of
lowest solar flare activity often referred to as the "interplanetary electron
spectrum". As in the case of the protons, the highest energy electrons
are presumed to fill the galaxy, while the lowest energy electrons are
known to be of solar origin -- they are the solar wind electrons. Between
these two components the situation is complicated, perhaps even more
so than in the case of protons:

1. The solar wind electrons have a non-Maxwellian tail at energies

above about 100 eV. This tail appzars to extend to 1 or 2 keV.
It can be described by a power law of E-s' l.

2. The non-Maxwellian becomes submerged in a new particle
population which extends to about 1 MeV. This spectrum
approximately follows the power law E-3.

There appears to be no spectral flattening of the 2 keV 1 MeV

component as there is in the case of the protons.

The study of the complex electron spectrum would be greatly
advanced by observations at high solar latitudes. Much will be learned
by investigating how the electron spectrum changes relative to the proton
spectrum.

Among the questions we can now pose about the interplanetary
fluxes are:

1. Will the medium energy component decrease significantly as

the detectors move away from the active sunspot zones?
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2. From observing such a change systematically with latitude
can we learn more about the sources and the transport of the
particles through the coronal magnetic fields at high latitudes?

3. Can we identify a component that is generated by instabilities
in the solar wind? Possibly the 190 eV to 1 keV non-Maxwel-
lian tail arises in this way. As the solar wind flow changes
as a function of latitude does the character of the non-Maxwel-
lian tail change? Possibly even the 2 to 10 keV region
originates, at least in part, from internal energy sources
of the solar wind by means of plasma microinstabilities.

4. Is there an electron component, for example the 10 to 100
keV region, which is supplied, at least in part, by strong

cosmic X-ray sources?

The high latitude electron and proton measurements will be free
of planetary scurce effects: the Earth's bow shock and magnetosphere
and Jupiter's magnetosphere. This is another important motivation for

out-of -the ecliptic missions.

D. Shock Waves and Other Interplanetary Phenomena

A variety of complex energetic particle phenomena take place in
interplanetary space. Although they must involve basic plasma processes
they are not yet well understood. The motivation for further study is
strong, however, since these processes must occur throughout our galaxy

in systems of similar and larger scale sizes.
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One such phenomenon is the acceleration of particles by shock
waves of solar origin in interplanetary space. Figure 10 illustrates
this effect in a particular case. The important observational features
in this event are (R. E, McGuire, Ph.D. thesis, University of California,
Berkeley, 1976):

1. The shock velocity was 520 km/u and the shock normal was

close to the Sun-Earth line.

2. Preceding the shock passage the electron and proton flux
increased by a factor of 10 due evidently to a flare.

3. Twenty minutes before the shock passage the protons above
200 keV increased by a factor of 20. The flux maximum
occurred about one gyroradius in front of the shock. A more
gradual increase in the medium and high energy electron
flux also occurred.

4. Electrons 0.5 to 14 keV increased 20-fold just behind the
shock front. This flux increase may be associated with dissi-
pation of energy by the shock.

Although several detailed models for shock acceleration exist,
none seem completely satisfactory. By observing shock effects on par-
ticles at high solar Jongitudes where the characteristic of the interplane-
tary field are presumably much different it should be possible to arrive
at a satisfactory shock acceleration model. This is a problem of first

order importance to cosmic ray studies since shock acceleration occurs
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in many cosmic systems. For example, shock waves probably play an
important role in the production of energetic flare particles; shocks may
accelerate the entire fast electron component. And it is known that
shock waves carry energy into interplanetary space in amounts equal to a
large fraction of the total flare energy (Hundhausen and Gentry, 1969).
There is still no satisfactory theoretical solution to the problem of mag-
netic field line merging as an energy source for flare phenomena and it
thus becomes vitally important in the study of the flare process to know
as much as possible about shock acceleration.

At high solar latitudes the magnetic field will make a smaller
angle with respect to the solar wind flow direction, on the average, com-
pared to lower latitudes. Also, one expects that the power spectrum of
fluctuations in the interplanetary field to be considerably redured at high
latitudes as compared to the latitude range of the activity zones. These
differences can then be used to explain differences in the shock accelera-
tion of particles as a function of heliocentric latitude.

There seem to be several solar-interplanetary phenomena which
emerge clearly during part of the solar cycle but then become less apparent
or disappear later in the solar cycle. In his presentation at the sympo-
sium Dr. Hundhausen (1976) mentioned such an effect in the solar wind.
Another example is the abundance of long lived particle streams (recur-
rence events) early in the solar cycle (McDonald and Desai, 1971).‘ Yet

another example is the electron-proton "splitting' effect reported by
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Lin and Anderson (1967). This effect occurs in solar co-rotating streams
that appear near Earth one or two days following solar flares. The elec-
trons in these streams are displaced to the west of the protons and thus
are observed to pass over the detectors before the protons do. This time
displacement is a few hours up to 10 hours (a few degrees in longitude).
An example of electron-proton splitting is given in Figure 11.

None of the proposed mechanisms has been shown to quantitatively
account for this effect, and no explanation has been offered for their
apparent disappearance later in the solar cycle. Lin and Anderson (1967)
thought that the effect could be due to the larger drift velocities of the
protons compared to the electrons (the larger gyroradius of the protons
means that the protons sample any gradients in the magnetic field to a
greater extent). Jokipii (1969) proposed that the splitting can occur in
interplanetary space due to combined gradient and curvature drift in
the interplanetary fnagnetic field.

One expects that these phenomena and perhaps others still unex-

plained can be effectively studied by an out-of-the ecliptic mission.

E. Jupiter Swing-by Out of the Ecliptic Missions

For a two-spacecraft launch in late 1980 by a Titan-Centaur
vehicle as described by the NASA-Ames Research Center group, Figure
12 shows when the spacecraft would reach high solar latitudes with’

respect to the sunspot cycle. A 1980 launch is probably not ideal for solar
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cosmic ray studies since the spacecraft arrive at high latitudes near the
expected decline of solar cycle 21. However, it is worth noting that
several very large flares occurred in this portion of solar cycle 20
including the very great August, 1972 flares. The spacecraft remains
above latitude 35° N and 35°S for somewhat more than 2 years.

Figure 13 shows where the spacecraft are positioned in solar
latitude on a Maunder's butterfly diagram. This figure shows that there
is some advantage in arriving at these high latitudes late in the solar

cycle since the activity zones have retreated toward the equator.
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Figure Captions

Figure 1. The intermediate solar corona. This photograph was taken
following solar maximum and before solar minimum. At this time
the polar plumes are clearly visible. Their appearance suggests
that the polar zone magnetic field lines do not close in the vicinity
of the Sun. (Yerkes Observatory photograph.)

Figure 2. Synoptic charts of the polar magnetic fields Hy/cos6. Solid
lines represent N polarity, dashed lines S polarity. The isogauss
levels are 10 and 20 G. The areas covered by the observations
are enclosed by curves with shadings on the outside. (a) North
pole. Observations from August 1-23 1968. (b) South pole.
Observations from July 31-August 23, 8. (From J. O. Stenflo,

Observations of the polar magnetic fields, in Solar Magnetic Fields

(ed. R, Howard), D. Reidel Publ. IAU Symposium No. 43).
Figure 3. Schematic map of the polar coronal magnetic fields (July 26,
1970). The prominences and filaments observed on spectroheli-
ograms are shown on the map. (From P. Charvin, Experimental
study of the orientation of magnetic fields in the corona, in Solar

Magnetic I'ields (ed. R. Howard), D. Reidel, I.A, U. Symp. No. 43).

Figure 4. The difference ATm of the time uetween onset of 20-80 MeV
proton and maxirnum particle intensity is plotted as a function of
the heliolongitude. The solid line is a least square fit through
the data. It shows a minimum at ~ 50° + 30° W of the central

meridian.
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Figure 5. Variation of the spectral index Yo in the 20-80 MeV range as
a function of the heliolongitude )‘G’ The open circles are 'long
rise time events' with a rise time longer than 24 hours. For
these events, effects of interplanetary propagation may be sig-
nificant. The dashed countour lines enclose 92 % of all
the other events. The solid line is a least square fit obtained for
them. yp(h 0) can be represented approximately by yp(ho) =
2.7[1 +an/2].

Figure 6. This figure idealizes how solar flare particle fluxes might
depend on latitude for various coronal magnetic field configurations
which vary with heliographic latitude.

Figure 7. The interplanetary quiet time proton spectrum is made up of
several components: at the lowest energy the solar wind protons
and at the highest energies, the galactic cosmic rays. In between
is a spectrum which probably has solar origin.

Figurc 8. This figure shows the region of presumed overlap between
interplanetary protons of galactic and of solar origin.

Figure 9. The interplanetary quiet time electron spectrum is also made
up of several components: the solar wind electrons at the lowest
energies and the galactic component at the highest. Several com-
ponents appear to exist at intermediate energy. lLittle is known

about their origin.
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Figure

Figure

Figure

Figure

10. An interplanctary shock (speed 540 km/sec at 1 AU) that
produced large effects on particles. Protons in the0.3 ta 0.5
MeV range are swept up or accelerated by the shock. A blanket
of hot electrons appears just behind the shock possibly the result
of energy dissipation by the shock.

11. This figure shows an example of electron-proton splitting
early in solar cycle 20. The particles arrive ai Earth in a co-
rotating stream but the electrons are displaced toward the West
by a few degrees. The origin of this effect is not known and it
appears to become less frequent later in the solar cycle.

12. This figure shows that for certain Jupiter swing-by out-of -
the-ecliptic missions launched in late 1980, the spacecraft wiil
arrive at high (> 35°) latitudes in late 1983 and remain there for
somewhat over two years.

13. For the same missions the spacecraft is seen to rapidly
rise past the sunspot zones which, late in the solar cycle, have

moved closec to the equator.
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CORONAL PROPAGATION: VARIATIONS WITH SOLAR LONGITUDE
AND LATITUDE

N76;24138
G. Wibberenz

Institut flir Reine und Angewandte Xernphysik der
\\Christian-Albrechts-Universitat Xiel, 23, Kiel, FRG

Abstract:

Observational results on the East-West effect are summarized and
discussed in the context of existing models of coronal propagation,
The variation of the number of events with solar longitude is
surprisingly similar for particles covering a large interval of
rigidities. Over large longitudinal distances, time delays to the
event onset and maximum intensity are independent of energy and
velocity. This has important implications and will require probably
a transport process wvhich is determined by fundamental properties of
solar magnetic fields, e.g. reconnection processes between open and
closed field configurations.

A £it of Reid's model for diffusive propagation in the corona to

the observed delay times gives a (Ewo-dimensional) diffusion
coefficient K_ corresponding to r_ </« _~100 hours (r = distance

of the thin dfffusing shell from fhe Eenter of the ssn). Limitations
of the diffusion model are given by tge existence of a fast gropagation
region vhich may extend up to 40...50 from the flare site, by the
possible existence of an energy independent drift process, and by the
influence of solar sector boundaries. The relative role of open and
closed field configurations is extensively discussed. Some evidence

is presented that the acceleration of protons to higher ( %10 MeV)
energies is related with a shock wave traveling in the solar atmosphere.

The importance of measurements performed from spacecraft out of the
ecliptic plane is stressed, in particular with respect to the
fundamental problems of particle acceleration in the flare process

and for understanding fundamental dynamical properties of large-scale
solar magnetic fields.

*Extended version of a talk presented at the "Symposium on the
Study of the Sun and Interplanetary Medium in Thvee Dimensions",
Goddard Space Flight Center, USA, May 15/16, 1975.
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1. Introduction

The story of coronal propagation begins with the East-Vlest-effect
for solar cosmic ray events: with increasing longitude of the
parent flare on the Eastern hemisphere of the Sun the number

of events detected at the earth decreases considerably, aid,

for those events which are detected, the delay between the

flare and the arrival of particles at the earth increaces

(see Burlaga, 1967, for asummary of some earlier results).

The reason for the East-Vest-effect is obviously the asymmetric
nature of the interplanetary magnetic field with respect to

ilke central meridian on the Sun. For average solar wind
conditions, a bundle of interplanetary magnetic field (imf) lines
observed near the earth connects back to a point on the Sun

which is close to 60° W. However, the controlling nature of

the repgions close *o the Sun for the azimuthal propaga}ion

of energetic particles became only clear, when it was established
that the propagation of energetic particles in space occurs

preferentially along the imf. The arguments for negligible
particle mo*ion perpendicular to the imf have meanwhile been
summarized by various authors. In addition to the arguments
presented e.g. by Roelof (1374) we wish to point out that the
variation of delay times with solar longitude is indevendent

of energy, which is another stror. argument against interplanetary
perpendicular diffusion (Reinhard and Wibberenz, 1974, Ma Sung

et al., 1975).

These effects of "coronal propagation" whirh depend on the
relative azimuthal distance between a parent flare on the Sun

and the point in space where the energetic solar particles

are observed, could be studied so far only «s a function of

solar longitude. It is the purpose of this paper, (i) to
summarize the observational results and to «rder them with
respect to existing models, (ii) to point out which fundamentally
new results we should expect by studying va.iations with solar
latitude, i.e. by using observations in space out of the

ecliptic plane.
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We shall start in section 2 to summarize the methods, by

which various transport processes can be separated. In section 3
we discuss the statistical methods, where the variation of
characteristic parameters of solar events with solar longitude
is studied for a large number of events. Different models

have been developed to describe the average longitudinal
variations. An independent method described in section 4
ccnsists in detailed studies of individual events, including
multi-spacecraft observations at different heliocentric longi-
tudes, simultaneous intensity and anicotropy measurements, and
the relation to observations of solar surface structures. Some
indications to the acceleration process itself are treated
briefly in section 5. Finally we summarize the open questions

in section 6 and try tc relate them to studies of solar particle
events off the ecliptic plane.

2. Separation of various transvort processes

In the sequence of events tetween the first acceleration of
particles on the Sun and their final observation in space,

we can ask different questicns: How is the solar atmosphere
filled up with energetic particles foullowing the original
acceleration process? How do the particles escape into space?
How can the interplanetary propagation be separ:ted from the
solar transport processes? Let us start with some terminology
related to the different steps.

(a) The acceleration process is visualirzed in many models as
a pulse-like process limited in spatial extent to the flare
area itself, apprcximated by a delta-function in space and
time. In princinle, the ecceleration could also occur over

ar. extended area 1n the sclar atmosphere for long periods of
time [see below).

(b) The accelerated particles spend a certain time in the
vicinity of the Sun. We wish to make & distinction between
propacation when they move away from the acceleratior region

and finaily occupy a large area on the Sun, and storare when

the particles remain confined to a certain region. The difference
is depicted s2’ :matically in Figure 1. In reality, we may have

a mixture of roth processes.
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(¢} The number of solar particles observed in space is determined
by the probability per unit time that a particle will leave the
solar atmosphere by finally reaching an open field line leading
out into space (Reid, 1964; Newkirk, 1973). This release mechanism
has a very important influence on the azimuthal distritution

of particles, because it also determines how many particles are
left for further propagation along the solar surface.

(d) Sufficiently far away from the solar surface we only find
open field lines which lead out into the interplanetary :.ediumn.
Along this "source surface" (Mewiirk, 1972) the processe:

(a) to (c) define an injection “un-tion !(7 , =, t). Feuasure-

ments on a single spacecraft cornect back to a certeain soalur
longitude 7 close to the solzr eauator (&=xC), and fer a riven
solar wind velocity the conrection lonritude 7(t) 2s a function
of time may te determined (see e.z. lNolte and Roelof, 1973).



A single satellite therefore "sees®" an injection profile

I(t) = N{B(t), O, t). Roelof and Krimigis (1973) have described

an effective method to separate real longitudinal changes

3 /o9 from chenges in the injection function dN/Jt. Since

d1/at = (IN/op)dg/dat + IN/Jt, the relative contribution of

the two terms to the observed dI/dt depends on the motion

d@/at of the connection longitude. For a negative gradient

in the solar wind velocity V., a solar wind "dwell®, da@/at

ist very small, so that dI/dt &dN/Jt. For a positive gradient

in V,, d@/dat is large, the second term can be neglected, and

one may directly construct the coronal distribution N(@).

A more direct method for determining N(@) is of course the

use of multi-spacecraft observations (McCracken et al., 1971;
Bukata et al, 1972), in particular if combined with actual

solar wiad measurements for determination of the connection

longitude P(t). Results of this method are summarized by

Roelof (197Lk).

(e) It is clear that any attempt to determine the (corcnal)
injection profil. . t) or the related longitudinal distribution
N(f#) has to start from observations in space, and, therefore,
one first has to separate the effects of interplanetary
propagation. Methods available to perform this separation are
(1) statistical studies in which the properties of solar
particle events (maximum particle flux, times of onset
and of maximum flux, shape of energy spectrum etc.)
are ordered with respect to the longitude of the parent
flare;
(2) multi-spacecraft observations. by which longitudinal and

temporal changes can be sepsarated;

(3) simultaneous intensity and anisotropy measurements, which
allow to separate leng-lazsting solzr injecticn processes
from long-lasting interplanetary storage;

(4) the "mapping" of observed interplanetary particle fluxes
to the high coronal source longitude, by using the
simultanecusly measured solar wind velocity.

We shall start with a summary of results ohbtained by method (1),
since 1t makesvor the largest amount of olLiservational data and
gives insight into the average behaviour. ilethods (2) to (4) can
then be used to check predictions oi model:s which have been
developed and to provide additional insipht into the relation
with certain features observed on the solar surface.

use




3. Statistical studies of longitudinal effects

Let us first discuss how the total number of observed events
varies with solar longitude. Figure 2 shows the longitudinal
distribution of solar particle events for four different sets
of observations. The dashed line is for non-relativistic
electrons (after Lin, 1974), the dotted line for relativistic
electrons (after Simnett, 1574a) plotted for longitudinal bins
of 10° or 30°. respectively, The full line is the original
curve of Van Hollebeke et al. (1975) for 20-80 MeV protons,

and the hatched area indicates results for ground level neutron
monitor data (GLEs), as taken from Pomerantz and Duggal (1974).

All four curves show the largest number of everts observed
when the parent flare is on the western hemisphere of the

Sun, with a broad maximum somewhere between 30 and 90%4. The
number of events clearly decreases as one goes to the Eastern
hemissphere and beyond the West limb. Note that because of

the difficulties of flare identification no electron data have
been plotted beyond 90°w.

The overall similarity of the curves is rether surprising;

only for the non-relativistic electrons the decrease in the
number of events seems to start for a more westerly longitide.
The similarity in the other three curves suggests a common
propagation characteristics for the different particle species,
which cover a range of Larmor radii of at least three orders
of magnitude. Apart from the clear decrrase of the distributions
of Figure 2 east ol about VW30 solar longitude, the functional
shape of the curves cannot be determined precisely. From a
different set of data, Smart et al. (1975) have fitted a
Gaussian distribution 1» the longitudinal distribution of 154
flares on the visible nemisphere of the Sun, which have
produced proton events. Therfind the hipghest irequency of

flares grouped between W30 and W40, and a standard deviation
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of the Gaussian of 55°. A Gaussian curve with these parameters
supplies a rather good fit also to the three similar curves

in Figure 2. From this fit, one can now extrapolate to the
invisible hemisphere of the Sun, with the result, that
roughly 20 ¥ of all events should not be associated with a
flare on the visible hemisphere of the Sun (for details see
Smart et al., 1975). A similer result has been found by

Van Hollebeke et al. (1975).

As we shall see below the decrease in the number of events is
mainly determined bty the escape rate of particles from the

Sun, so that distributions of the type shown in Figur~ 2 can

be used to determine the escape rate. ‘‘e note then thst tha
similarity in the distribution function for different particle
species suggests escape rates which do not depend strongly

on particle type and energy.ILet us turn now to the variation

of characteristic times of solar events with longitude. If

the parent flare of a s~lar particle event is located on the
Fastern hemisphere of the Sun, the arrivzl of energetic

particles becomes more and nore delayed with increasing solar
longitude (Burlaga, 19€7; Englade, 1971; Datlowe, 1971; Barouch et
Simnett, 1972; McKibben, 1972; Lanzerotti, 1572; Reinherd al., 197
and Wibberenz, 1974; Ma Sung et al., 1975).

As discussed above, azimuthal propagation »1 particles in

the interplanetary mediw: cannot acceunt iwr the otbservutions.
The first quantitative model for particle —ropezatien in

a surface layer around *he ~un vas developed by Leidé (1764)

and extended by Axford (150%). In Heid's nedel, the injfecticn
function can he writtaon as

6 ot
()’ T N———"Fi ‘fK"' 'CL- (1

here f] is the loss time which descrites +h2 escrre of

particles into interplanetary snace, l(ﬁ i the coroncld
diffusion coefficient, and r. the distance of the dilfuning
layer from the center of the Sun. 3o /K =T, .7 & Shirnctopictic

time jt takes the particles to diffuse h, tnoangular distance
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of ¥2'rad = 81° from the flare origin. In what follows, we
put the flare origin at ) = O and measure the angular
distance )Y from the flare to the root of a bundle of field
lines leading out into space where an observer is located

at longitude @y and latitude Gga0. Note that flares occur off
the sola. equator, say at longitude ¢F and latitude GF' so
thatz = 6p 2, (#p -%)".On thr average QR5320 in what follows,
we shall disregard the dependence on solar latitude and put

X = 9. - - Observationaliy it is not possible to find

systematic differences over a 20° angular interval.

Both T, and tc are assumed independent ofar. but may vary

with particle energy. Reid (1964) originally obtained an
eagtimate of tc = 3.+ hours and 'CLz1.2 hr. Applying Axford's
(19695) version of the coronal diffusion wmodel, Kirsch and

Milugh (1974) obtain values for the coronal diffusion coefficient
of the same order of magnitude for the event of Nov 2, :969.
Lanzerotti (1973) used the Reid mcdel to describe the

variation of onset times for 0.6 to 25 MeV proton; with
longitude. He esiimated 7 hr< T, €16 hr. These values are
probably underestimated because tc refers to the bulk of particles
to diffuse and nct to the "first" particles which define the
event onset. It is remarkable that‘tc shows almost no energy
dependence. This energy independence of the coronal transport
times over large longitudinal distances is meanwhile firmly
established (McKibben, 1972; Reinhard and Wibberenz, 1974;

Ma Sung et al., 1975).

The most careful study so far in applying the Reid/Axford model
to the East-West effect has been performed by Ng and Gleeson
(1975). They have replaced the plane approximation by diffusion
in a real spherical shell, and the coronal injection profile
is then used as the boundary condition for interplanetary
propagation, taking into account anisotropic diffusion along
the spira. shaped imf, convection, adiabatic deceleration,

and corotation of the flux tubes past the observer. With their
two stage propagation model they reproduce many features of
solar events. They have used in particular the results by
McKibben (1972) on the variation of the time-to-maxi.:um with

longitude.
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Their best estimates of the coronal parameters are

o€ T, €100 hr and 10$tL£.15 hr. For the interplanetary
propagation they obtain a value of the (radial) mean free
path, which corresponds to 0.03 AU for 10 MeV protons. This
value is probably too small (see Wibberenz, 1974), since in
many cases even for Western hemisphere events part of the
delaey is due to coronal, and not t> interplanetary propagation
(Reinhard and Wibberenz, 1974). But for the discussion of the
Bast-West effect this difference is not critical.

In Figure 3 we compare the computations of Ng and Gleeson (1975)
with t -values for > 10 MeV protons (Reinhard and Wibberenz, 1974).
For both curves (a) and (c) there is a well defined minimum
close to W60, and a systematic increase on both sides of this
ideal connection longitude. The apparent linear relation

between tm and ]’ results from the escape term, which largely
influences the coronal injection profile (1) for tth. The
minimum value of tm is related to the interplanetary propagation
and could be shifted downward by a factor of 2 or more, without
changing the gereral conclusions. We can see now the limitations
of the (modified) Reid model. For curve (a), a small value for
the coronal diffusion time has been taken, T_as 13 hours. This
gives the desired flat longitudinal dependence for western
events, but does not explain the large values of tm for eastern
events. In model (c), the larger value for the coronal diffusion
time, T, = 100 hr, gives the larger increase of t  on the

eastern hemisphere, but this increase now starts right away

at W60 and i= in strcng disagreement with ithe bulk of data
between 0 anu W90.

It had already bee=n pointed out by Reinhard and Wibtcrenz (1974)
that observational evidence speaks against a well defined
minimum in the propagation times somewhere between V40 and W60,
and that very fast propagation with small or negligible coronal
propagation times can be found for events where the parent
flares are located between about O and W1C0. The horizontal
lines in Figure 3 are meant to indicate the existence of a

fast propagation region®" (FPR) where minimal propagation

times can be found. The extent of this FFi{ may vary from one
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event to the other. The existence of a very efficient solar
propagation for certain longitude ranges had also been pointed
out by Fan et al. (1968). The "open cone of propagation® for
> 40 keV electrons found by Anderson and Lin (1966) and

Lin (1970), which also has an extent of about 100°, may be
identical with the FPR. A "region of preferred connection
longitudes" ranging from about W20 to W80 is defined bty the
work of Van Hollebeke et al. (1975). It may indeed be more
appropriate to talk about a preferred connection to the
acceleration region than about a fast propagation from it.
We shall return to this point in section §.

Let us return to the slow coronal propagation outside the FPR.
One will obviously get a better fit to the data (see Figure 3)
if e.g. curve (c) describing the coronal propagation coes not
start around W60, but with the same slope on both sides of

the FPR. Clues to the possible nature of this slow coronal
propagation may be found by a study of the dependence of t

on particle parameters. Reinhard and Wibberenz (1974) have
studies time histories for 38 events in the energy range

10-60 MeV and found that the most probable travel distance

vt is a2 linear relation of velocity, or with other words,

t, can be written as t = c, + c2/v. The velocity dependent

term in tm is found to be independent of solar longitude and
describes interplanetary propagation. On the average, cza:h.5 AU
(with variations between about 2 and 10 fli). On the other hand, ¢,
increases steadily with solar longitude East of central meridian
and is independent of proton encrgy.

These results have been confirmed by iz Sung et al. (1975) and
extended to higher velocities (near-relativistic electrons) and

to the inclusion of the ¢vent onset times o They shicw that

on®
for the onset times a similar relation hoclis, namely
ton = Bop * Aon/v' with two additional con:tants ., and Bop

which have to be determined for each event in additional to

c4 (= Bmax) and c, (=2 Amax)' Ay, and A 0 not vary
systematically with solar longitude, so that they can he taken
to describe interplanetary propagation. The numerical values
(CAgn) = 2 AU, (A .. ) = & AU) ronfirm that interplanctary
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propagation plays a relatively minor role up to the time of
maximum particle intensity at 1 AU. Bon and Bmax = ¢, describe
the onset time and the time of maximum of the solar injection
profile, respectively. Both parameters are relative small on
the Western hemisphere (of the order of 1 hour if averaged
over many events), but increase systeratically with increasing
longitude on the Eastern hemisphere. Both parameters are in-
dependent of energy and/or velocity of the studied particles
(0.5 to 1.1 MeV electrons, 4-80 MeV protons).

The energy independence of the coronal transport puts severe
limits on the possible physical mechanisms. Any particle motion
in a given static magnetic field configuration gives transport
times with (veloc.ﬁ;y)"1 as one factor. This excludes e.g.
gradient or curvature drift es one basic mechanism as well as
the current sheet diffusic.. (Fisk and Schatten, 1972), since

a diffusion mean free path A which varies inversely with
velocity (to give K~vA = const) independent of the particle
type is physically unrealistic. Ma Sung et al. (1975) propose
a "leaky box model" with a difrfusion coefricient k‘v(AL)zAgr ,
where AL is the scale size of the boxes vhich open randomly
on a time scale AT. The leaky boxes could be idealized nodels
o1 large coronal magnetic field loops, and the process of
field line reconnection provides the r=<ndom opening of the
boxes. In this model, the direction and speed of transport
processes is not governed by the particle parameters (lile
velocity or rigidity), but by funcamental properties of solar
magnetic fields; it is the randomness of tl.e reconnecticn
process which would be responsivle for a diffusion-lile

behaviour, whereas the particle rotion is deterministic. liote
that this concept night «lso lead to non-. ffusive processes,
if there is only a small number of boxes ¢r chunnels ulong
which the particles prop:gate. A more dele:ministic process,
namely an energy-independent drift, which :should act in

addition to coronal diffusion, has been proposed by Reinhard
and Wibterenz (1974). One of the original :supports for this
idea, namely the linear relationship between t, and X , can
no longer be maintained, since because of the escape processes
a quasi-linear rclation can also be simulated in a diffusion
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model (Ng and Gleeson, 1975). However, the total injection
time profile depends eritically on the nature of the processes.
Reinhard and Roelof (1975) have studied the relation between
onget times and maximum times and confirmed the necessity to
include solar drift processes. Their (linear) drift-diffusion
model contains a drift rate T, a diffusion time T = rczlxc,
and a loss time‘ti. When the corresponding injection profile
is convoluted with interplanetary diffusion processes, one
gets a good description of the measured time profiles of

10-60 MeV protons. The pafameters of the solar injection
profile and the interplanetary scattering mean free path

are independent of proton energy. From a fit to several Eastern
events, Reinhard and Roelof (1975) determirie average values
for the coronal parameters as'Cé = 0.42 hr/grad.!% = 4CO0 hr,
tL = 13 hr.

This choice of t; takes care of the observed widening of the
time profiles with increasing solar longitude, whereas it is
essentially the drift which determines the increase of the
absolute time delay with solar longitude. The corresponding
dependence tm(¢) for the drift-diffusion rmodel is indicated
by the dashed line ii. Figure 3. Here an extension of the

FPR of £ 40° has been assuned, centered around W50 longitude,
80 the increase sets in East of W10 and West of W90°. The
average contribution of the inte.planetary propagation
corresponds to a time deloy of 4.4 hr for 10 MeV protons.

The loss time of 13 hours is within the range assumed to be
realistic by Ng and Gleeson (1979). Let us see how the loss
time T; can be determined observationally.

There are in g2rnal two prozesses by whiclk for a given point
on the solar surface tlhe intensity is diminished, (1) the
lateral spread of pziticles causcs a corrcs;onding decrease
in surface density, (2) the injection intc the interplanetary
medium causes a general loss proportional to the number of
particles present. These two points also cd2termine the maximum
intensity Nmax in the injection function. 1f we take the
Reid/Axford model seriously, sec equ. (1), we can derive the
following predictions:
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(a) For small distances @ the propagation times are small
to that the escape tern exp(-t/rL) has no influence on the
time of the intensity maximum cm of the ccronal injection
function. In this case c, = (r? /o, ) ;r and we get from equ.(1)

Naax () = NG o) ~ 72 (2)

(independent of the coronal parameters). Thus, a strong dependence
of Nmax in the coronal injection profile on angular distance

from the flare is predicted by the Reid/Axford model, Its
verification by observations in space is limited, (a) by the
convolution with interplanetary propagation, (b) by the fact

that most flares occur remote from the solar equator (see above,

o
QFa:ZO ).

In addition, the existence of the FPR will initially fill up an
extended area close to the flare site, which will preclude the
sharp dependence of Npoax o0 X as suggested by (2). In any case,
the relatively flat distribution of the number of events with
longitude on the western hemisphere (see Figure 2) favors a
model with a moderate variation of Nmax over small distances

from the flare.,

(b) For large distances Y o it is meinly the exponential term
exp(- t/tl) in equ. (1) which deteruines the decrease of Nnax®
(It should be noted that in the more realistic version of the
Reid model treated by lg and Gleeson (1975), at late times
this is the only term in the temporal variation, because the
whole sonlar surface is covered with particles, there is no
1/t-factor left).

Let us describe the averapre decrease of the number c¢f particles
at the maximum of the injeclion function wi‘h P(@). P(¢#) is
allowed to vary with ener;y, but shall bte the same for every
event. Here we measure ¢ along the solar equatcr and let P(@)
be normalized to 1 for events close to fa0”, It is this
variation

Npax(®) = Mgy (0) P(R) (3)

_273_ )T!;“J[VFY OF THE
Usuitsicon, PAGE IS POOR



vhich determines how the number of avents detected varies with
solar longitude (Reinhard and Roelof, 1975). For normally an
"event" is identified when the number of particles during the
maximum phase exceeds & certain threshold, which is determined
by detector background and counting rate statistics. Let the
size distribution (the number W of events where the maximum
intensity of particles exceeds a given value Nmax) be a
separable function of Nmax and longitude, i.e. the longitudinal
distribution is independent of the size of the event,

W(Ngyr 8) = £0N,) E(9) (&)

With Nmax = 1 = threshold for detection of the event type under
study we get W(T,0) = total number of events above threshold
close to the preferred connection longitude 2round V40...U60,
and W(T,#) = £(T)g(®#) is the longitudinal flare distribution

(see Figure 2).

On the other hand, we have from equ. (3) W(v,8) = WE?/P(¢). é].
Equating the two expressions for W, we finzlly obtain

prgy) = £(De(#) (5)

Relation (4) has been verified by Reinhard =nd Roelof (1975)
for protons >10 MeV, » 30 MeV, and > €0 MeV, and they showed
that f(Nmax) can be described by a power low (NmnxSV‘ wéth
m= 0.36, Inserting this into (5) they get (%) = [i’(¢)] -36
as relation between the lengitudinal distritution g and the
size variation P. !lote that thkis relation i:zlies that g(#)
is rather insensitive 10 the size variation I'(#). This is
even more so, if we take an indevwendent detl: raination of the
size spectrum from Van lollebek: et al., (1¢7°9); they obtain
for the difierentiul size zpcctrum d“/d“un:"wmaxnoc with
o= 1.15 2 06, winich implies that the inte -ral spectrun U
is rather flat and/u::0.19 instead of 0. t .35 ahove.

The longitudinal distribution has been dete:.rined Ly Reinhard
and Roelof (1975) as g(@®) = exp(mi) with m - -0.M (denree)'1.
Insertion into the drift-diffusion model wiih the average
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parameters cited above leads to a loss time Ty = 13 hours,
independent of energy. In contrast, Van Hollebeke et al. (1975)
have concluded from a variation of the observed spectral shapes
of proton spectra with longitude, that the escape rate should
be energy dependent. They find an average loss time of

Ty = 1.85 hours for protons with a mean energy of 40 MeV, and
an increase in the loss rate of 35-45% from 20 MeV to £0 MeV.
The smaller loss time for the higher energies would then be
responsible for the observed steepening of the spectrum with
longitude.

Reinhard and Roelof (1975) do not find a systematic varistion
of the spectral slope with longitude. The reason for the
discrepancy is not clear, it should be partly related to the
use of a different set of data (difference in the threshold

T for event detection; different selection criteris for "solar
events"). In any case, it appears that a loss time of about 2
hours is too small to be compatible with ohservations; the
corresponding decrease in the injection function by a factor
of 10 every 4.5 hours would make events from the Eastern hemi-
sphere of the Sun praktically undetectable. Because of the
intensitivity of the size distribution on TL (see the discussion
following equ. (5) above) more direct deterninations will be
necessary (see section 4 for some indications),

Let us close this section on the variations of solar evwznt
parameters with solar longitude. Ve have ditscussed the delay
times (onset and time-to-maximun), .he general shape of the
intensity-time profiles, and the distributicn of the numrber

of events with longitude. ile have tried to i1elate the average
behaviour of a large number of cvents to specific coronal
propagation models. lLet us « nmarize ithe essential aspects

of the wvarious models, in particular with reepect to predictions
of latitudinal solur veriutions.

existence_of

¢ fast propagation region?
In the Reid/Axford-model there i:s just one sundamental process
acting thouphout the solar surface, characterized by a diffusion
coefficient Kc’ We had pointed cut the difficulty to describe
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simultaneously, with & unique value for b&o. the increase of

t, on the Eastern disk and the small values of t, over the
Western disk (see Figure 3). In principle, this difficulty
might be overcome by assuming a large variability of L and

by ascribing the small tm-values to occasional large values

of Kc‘ Tests of the Rei.d model from measurements in the

ecliptic plane are partly restricted because one never scans
X@O. A spacecraft measuring solar equatorial latitudes in
the range 20-30° should see the strong dependence with distances
from the solar flare predicted by the variation of Nipax (see
equ. (2)) or a well defined second maximum »elated with the
corotation for events East of the connection longitude (see Ng

and Gleeson, 1975).

On the other hand, small latitudinal variations would be
expected if the FPR (fast propagation region)exists. Reinhard
and Wibberenz (1974) have suggested that the extent of the FPR
is related to solar sector boundaries which have already bLeen
found to play an important role in determining the efficiency

of coronal propagation (Roelof and Krimigis, 1972). The azimuthal
distribution of the number of particles shows discontinuities

at certain solar sector boundaries, so that is has becone
possible to assign "access probabilities" to individual unipolar
solar cells (Gold and Roelot, 1974; Roelof, 1974). Studies on
spacecraft ~ff the ecliptic plane and the technique of mapping
intensities back to the high solur corona (sce Roelof, 1974)
should allow 1.0 observe tle very existence of * . FPLi, its
Jatitudinal extent and the influence of the polevards sides of
the unipolar solar cells,

(2) Provagation_over lurge distincusj diwcnoiorality of
trongpert?
A very schematic distinction betueen verion. wodels can ve

seen in Figure 4, where the broad time devetoptent over the
solar surface is plotted for the pure diffusion model (left)
and the drift-diffusion model (rigrht). For :riuplicity, ve
neglect the influcnce of the losa term and merely indiccte
how a characteristic angular extent ¢ and the average particle
density within ¢ are expected to vary with time,
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The essential point in the "drift" process is that! the transport
process in the corona is not totally statistical (like in a
diffusion process, where the net streaming of particles is
simply proportional to the density gradient), but that there
is a preferential bulk motion of particles intc one direction
superimposed. The filling up of one large "tox® which was
initially empty might be one such process (see the ab:ve
discussion about the "leaky box concept"™). i pure drift, where
all particles move intc the same direction, is depictzd schemz-~
tically in the outer right part of Figure 4. /n Ex3-drift of
the required order of magnitude (corresponding to velocities
of 7 km/sec if Y, =1 solar radius) is not very lilely.
However, a very direct proof would be the systemstic depletion
of particles from the region close to the coriginal flare (see
Fig. 4, right part). The shift of time intensity profiles
between spaceprobes separated in heliocentric longitude has
been shown to be consistent with norma2l corotation for four
individual solar events in 1968 (lMcKibben, 1973) and does not
require an additional drift. Horeover, the zzimuthal gradients
are in general positive when one approaches the heliocentric
longitude of the flare (see KcCracken and Rao, 1970; McCracken
et al., 1971).

So one should still regard the drift-diffucion model as
hypothetical and a convenient mathematical description to
describe coronal injection profiles at one longitude. fl.e
consequence of a depletion around #=( at lite times Las still
to be confirmed.

Let us turn now to the guestion of dinensicuality of traznsport.
The distinction is shown in the two left sc:.emes in Figure 2.
The question Is stilil open whether the coronal propegation is
relatcd to a fundamental zolar process whic: acts sinilarly
all over thie solar surface, of if it is re! :ted to specific
processes which are typic.l for the activity belts say. If the
propagation is somehow related to large scule magnetic field
loops, one should expect a preferentizl propagation along the
East-lieat direction because of the preferentinl orientation

of the loops in this way. This would favor n one-dimersional
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propagation in a limited latitudinal range (see second sketch
from the left in Fugure 4). In this case, observations beyo:.d
about 40 or 50% in latitude would hardly show an detectable
amount of solar energetic particles, and the large coronal
holes found sometimes at the solar poles would be totally
free of solar flare particles.

On the other hand, coronal p:ropagation might te velated to

a process which is occurring all over the Sun, similar to

the supergranulation, or to the numerous current sheets and
minute dipoles with average strength of 500 - 1000 Gaufl and

12 hour lifetimes (see Newkirk, 1975, for discussion). In such
a universal process, weshould more expect a distribution
sketched in the outer left part of Figure 4. It is clear that
studies of particle populations at large heliocentric latitudes
offer a unique opportunity to distinguish between the two
fundamentally different possibilities.

4. Detailed studies of individual events

It is not intended to give a detailed account of the numerous
studies of longitudinal effects for single events or for
selected periods of time. Ve simply want to describe various
methods and to describe a few results which give the necassary
and important supplements to the statistical studies discussed
so far.
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McCracken et al. (1971) have studied data from four Pioneer
spacecraft separated by« 180° in heliocentric longitude. At
late times (2 4 days) in the events they still found strong
gradients in longitude, with e-folding angles for 10 MeV
protons of the order 7 = 30°. and no temporal change in the
relative gradient. This corresponds to a factor of 10 decrease
every 70°. Note that this value of 1 has only been directly
determined for two events. Van Hollebeke et al. (1979) from
the study of a much larger number of events conclude that on
the average the event sige for protons around 40 MeV decreases
by about two orders of magnitude every 60° awvay from the
preferred connection region. This value is also consistent
with an exponential gradient in longitude corresponding to

a change of two orders of magnitude over a longitudinal
distance of 40%...60° (Roelof et al., 1975) for MeV protons
and alpha particles. A comparison of these gradients with
specific coronal propagation models has not yet been per-
formed.

Persistent anisotropies along the imf from the general solar
direction have been among the first indicators that the solar
source has to be described by a long-lasting injection instead
of a delta-function in. time (Bartley et al., 1966; Fan et al.,
1968; Krimigis et al., 1971). The interpretation of these
persistent large anisotropies depends on whether or not inter-
planetary propagation can be neglected. Schulze et al. (1974)
gave an example where the simultaneous fit of intensity and
anisotropy data for 22-60 eV protons during the Nov 18, 1968,
event allows to determine the approximate duration of the solar
injection as well as the interplanetary mean free path. As
pointed out later (Schulze et al., 1975) the interplanetary
data are relatively insensitive to the form of the solar
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injection profile. A change in the form (not the characteristic
duration) of the solar injection profile can be canceled by

a suitable change in the interplanetary scattering mean free

~ path without changing essentially the intensities or anisotropies.

The situation is different when interplanetary scattering
within the inner solar system can be neglected. For the
scatter-free proton event of April 20, 1971, Palmer et al.(157%5)
could directly determine the solar injection profile and
obtained a solar decay time of about 7 hours for 7.6-55 MeV
protons. Roelof and Krimigis (1973) have pointed out that

for low energy protons (% 1 MeV) scattering in the inner solar
system is almost absent. Here the magnitude and the direction
of the anisotropies are used to infer the small interplanetary
scattering, and by use of the "mapping" technique conclucions
can be drawn on the coronal injection profiles. Various time
periods have been studies in a series of papers (Roelof, 1573,
1974; Gold et al., 1974; Krieger et al., 1975). Typical coronal
profiles are ramp-like structures, which are relatively smooth
as long as the observer is connected to the same unipolar cell
on the Sun, and sharp changes in intensity when a neutral
field line on the Sun is crossed. These results are seen with
corresponding time delays at spacecraft widely different in
heliocentric longitude, (Roelcf and Krimigis, 1973) which
confirms the spatial rather then the temporal sitructure of

the profiles.

The ordering of solar energetic particle data by solar
structures observable in Hoc-filtergrams becomes also clear
in the large solar events of August 1972, where Roelof et al.
(1974) have studied flux nistories for protons »17.5 leV
from Pioneers 9 and 10 and IMP 5. The different access of
particles to regions on hoth sides of a solar sector boundary
is clearly established. The crossings of solar sector
boundaries are therefore in many cases seen by abrupt changes
in the intensities of solar energetic particles, but they

can also lead to marked changes in the riese or decay times
of the total profile (see Reinhard, 1975b). It is very
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remarkable that the solar sector boundaries, which are
inferred from the H,.-filtergrams (McIntosh, 1972) and which
are found to play such an important role for the access
probabilities of solar energetic particles, do not in each
case coincide with interplanetary sector boundaries. A
possible explanation by chromospheric neutral lines which are
not continued into an interplanetary magnetic field sector
boundary, has been given by Roelof (1974),

The irregularities which are related with the solar cells of
different polarity certainly have to be superimposed on the
overall denendence on solar longitude which we discussed in
section 3. Formally this could be described by a variation
cf the coronal parameters with solar longitude. This < heme
might offer an explanation for the observations of "anomalous"
injection profiles of solar particles. Keath et al. (1971)
have shown that the favored path for cosmic ray propagation
in the March 12, 1969 event was about 40° east of the nominal
Archimedes spiral line of force from the flare location.
Palwer and Smerd (1972) also found a deviation from the
"classical" picture, where the best connection into snace
should be close to the flare site. They exvlain the annear-
ance of a promnt low energv oroton comnonent far away from
the original flare by the triggering action of a shock wave
travelling in the solar atmosphere. Cherki et al. (1974)
find by analyzing the March 29, 1970 event that particles of
different rigidity are ejected at different longitudes on
the Sun. Barouch et al. (1971) studied the onset times of
6-25 MeV protons for several flares from the sume active
rerion, and conclude that the marsnetic fields close to the
active region should be consideradbly distorted from the
nominal Archimedean field.

These exauples show that for individual events the release
mechanism from the Sun may become very complicated, and that
the models and coronal parameters discussed in section 3
only describe the average characteristics over manv events,
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In all cases, however, the unusual particle escape from the
Sun is thought to be related to processes occuring in the
vicirity of the Sun, in particular in the coronal magnetic
fielda. As discussed already in section 3, large coronal

nf loops probably play a prominent role. Over which lonait-
udinal range and how far up into the corona these loops extend
is not yet clear. Simmett (1974b) in case of the August 11,
1970 event has suggested the existence of a stable loop
extending several solar radii above the solar surface and
ahout 100° in longitude. Two release points should exist

for solar obrotons on both sides of this loop, with quasi-
stable travning inside the loov.

Observations from Skvlab have cast some doubt on the existence
of stable loops of this extent. Chasee al. (1975) have
studied one hundred l1nons detectable in soft X-ravs and

show that the number of interconnections decreases steeply

for longer distances; the longest interconnecting loop

extends over an angular distance of 779,

The question how far the loons extend and which portion of

the solar surface is covered with "closed" or "open" config-
urations is crucial for the whole propazation problem. The
energetic particles perform svrations about the field lines,
and the transport of particles from one field line to the
neighbouring one does not devend on whether the field lines
are closed (i.e. return to the solar atmosvhere) or ovpen

(i.e. lead out into interplanetary space). However, the

number of closed field lines determines the amount of trapning,
and once particles have been transmitted to open field lines
they will escane into space, This means that an efficient
storare mechanism, and a transmnort which Tinallv allows to
fi11 practically the whole solar atmosrhere (see MeCracken

et a81., 1971; McKibben, 1072) ourht to he onlv nossible if a
larre fraction of the solur surface is "closed". This is
confirmed by observational evidence; there should be a relative
amount of open field lines of the order 10-15 % in ecuatorial
regions, 25-40 % averaged over the whole Sun (Newkirk, private
communication). These figures are based on the potential
(current-free) coronul field calculated from the observed-
line-of-sight fields at the photospheric le¢veld (Altschuler
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and Newkirk, 1969) and mavy have to be modified by the
influence of the exnanding solar wind.

Newkivk (1973) concludes that the ambient field configuration
around active resions also determines whether or not protons
escape from a given flare. It is found that among all flares
proton flares have significantly more open field lines
emerging from the vicinity of the active region. Newkirk
assumes an "injection surface" of 726% x 362 centered on the
flare snd finds that the spread in longitude of open field
lines is characterized by a full-width-at-50 percent of 10°
to 20° which is insufficient to explain the observed longit-
udinal distribution of energetic particle events. One nossible
explanation for the discrepancy is that perhaps the original
injection surface must be larger. This would occur if shocks
are the principal sources of enerzetic protons in the corona.
We shall discuss this point in somewhat more detail in the
next section,

5. Relation to the accel¢rstion process in solar flares.

Let us first summarize some of the properties of coronal
propagation along the ideas of Simnett (1974) or licKibben
(197%). There is a "prompt component" or "phase 1" of solar
particle events. This i8 due to particles which either have
been directly accelerated on open field lines or nave been
injected onto open field lines shortly after the flare. The
longitudinal extent where these prompt narticles are found
should correspond to the "fast propagation region" discussed
above. These initially injected purticles give rise to a
relatively short decay time (licKibben, 1973).

There is a "delayed componrent™ or "phase 2" of solar particle
events., 1t is very probable thut these delayved puarticles have
been accelerated on closed {iecld lines, They then propagate
in the corona, from one cloged configuration to the next,
maybe according to the concept of the leaky boxes discussed
above, and from thereon there is only a grudual relcase of
these particles into space. If this release were instead vay
fast and efficient, we would never observe that flare
particles have finally occupied essentiully the whole inner
solar system!
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There are two different solar decay times for the two types

of perticle populations. Wibberenz and Reinhard (197%) and
Reinhard (1975a) show that by convoluting the solar decay
processes with interplanetary propagstion one can gquite
naturally explain the exponential or quasi-exponential nature
of the interplanetary decay, and that no "free escape boundary"
around 2...% AU is required, which would be difficult to be
reconciled anyhow with the Pioneer 10 and 11 observations.

We turn now to the phase-1 particles within the FPR. It has
been shown that the injeection profliles for these particles
are not of the delta-function type in time, but finite in
width (Palmer et al., 1975; Reinhard, 1975a). It is certainly
difficult to distinguish whether these finite injection
profiles stem from continuous release or continuous accel-
eration of particles. But if the decay in phase 1 is much
steeper than in phase 2 (McKibben, 1973), then the particles
cannot be replenished by the neighbouring storage region
through the same process as the phase-2 particles. There
might be a small storage region close to the flare with a
different release mechanism for the phase-1 particles (this
mechanism might exist because of the high degree of disturbance
in the solar atmosphere following the flare). Or we have to
assume that the injection profile directly gives the number
of perticles as they are accelerated.

The second possibility is very interesting with resvect to

the two~stage acceleration process, which is discussed in
detail e.g. by Lin (1974). In the first phase non-relativistic
electrons are accelerated. If a sufficiently large number of
electrons is damped into the chromosphere and lower corona,
explosive heating occurs and produces an ejection of material
and a shork wave which accelerates electrons and protons to
relavistic energies. This picture is confirmed bv Svestka and
Fritzova-Svestkova (1974). They present convinecing evidence
that proton acceleration to higher energies (3 10 MeV) is
closely connected with type II bursts, i.e. shock waves
travelling in the solar atmosphere. Our above interprectation
that the finite injection profiles wight resemble the finite
duration of the acceleration process itself would favor the
shock acceleration model for protons, and it also explains,
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why protons may be found on a wide longitudinal range of
open field lines.

The small longitudinal variation of the slopes of the
proton energy aevectrum discussed in section 3 implies that
the barticles of pvhase 1 and phase 2 have the same energy
spectrum, which means that the acceleration process should
work in the same wanner on open as well as on closed field
lines. In addition, any model of the acceleration proces
should explain why the spectral slomnes for high energy
protons and relativistic electrons are roughly the same,
k) (see Van . Hollebeks et a2l., 1975). 1t would also be
interesting to see if the energy dependence of the decay
times.as suggested by Reinhard (1975a) can be reproduced
by a shock model acceleration,

We close with a remark which emphazises the role which the
fast propagation region mav plav for the studyv of solar
acceleration processes. The Hez-rich events which are a novel
feature of solar cosmic rays (Serlemitsos and Balasubrahmanyan,
1975) apvear to be observed only for sufficiently small

events and are only found when the parent flare is on the
Western hemisphere (McDonald, private communication). This
might indicate a specific configuration near the Sun, where
the acceleration process supplies He3 nuclei only directly

to open field lines.

6. Conclusiona,

There are two important features of the interplanetary
nropagation which allow us to studv coronal transnort nhenomena:
(1) the motion of energetic particles vernendicular to the
inf 1s small, (2) the scatterins mean free path along the

imf 18 large, 80 that details of the solar injection profiles
can be rerained from measurements in apace,

We have tried to order the material bv models for accel-
eration, injection, and propoagation nrocersnes. None of thene
models has been oroven to give the real phyaical picture,
because the underlying processes could not yet be identified,
In this brief summary we shall concentrate on those onen nnints
which could dbe further clarified by spacecratTt measurements
performed out of the eclintic plane.
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{1) What is8 the nature of the "faat nranavation recion®
(nrobahly identical with the "onen cone af nronagation" or
the "repion of preferrad comnnection longitudes")? Is there
also a region of preferred connnection latitudes? If the
latitudinal extent is limited, what is the nature of the
boundary?

(2) If there is a trensport process involved within the fast
propagation region, what is the nature of this process?
Could it bhe a diffusive process with a sufficiently larse
diffusion coeffinient? In this case one shonld he ahle to
see the relativelv stronr denendenne of the maximum intensity
nn aneular distance f for small @ as discussed in section 3,
because the connection point of an ex-eclintic spasecraft
comes closer to the active resions.,

(%) Is the acceleration process directly resnonsible for the
longitudinal width of the FPR and for the faat access of
particles to open field lines? If particles are accelerated
on open field lines by a travelling shock and may then
escape into space, the extent of this "prompt" region should
be determined by the distance which the shock can travel in
longitude and latitude. Will we see particles arrive very
fast over the noles?

(4) Which role do the solar sector boundaries plav? Is there a
similar change in the access vrobabilities if one leaves a
unipolar cell on the northern or the southern houndarv?

If there is one laree univolar cell (e.g. a coronal hole)
extending from the pole to the equator, in there the snme
access probability all over this cell, or is there a-grndua]
or drastic change with latitude” Would one detect Heﬁ—rich
events over the poles?

(5) What is the nature of the eneryy-indonendent slow coronal
propacgation over large distances in lonsitude? 1la there a
drift nrocess (posasibly related 1o electric ficlas) involved?
Are the time delays and the intensitv decrenses mevely o function
of the absolute angular distance between flare and observer,
or are the varfations tyrically different into the Kasl-=West
and into the North-South direction® If the lirre scale mf
loops in the corona nlay an important role for the pronasation.
one would expect such systematic differences, and then the
preferred direction of the propagation and the latitudinal
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extent up to which particles are transported way vary

with the solar cycle, because of the difference in the
average orientation and location of the loops. If the
interpretation in section 3 on the importance of magnetic
reconnection processes is correct, the study of large scale
coronal particle transport should give insight into a
fundamental solar problem.
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Figure Caption:

Figure 1: Schematic representation of "propagation® and ®“stcrage®
processes. The main difference is in the lateral
distribu-ion of particles, whereas an observer close
to the original acceleration region may see the same
injection function in both cases.

Figure 2: Number of solar events as a function of solar longitude,
for different particle types and en-rgies. Data have
been collected from Lin {1974), Van Hollebeke et al.
(1975), Pomerantz and Duggal (1974), and Simnett (1974).

Figure 3

The time of the intensity maximum (tm) zs a function
of solar longitude. The collection of experinental
points taken from Reinhard and l'itberenz (1974) is
compared with calculations. Curves (a; and (c¢) are
based on the coronal diffusion mocel (Reid, 19€4) in
the extended version of Mg and Gleeson (1975), curve
(DD, is based on the combination of z fast propagation
region with the drift-diffusion model (Reinnard and
Roelof, 1575).

Figure 4: Angular spread over the solar surface for different
coronal propagation models. Temporal developuent
from top to bottom. The influence of the escape
process is neglected. N is the average particle
density within the cross-hatched area, ¢ is a
charucteristic maximum distance {ion the flure site
reached after time t.
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ABSTRACT

Measurements of interplanetary dust via zodiacal light
observations and direct detection are discussed for an
out-of-ecliptic space probe. Particle fluxes and
zodiacal light brightnesses are predicted for three
models of the dust distribution. These models predict
that most *f the information will be obtained at space
probe dista. 'es less than 1 A.U. from the ecliptic plane.
Joint interp: -ation of the direct particle measurements
and the zodiacal light data will yield the best knowledge
of the three-dimensional particle dynamics, spatial dis-
tribution, and physical characteristics of the interplane-
tary dust. Such neasurements are important for our
understanding of the origin and role of the dust in rela-
tion to meteoroids, asteroids, and comets, as well as the

interaction of the dust with solar forces.
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Introduction

The microscopic dust particles are an important constituent of
our solar system. A knowledge of the physical and dynamical
properties of these dust particles in three dimensions should
aid our understanding of the origin and evolution oflthe plane~
tary system and furthermore of circumstellar dust clouds as de~
tected by infrared astronomy. In this. paper we discuss the type
of dust measurements suitable for an out-of-ecliptic mission and

the information which could be expected from these measurements.

The interplanetary dust can be explored from space probes by two

complementary methods:

1. Direct detection of individual particles intercepted by a
sensor. Velocity and mass parameters can be derived and,
depending on the specific experiment, information on the
chemical composition. Recent experiments have extended the
limiting sensitivity down to masses of about 10 1+© g at
impact velocities of approximately 20 km/s (Hoffman et al.
1975).

2. Zodiacal light observations. Measurements of the brightness,
color, and polarization of sunlight scattered by the dust
particles give information on the average scattering proper-
ties and the spatial distribution of the dust along the line

of sight (ref. Leinert 1975).

Direct detection has the advantage of defining a complete set

of parameters for individual particles but the drawback of
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sampling only a small number of particles. The zodiacal light
observations sample a large volume of space, but the information

on the physical properties of the particles is indirect.

Combined data from these two methods can be valuable especially
if the direct detection instrument is sensitive enough to cover
the entire mass range which may contribute to the zodiacal light.
The combined data can in principle specify particle velocities,
orbits, size, mass rang. . spatial distribution, and the general
physical composition of the dust grains (structure, density
etc.). These parameters are necessary for an understanding of
the dynamical history of the dust particles, their relation to

cometary and asteroidal material, and their interaction with it.

Extensive ground-based photometry and polarimetry of the zodiacal
light has been carried out (see for example Weinberg 1964,
Dumont and Sanchez 1975). lHHowever, observations from the earth
alone have the fundamental drawback that the spatial distribu-
tion and the particle scattering function can not be uniquely
separated, unless some assumptions are made about the decrease
of particle number density with solar distance and about the
independence of dust composition from the position in the solar
system (Dumont and Sanchez 1975). Information about the valid-
ity of such assumptions can be obtained by zodiacal light pho-
tometry and polarimetry from space probes still in the eccliptic
plane but far from the earth's orbit (Giese and Dziembowski

1969, iHanner and Leinert 1972).
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The zodiacal light experiments on Pioneer 10/11 and Heliocs
provide the brightness and polarization of the zodiacal light
a function of heliocentric distance in the ecliptic plane,
(Hanner ¢t al. 1975, Link et al. 1975) from which the large-
scale spatial distribution in the ecliptic between 0.3 and

3.3 A.U. can be derived.

Impact detectors with increasing sophistication have been used
to measure particle fluxes and velocities by experiments on the
space missions of Pioneer 8/9, Prospero, HEOS 2, Pioneer 10/11,
and Helios (Berg et al. 1971, Bedford 1975, Dietzel et al. 1973,
Hoffmann et al. 1975, Humes et al. 1974, Soberman et al. 1974).
Pioneer 8/9 and submicronsized impact craters on lunar surface
samples showed the existence of a component of small particles
moving outward from the sun under the influence of non-gravita-

tional forces (Berg and Grun 1973, Fecntig et al. 1974).

The interplanetary dust forms a non-stable dust cloud in the
solar system. The continuous sources are mainly ¢ nets, aster-
oids, and space erosion processes. It is, however, unfiown
which of these processes contribute to which extent. The main
dust sink is, besides impacts on planets and their satellites,
undoubtedly the sun: dust particles spiralling into the sun
according to the Poynting-Robertson effect (Wyatt and Whipple
1950) presumably lead to a vaporisation near the sun (Sekanina

1975) a.id hence to a dust stream of submicronsized remnants
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leaving the solar system as a result of the radiation pressure
force. These so-called beta meteoroids (Zook and Berg 1975;
Zook, in press) are also produced by mutual collisions of
meteoroids. Hemenway has suggested that a component of these
beta meteoroids is being formed directly at and ejected by the
sun (Hemenway et al 1972). In addition to these interplanetary
particles, a component of interstellar origin can possibly be

expected.

Models of Out-of-Ecliptic Dust Distribution

To predict the particle flux and the zodiacal light brightness
which might be observed from an out-of-ecliptic probe, we chose
three models for the spatial distribution of the dust, as de-

scribed by Giese (1975).

I : n(r) = no-r-v (1 + (ysinse)z]—v/z;y = 9.0 (Ellipsoid model)
II : na(r) = no-r_v exp {-(YZ)Z]; y = 2.5 (Gauss model)
IIT : n(r) = no-r- exp [-IvsinBei}; Yy = 3.0 (Fan model)

Here n(r) is the particle number density as a function of dis-
tance r (A.U.) from the sun, ng is the number density at 1 A.U.
in the ecliptic plane, z (A.U.) is the distance above or below

the ecliptic plane, and!Be is the heliocentric ecliptic latitude
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(sinso = 2/r). We have set the parameter v = 1.0, consistent
with the Pioneer 10/11 and Helios zodiacal light data. The
flattening parameter y was adjusted for each model to give the
ratio 0.32 for the brightness of the zodiacal light at the
ecliptic pole to the brightness in the plane at elongation 900,

as observed by Dumont (1973).

Contours of equal dust density are illustrated in Figures la,

1b, and lc respectively for the three examples. All three
models predict that the dust is considerably concentrated

toward the ecliptic plane. In comparison, the spatial distri-
bution of radio meteors derived by Southworth and Sekanina (1973)
shows a similar z-dependence at a x-distance of 1 A.U., but an

increasing number density beyocnd 1 A.U. in the ecliptic plane.

The 0.5 contour in our examples ranges from z = 0.2 to 0.4 A.U.
at x = 1.0 A.U.. The spatial density at 1 A.U. away from the

ecliptic is at most 0.1 n_. Thus, observations of the zodiacal
light and direct detection of particles will take place mainly

at space probe distances less than 1 A.U. from the ecliptic.

Direct Detection

Direct measurements from an out-of-ecliptic mission could help
to identify the various sources and sinks of the non-stable dust

cloud. On the basis of the results of Pioneers 8/9 and HEOS 2
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missions in the ecliptic at 1 A.U. and on the basis of the
three models referred to above, the number of events per orbit
were computed for a detector surface of 100 cm2 and a space
probe on a circular orbit of 1 A.U. radius having an ecliptic
inrclination of 30° or 60° or 90° respectively. Two cases of
vehicle stabilisations (spinner with axis perpendicular to the
orbital plane and three-axis stabilisation) were considered.
The results are presented in Table 1 excluding or including

the case of particles coming directly from the sun (marked

'no sun particles' or 'sun particles').

From these data it is evident that, while such a particle detec-
tion experiment is not able to differentiate among the various
models of the spatial distribution directly, it could provide
information on the role of the sun as a possible dust sink or
source. Furthermore, the event rate is sufficient to continue
analysis of enough individual particles to look for differences
in composition between particles with low- and high-inclination

orbits.

Zodiacal Lignt

The brightness and polarization of the zodiacal lignt can be
predicted theoretically as a function of observing direction
and observer's position in the solar systen for any spatial
distribution. If one assumes, that the average scattering

nroperties of the particles are independent of location in the

-305-



solar system, then the brightness variation with spacecraft
position is directly related to the spatial distribution of

the dust (Hanner and Leinert 1972). Models for the zodiacal
light distribution over the sky as seen from an out-of-ecliptic
space probe were discussed by Giese (1971). By use of the

same program we have corputed for our three dust models the
variation of zodiacal brightness for an out-of-ecliptic space
probe on a circular orbit of 1 A.U. radius as a function of the
z distance between the spaceprobe and the ecliptic plane. The
maximum value z. of z is related to orbital inclination i by

z, = (1 A.U.) - sin i. For the scattering function a simple
diffraction plus isotropic reflection form (albedo = 1) was
chosen. The size distribution adopted was a 3-part power law
n{a)da a " with « = 2.7; 2; or 4.33 in the regions of particle
radii from 0.008 to €.16; 0.16 to 29; or 29 to 189 um, and

-13, 15 -18

n_ = 3.7 - 10 4.3 - 10 *7; or 7.4 - 10 particles/cm3

o)
in each regime, respectively. This is a fair approximation
taking into account both the distribution of particle radii as
derived by Grin (1975) from direct measurements (Fechtig et al.
1974), and the brightness of 200 stars of tenth magnitude per
square degree (200 SlO) found by Dumont and Sanchez (1975) at

e = 90° elongation in the ecliptic.

Figs. 2a through 2c present the decrease of zodiacal light
brightness with increasing orbital altitude z of the probe for

the three models of Fig. 1. The viewing direction from the
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probe is parallel to the ecliptic plane and perpendicular to

the sun (Fig. 2a); in the positive z direction (Fig. 2b); or
parallel to the negative x direction (Fig. 2c¢). In all cases
the models predict brightness values easily observable ( 10 Slo)
at space probe z distances up to 0.4 A.U. (Model II) or up to
approximately 1 A.U. (Models I and III), and at the same time
observable differences between the models, particularly in the
case of Model II with its flattened outer contours. Even if

the density does not follow the functional forms we have chosen
as examples, the brightness variation with space probe z dis-
tance at a constant observing direction will give a measure of
the rate of dust decrease away from the ecliptic plane. To

look for any systematic changes in the average scattering proper-
ties of the particles (size, composition) with z distance,
polarization measurements as a function of elongation are neces-
sary, in addition to brightness observations (see Giese and

Dziembowski 1969).

Interstellar Dust

The existence of an interstellar component in the solar system
dust cloud has been proposed by Greenberg (1969) and others.
Even if such small particles are excluded from the inner solar
system by radiation pressure, they might be observable with a
sensitive detector at large heliocentric distance, during the
Ricreosomimy OF
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transfer orbit of an out-of-ecliptic probe. If we take, for

-13 3

example, a number density of 3 - 10 particles/cm™ of

interstellar origin and a relative velocity of 30 km/sec

2

between the particles and a 100 cm® detector, 8 such particles

should be detectable each day.
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Conclusion

A joint dust experiment which combines direct detection of the
velocity and mass of individual particles with measurements of
the zodiacal light brightness and, if possible, polarization
will best serve the purpose of an out-of-ecliptic mission.
These two complementary methods together will give a picture
of the three-dimensional dynamics and spatial distribution of
the interplanetary dust. Such a picture will help to clarify
the relation of dust particles to cometary and asteroidal ma-
terial as well as the interaction of the dust with the solar
radiation field. The influence of the sun on particle motions
and physical characteristics has a significance for the role of
the dust in the early evolution of the solar nebula and early

phases of stellar evnlution.
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Figures
Fig., 1

Fig. 2

Surfaces of equal number density of dust particles
in the interplanetary cloud

n, number density in the ecliptic plane at 1 A.U.
from the sun

X solar distance in the ecliptic plane (A.U.)
2 hight above the ecliptic plane (A.U.)

a) Ellipsoid Mcdel (ref. text case I, v= 1;y= 9)
b) Gauss Model (case II; v= 3 y= 2,5)
c) Fan Model (case III; v=1;vy= 3).

Brightness of the zodiacal light as seen “Hy a spaceprobe
ascending to an altitude of z (A.U.) above the ecliptic
plane on a circular orbit of 1 A.U. radius.

S1O:Stars of 10th magnitude per square degree

dashed curve: Ellipsoid-model
dots : Gauss-model
solid curve : Fan-model

a) direction parallel to the ecliptic plane at right
angle to the solar direction (e = 90°)

b) direction towards the ccliptic pole (+ z direction)

¢) direction parallel to the ~cliptic plane and

parallel to the earth'sun dircction (- x axis).
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A MEANS OF IN SITU MEASUREMENTS OF NEUTRAL
H AND HE ON AN OUT-OF-THE-ECLIPTIC MISSION

K. C. Hsieh
Department of Physics

University of Arizona
Tucson, Arizona 85721

ABSTRACT

On an out-of-the-ecliptic mission, in situ measurements of
densities and temperature of interstellar neutral H and He in the
heliosphere should complement ohservations based on backscattered
Lyman-alpha intensities. A means of performing the in situ measurements

is briefly described.
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The experiments performed by the groups at the University of Paris
(Bertaux and Blamont, 1971) and at the University of Colorado (Thomas and
Krassa, 1971) have provided us the first glimpse of the presence and the
distributions of interstellar neutral H and He in the heliosphere.
Like all optical observations, the observations of neutral H and He by
backscattered Lyman-alpha photons are indirect and integral in nature.
Therefore, their results are constrained by the assumptions one must make
about the properties of the solar wind and those of the solar H and He
Lyman-alpha emissions as well as the temperature of the interstellar H
and He. To complement the optical measurements, in situ direct determination
of the densities and temperature of the H and He will be necessary.

An out-of-the-ecliptic mission would provide the unique opportunity for
such an effort since the relative velocity of the sun to the interstellar
medium points out of the ecliptic.

The necessary in situ measurements can be performed with an
instrument of low power (1 W), Tow mass (< 3 kg) and single-particle
counting capability such as the field-ionization neutral detector (FIND)
being developed at the University of Arizona (Curtis et al., 1975). Figure
1 illustrates the principal parts of FIND. The ionization tips, the grid
and the surface-barrier Si detector are encased in a chamber with an
entrance aperture. Neutral H and He enter the chamber and as they
reach the vicinity of the tips, they are field-ionized ‘to become W and
He+, respectively. These +1 ions are immediately accelerated towards the
detector and their electrical signals analyzed.

Although all the ijons arrive at the detector with essentially

. . . . . . . . + .
identical kinetic energies acquired in acceleration, He , being wore
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massive, will interact with the crystal lattice of the detector more and
thus provide a smaller electrical signal than an H+ of same energy.
Figure 2 is a composite plot showing that the He+ peak is shifted by 2.8 KeV
from the H+ peak which appears at 26 keV, corresponding to the accelerating
potential of 26 kV. We note that each pulse-height distribution is gaussian
and has well defined peak position and FWHM. Therefore, using only one
detector and one pulse-height analyzer the two species can be separated.

Our laboratory results also indicate that with a bundle of 200
needles at +26 kV facing a 1 cm? detector at a distance of 1 cm, sensitiv-
ities of 3 x 1077 counts sec™! per unit flux (1 unit flux = 1 rm~2 sec™?)
for H and 4 x 10°® for He in the same units can be attained. Assuming
an H flux of 10* cm™2 sec™!, e.g., n = 0.01 cm~? and v = 10 km sec”!,
a detector background of 1.4 x 1072 E™!'*2 sec™?! keV~! (G. Gloeckler,
private communication, 1974) and an FWHM of 3 keV, then H signals can be
well separated from the background in one day's accumulation. (Actual
background can be determined in flight by turning off the high voltage
supply to the ionization tips.) Figure 3 is a computer simulation based
on the above assumptions. In addition to H , He of three different relative
abundances are also included. The varied n(He)/n(H) are due to the
different values the parameter u might take (see review by Axford, 1972).
A least-square fit of two gaussian distributions of known peak positions
and FWHM's to any of the three curves shown in Figure 3 will yield the
corresponding n(H), n(He) and n(He)/n(H).

The above description of FIND leaves 1ittle doubt that in situ deter-
mination of neutral H and He concentrations can be performed. In addition,
if the aperture of FIND scans the part of the sky surrounding the direction

of maximum flux, the angular distribution of the neutral flux would then
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be a measure of the temperature of the neutral gas at the point of
observation. With an instrument such as FIND complementing a Lyman-alpha
spectrometer on a spacecraft that covers large heliocentric distances and
latitudes, the local interstellar medium and its interactions with the

solar wind can be examined fully.
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FIGURE CAPTIONS

Figure 1. An over-simplified diagram of FIND. For actual space missions,
| the ionization tips and the detector assembly should be protected

from low energy charged particles by the use of repelling grids
at the entrance aperture and from y-rays and secondary
particles by the use of an anti-coincidence guard counter
imnediately behind and surrounding the ion detector.

Figure 2. Laboratory results showing the difference i1n the pulse-height
distributions of H' and He® signals by a 2.8 keV shift.
Both ion species have an average kinetic energy of 26 keV. The
noise of the detector is 5.5 keV (FWHM).

Figure 3. Predicted pulse-height distributions of an H flux of 1 x 10" cm~?
sec™! and He fluxes of 10% , 10" and 10° cwm~2 sec™! as seen
in on: day's accumulation by a FIND having an accelerating
potential of 26 kV, a detector noise of 3 keV (FWHM) and a
background following the distribution 1.4 x 1072 E~!"2 sec™! keV~!,
The sensitivies to H and He wused in this calculation are
3 x 107 counts sec™! per unit flux and 4 x 107® counts sec™?

per unit flux, respectively.
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SCHEMATIC DIAGRAM
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