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FOREWORD

The concept of a space misolon that might send a spaceeraft to within
a few solar radii of the Sun's surface was filrst discasscd In depth at a 6,.p00=
ium held at the California Inotitute of Technology in May 1978, The popularity
of this symposium and its subsequent proceedings, A Clone-Up of the sun (JPL
Publication 78=70, 1978), clearly demonatrates a strong interest by a broad cross-
section of selentists in a Sun=grazing mission, First, space plasma sclentlois
want to directly sample in situ that portion of the Sun's outermost atmosphere
where the covona is heated and the sol:r wind is formed and accelerated. Second,
solar physicists appreciate the unique. ultra-high-resolution optical imaging that
can be done of the Sun's surface and the fnner corona. Finally, physicists »
interested in experimentally testing che theories of relativity, gravity, and the
internal structure of the Sun see an opportunity to conduct experiments of
uniqueness and/ox preeision essentially impossible in any other way.

During the two ycars following this symposium, a solar flyby mission
was discussed in detail by the Space Science Board's Committee on Space Astronomy
and Astrophysics which endorsed the potential sedence that could be acecomplished
and called for further study and review (A Strategy for Space Astronomy and ;
Astrophysies for the 1980's, NAS, 1979)., Closely following this cndorsement, the ﬁ
S8B's Commitcee on Solar and Space Physics gave it a £irm recommendation in its
report (Solar=System Space Physics in the 1980's: A Rescarch Stratesy, NAS, 1980).
In the same timeframe as these reports were being prepared, the National Acronau-
tics and Space Administration was funding the intensive study of mission conecept
schiemes and the roquisite technology areas through the Jet Propulsion Laboratory.

By the spring of 1980 it became clear that further review of both the
seionce content and the mission implementation schemes was in order. A Science/
Mission Review was thus held at NASA Headquarters May 15-16, 1980, attended by
the JPL Project Study Office personncl and 13 scientists rvepresenting the three
major discipline areas noted above. The conelusion of thls meeting was to form
ad hoc science study teams to conduct formal, in-depth veviews of the threc major
arcas of science investigation and to provide further direction of the Project
Office for technology studies, The results of these study cfforts werc then pre-
sented at a second Sclence/Mission Review held Marceh 31, 1981, again at Headquar-
ters. This present document contains the final reports from that meeting, and
thus represents the most current work on the possible science content and mission
implementation schemes of a solar flyby mission, now called officially "STARPROBE."

Extensive technology studies are currently being joincly funded by the
Office of Space Science and the Office of Aeronautics and Space Technology. At
thedr completion, a technology readiness review will be held to judge the posi- 1
bilities of and limitations on a solar {lyby mission. Unfortunately, however, i
the prognosis for an ecarly new start authorization for a program of this magnitude ‘
has deteriorated with the decreasing resources availlable for space science missions
in general,



The potential selence return from this type o: vwloslon 1o truly pro=
digious., The repgion very close to the Sun is one of the last unexplored replons
of the solar system and must be investigated 1if we are ever to understand some of
the most fundamental propertics of stars, the Sun, and the heliosphere, in
addition, to performing unique experiments in the areas of relativistic and gravis
tational physiles, The importance of these science ohiogtives 1o invariant to the
timeframe of the misaion.

Many people have been involved in the formulation of this document. 1In
particular, Frederick L. Scarf, Robert D, Reasenberg and Arthur B, C, Walker, Jr.,
contributed ungelfiohly of their time to chalr the three ad hoe sedence study teams
nd see that the final reports were written, James E. Randolph, Manager of the JPL
LTARPROBE Project Study Office, and Bruce E. Goldstein and James H, Underwood, the
JPL STARPROBE Study Scientists, coordinated the missilor technology and sclence
study afforts, respeetively, and saw to the publieation of this decument.

J+ David Bohlin, Chief George P. Newton, Chief
Solar & Heliospherie Advanced Program and
Physics Branch Teehnology Branch

Solar Terrestrial & Astrophysics Division
0ffice ef Space Scilence
NASA Headquarters



ABSTRACT

For several yearg, NASA hasg been studying the coneept of a missolon
called STARPROBE which would send a spacecraft extremely elope to the Sun (peri-
helion of 4 oolar radid) ro carry out selentific dnvestigations in the three
arveas of solar internal dyuamics and relativity, colar plapma aud particle dynamico,
and solar atmospherie structure. Three scparate committees were convened by NASA
to study the ocientific rationale and instrumentation problems for cach of thesc
arcat, The coneluslons reached by these committecs ave presented in the first
three chapters of thio rveport. The fourth chapter summarizes the current mission
and syotem desdgn concepts responding to the recemmendations of the study teams,
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1.0 INTRODUCTTON

The Starprobe Ad Hoc Gravity and Relativity Committee met on 20) and
21 October 1980 at JPL. The findings of that commilttee are summarized in this
report, which disregards other posgsible scilentific aspects of STARPROBE., The
STARPROBE Mission is capable of making a significant contribution to our under=-
standing of the laws of gravitation and to our knowledge of the internal struc~
turce of stars in general and of the Sun in particular., A possible contribution
to neutrino physics is also ldentified.

To be suceessful, this mission requires the development of some new
technology. An opportunity exists to augment the success of the mission if
additional technologlcal advances are made and incorporated. Scetions 1.1 and
1.2 provide a summary of applicable material from two areas of astrvophysics:

stellar structure and experimental relativity. These sections provide the scien-
tific basis for Seetion 1,3, in which we consider the scientific objectives under

three categories: A, established; B, possible; C, sccondary. Secctior 1.4 is
devoted to a discussion of technological considerations and Seetion 1.% contains
the recommendations of the committee,

fet e
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1.1 SOME PROBLEMS IN SOLAR AND STELLAR PHYSICS

Stellar structure was one of the carlicst fields of astrophysics
where a direct confrontation between theory ond observation was possible, During
the 19608, stellar structure and evolution were studied using computer codes and
opacity tables developed to model thermenuclear devices. By the early 1970s, it
was generally believed that the prineipal aspects of this subject had been under-
stood. Plausible models had been constructed to match the sparge set of avail-
able data.

The models were tested by compariag Hertzsprung-~Russel (H-R) diagrams
from various star clusters with theoretical models for main sequence stars and
Lsochrones, The carliest versions of such diagrams were introduced by
Hextzsprung and by Russell using spectral class and magnitude. Modern verslons
attempt to transform the observables, photometric color and photometric magni-
tude, to the theoretiecally necded effective temperature and bolometrice magni-
tude. This transformation can be uncertain and we will generally refer to all
such diagrams as H-R diagrams. Such observational data as those summarized by
Sandage (1975) and Arp (1958) and theoretical wor' by Schwarzschild (1958),

Iben (1967), and others formed the basis for the tests., The results were
satisfactory in a broad sense; the theory was not found to be grossly out of
line. In a more detailed sense, however, the theory was not tested, The com-
parison was not very precilse; errors of 104 would not have been noticeable. The
lack of measured stellar masses introduced a degree of freedom which could
obscure an error that would alter all stellar models In a similar way.

The success of stellar theory in reproducing cluster H-R diagrams
has led many astronomers and physicists to take an overly sanguine view of our
understanding of stellar structure, Today there i1s evidence that the standard
models are insufficlent. We first eonsider problems encountered with solar data
and then turn to evidence from stellar studies.

1.1.1 Sources of Data for Sclar Models

Because of its proximity, and thus the relative ease with which it
can be ovbserved, the Sun serves as a particularly important test case for models
of stellar evolution and structure. It appears to be a stable star evolving
along the main sequence; thus it should be relatively easy to model. Constraints
on models of the internal structure of the Sun have traditionally come from a
small set of externally measurable parameters including the mass, radius,
luminosity, and surface composition. An additional datum comes from the solar
neutrino experiment of Davis et al. (For evamnle, seec Bahcall and Davis, 1976.)
More recently, solar oscillation measurements have beecome avallable to test the
models of selar structure.

1.1.2 Canonical Theory of Stellar Structure Versus Experiments
Much of the evaluation of the theory of solar and stellar structure
has revolved indirectly about the "theorem'" due to Russell and Vogt which states

that, for a specified mass and chemical composition, there is a unique stellar
model. Since the present solar internal composition is uniquely determined by
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nuelear physics and the Sun's initial composition (assumed uniform), and since
the time-dependent terms are negligible for the Sun, we should be able to
calculate unique theoretiecal predictions for cach of the four tests below, The
status of the "canonical theory" is summarized in Table 1-1.

The solar neutrino £lux and solar oseillations, both of which are
discussed further below, are the subjects of the four "canonical theory" predic-
tions, The eigenfunctions of solar oscillation are described by thedir
three indices: n is the mode order (i.e., the number of nodes in the radial
direction), and 2% and m define the surface harmonic that deseribes the angular
distribution, YM(8,$). The tests show that (1) about four times as many
neutrinos are predicted as are obscrved with a ClL detector; (2) the eigen-
frequencics of highly nonradial modes of oscillation (500 < & = 2000), obser-
vationally known as the "five-minute oseillations," are in good agrecment with b
theory; (3) with the possible exception of the spacing between & = 0 and & = 2,
the gpacings of the frequencies of these five-minute oscillatlons, as observed
from the South Pole, agree with theory for the lowest degree modes (R = 0,1,2,3)
and successive values of mode order nj and (4) the values of the frequencies of
these lowest degree modes, as opposed to thelr spacing, may not agree with
observation., However, the frequency theory is subject to unusual absolute accu=-
racy requirements (L.e., the observed frequencies have fractional uncertainties
of about 10=3, hence a 0.3% error in the theory i@ significant), and thus the :
fallure of this test is less significant than the fallure of other predictions. ?

As of a few yecars ago, the standard models predicted a neutrino flux
3 times larger than that observed (Bahcall and Davis, 1976). Over the last few
vears, there have been small changes in both theory and experimental results, i
but these have not significantly altered the disparity., The caleculation of the ;
"expeeted" neutrino flux includes several difficult steps, and depends critically
on the cross-sections of some low~cnergy nuclear reactions. Some of these cross.
sections ave too small to measure and therefore must be obtalned Dy theoretilcal
extrapolation from other cross sections. Other cross-sections, including those
from which the extrapolations arce made, arc measurable only with great difficulty.

Recently, particle physics theories have predicted a "neutrino oscil-
lation" which may be able to reduce the apparent ncutrino flux discrepancy
(Baheall, 1978; Bahcall et al,, 1980). This explanation is highly speculative,
however, and should not be relied upon for an understanding of the internal
workings of the Saun., Rather, the measurement at Barth of the solar neutrine
flux may prove to be an important test of the '"neutrino oscillation" theories.
Before such a test is considered useful, however, therc .must be a substantlal
inercase in the reliability of the prediction of the f£lux of neutrinos gener-
ated by the Sun,

1.1.3 Noncanonical Assumptions to Reconcille Experimental Data
A varicety of noncanonical assumptions have been suggested in the past
to account for the lack of solar neutrinos. Tour of the most interesting of

these are listed in Table 1-2. The "low Z model" (Joss, 1974) probably cannot be .
tested with the STARPROBE Mission and 1s not discussed further here. §

1-3



Table 1-1. Stellar theory tutorlal

Canondenl theory says that solar structuve ls uniquely defined,

Russoel=Vogt Theorem.
Tests of canonical theory:

Sular noutrinos
Solar ascilliottions
Binary stars
cluster diagrams

Successes of canonleal theory:

Can mateh effective temperature and lumlnosity for binary
atars, cluster diagrams and the Sun

ain mateh frequency spacing of lTow degree modes of
osclllation

Can mateh high depree Trequencies and spacing

Problem areas:
Too oew neutrines
Passible problems with low degree oscillation frequency
values
Blue stragglers
Extension above zero-age maln sequence

Summarys

mnontieal theory 1s In n bit of trouble

Table 1=2. Noncanonlenl assumptlons

Nonuniform inftial composition (lew Z model)

Mixing: fast, slow, cepilsodie
auses:  merldiomal cireulation, waves

Primordial magnetic [ield 9 a
Docay times of 3 longest lived modes (10 yoars)

25

10

6

Rotation in the core

dSoe Ulrich (1974) and references therein.
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Cononical theory assumes that no "mixing' of envelope materlal into the
core takes place., Mixing would lead to a hydrogen=enhanced core which would be
cooler and produce a smaller neutrino flux than the core of a compavable .nmixed
star, The solar models with mixing arce influcenced by the possibility of rapld
core rotation, Although existing limits on the soler oblateness are sufficient
to rule out centripetal acceleration as a cause for the difficulties of the
canonical solar model, a vardety of mixing processes beeomes possible in the
presence of strong differentdal rotation, Thue detection of Jo at a level above
that required by uniform rvotation would provide a strong impetus to the further
study of rotation=driven mixing. Such processes as Eddington=Sweet cdreulation,
Ekman pumping, and Goldreich-Schubert instability are cexamples of mechanisms
which could prove significant for a rapldly rotating core.

Magnetic fields are perhaps the most Intriguing of the noncanonieal
agsunptions. If they are dwportant to solar structure, they can significantly
change the solar oselllation spectrum (Tassoul, 1978, p. 425, and references
therein) . Although magnetic {iclds can introduce more free gravitational param-
eters than one could hope to estimate with STARPROBE, these configurations which
decay most slowly as a result of ohmie digsipation are close to dipoles in
structure., A small dipole field would necessitate the addition of only a few
gravitational paramcters, although no circulation 1s yet avallable which gives
the relation between the fleld strength and Jo (in a coordinate frame defined
by the dipole axis). The existence of strong fields in some neutron stars suge
gests that a significant field in the solar interior is not dmpossible.

If the Sun has a large centered dipole magnetie fleld, the induced
distortion of the gravitational potential will be indistinguishable from that
caused by rotation as long as the axes of rvotation and magnetic dipole ave
aligned. Such alignment {s unlikely; if the Jp axis turns out to be displaced ‘
from the solar rotation axis, a magnetic diponle field can be inferred. If this !
were detected by the STARPROBE Misslon, it would be a result of major importance.

In fact, such an off-axis oblateness signal has been suggested by Dicke (1980)
through an analysis of the Dicke and Goldenberg (1967) data.

Numerous other, more highly speculative models have also been
advanced to explain the apparent shortage of solar neutrinos. Among these ave:

(1) The core ids in a transient state in which It dees not produce
neutrinosy the surfaee does not reflect this state because of
the Sun's long energy diffusion time., (Fowler, 1972, See also
Dilke and Gough, 1974.)

(2) A small black hole at the center of the Sun would produce eneryy
without neutrinos. Some thermonuclear burning would provide all
the observed neutrinos. (Clavton et al., 1975.)

(3) If the Sun formed in stages, the composition of the core could
be different from that of the surface. IF the core were low in
helium and high in wetals, it would be convective aund have
reduced neutrinoe emission (Hovle, 1975).
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Short~period solar oscillations have been reported by Hill ct al.
(1979) and Gree et al., (1980). The excitation mechanlsms for these oscillations
need to be explained, Since some of the osclllations are able to transport a
large amount of energy from the interior to the surface, they may lower the
cffective opacity and lead to a cooler interior and a lower neutrino flux than
would otherwise be expected. Calculations by Johnson et al. (1979) and by
Christensen-Dalsgaard and Gough (1979) indicate that:

(1) The frequency spectrum of these oscilllations 4s a useful probe
of the solar interior.

(2) The time varying solar quadrupole moment may be as much as 30% of
the static quadrupole moment expected from uniform rotatdion.
However, this conjecture is based on the reported amplitude of
the 160-minute oscillations. The optilcal determination of this
amplitude 1s quite uncertain; even the detection of the oscilla-
tion has been questioned, although the estimated amplitude is
7 times the formal standard deviation (Scherrer et al., 1980).

(3) The ratlo of the amplitude of the visual and the gravitational
time~dependent quadrupole moments provide a useful constraint on
the structure of the solar interilor.

1.1.4 Solar Luminosity Varilations and Climate Questilons

The classical theory of stellar evolution requires the Sun's luminos-
ity to have been 25% smaller some 5 billion years ago when it joined the main
sequence. Sagan and Mullen (1973) calculate that this could have led to frozen
oceans which, because of the high albedo of ice, would not have melted. (See
also Newmar. and Rood, 1977.) Of course, conditions in the distant past were
different from those of today. An altered continental distribution implies a
different pattern of ocean circulation and heat transport. Even a modest change
in the composition of the atmosphere could alter the greenhouse effect. Thus
there may not be a contradiction between a cooler Sun in the past and the
presence of life on Earth today. Here, as in the case of the neutrino oscilla-
tions discussed above, a reliable determination of the behavior of the Sun would
be of value to another branch of science.

L.1.5 Sun Spot Cycle Questions
Two oﬁher questions should be addressed. The 22-year sun-spot cycle,

and the Maunder minimum (Eddy, 1976), if it exists, both need to be explained.
Barnes et al. (1980a, b) have shown that these phenomena can be modeled by a

nonlinear process driven by band-limited white noise. However, neither a physical

basis for the narrow-band response nor a source of the driving noise has been
identified,
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1.1.6 New Tests of Stellar Structure

In the past 10 vears, new tests of stellar structure theorv have been
developed based on the canonieal theory discussed above which makes predictions
about stars and stellar populations., Some of these predietions are now at
variance with observations, The long~term study of eclipsing binury stars car=
ried out by Popper (1980) has now yielded enough objects with known mass M,
radius R, and luminosity L that a meaningful comparison between theory and
observaticn is possible., The L versus M comparison with binary stars is good
to within observational error, but the R versus M relation predicts stars too
small by 10% at M = 1.4 MQ.

1.1.7 Blue Stragglers

A prediction of the canonical theory is that all stars that have the
gsame initial composition and mass should exhaust their hydrogen simultancously;
more massive stars are shorter lived. It is generally assumed that all of the
stars in a cluster are the same age. Some clusters contain stars which are on
the main sequence but are moxe massive than the stars which are currently exhaust-
ing their core hydrogen and are moving off the main sequence, These stars,
which are ealled blue stragglers (Wheeler 1979a, b), occupy an anomalous position
in the eluster H=R diagram = to the blue of the cluster turnoff. Thus they
appear to be less evolved than the other sluster members and thelr existence may
contradiet the canonieal theory., One possible explanation of this phenomenon
1s that these stars have an extended main sequence lifetime due to mixing of
hydrogen iuto the core. Other evidence for mixing is provided by the observa-
tions of Maeder and Mermiliiod (1980), who found that the main sequences of
34 clusters extended much too far above the zero-age maln sequence. They pro-
posed that the zone of mixing In stellar interiors is more extended than was pre-
viously thought.

L.1.8 The Contribution of STARPROBE Gravity Data

The most predictable result of the STARPROBE gravity study will be a
measurement of Jp and an inference about the state of rotation of the solar
intertor, Kraft (1970) has summarized the observational data concerning stellar
rotation and finds a break in the dependence of rotation rate on mass, Figure 1l-l
shows these data. Clearly a rapidly rotating solar cove is within reason.

The measurement of Jp will be of fundamental importance in the study
of the process of star formation. It would be useful to know how the angular
momentum of the protosolar cloud was distributed between the Sun und its planets.
As a first step toward this understanding, we should determine the present
angular momentum of the Sun, which may be inaccurately inferred from the solar
surface rotation. Young stars often have equatorial surface rotation rates in
the range 15 to 30 km/s (cf. the Sun at 2 km/s). TFigure 1=2 shows the distribution
of absorption line widths in a sample of young stars. These stars are a factor
of 2 to 5 times larger than they will be on the main sequence and some of them
have masses mear 1 Mg. Thus it is possible that the Sun began its life on the
main sequence with a rotation rate as much as 30 vimes faster than the present
apparent rate.
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The decay of the rapid rotation of young stors may be responsible
for the activity typically obsevved in thesc objects. Magnetie braking through
the solar wind is usually appealed to as the mechanism vosponsible for the cur-
rent slow surface rotation rate. The relationship between the strength of
chromospheric activity and cluster age observed by Wilson and Skumanich (1967)
supports this view. However as Kraft (1970) has cmphasized, there is conslder-
able doubt about many of these vonclusions because of a variety of observational
wnecertainties. Even if the solar core does not rotate quite this rapidly, there
is an excellent chanee that the value of Jg is well above that expected on che
basis of uniform rotation,

The evidence presented in this section was discussed in terms of the
present standard theory of stellar structure and eovolution., This canonical
theory, although able to fit the older kinds of data, is now at variance with
some modern high=accuracy data, Perhaps we have entered into a new phase of
stellar theory development, I so, then the experimental evidence suggests that
the new theories should be able to include the effects of differential rotation.
The Sun, the best observed star, will continue to play an important part in
testing new theories. By measuring the solar quadrupole moment, STARPROBE
could contribute to the advance of stellar and solar physics.

1.2 SOME PROBLEMS IN EXPERIMENTAL RELATIVITY
1.2.1 The Parameterlzed Post=Newtonian Formalism of Gravitational Relativity

In addition to general relativity, there now exist several
relativistic theories of gravitation that are consistent with available experi-~
mental results. In order to compare theories with experiments, a parametrie
"guper theory" has been developed. Known today as the Parameterized Post-
Newtonian (PPN) formalism, this approach is applicable in the solar system where
the dimensionless grayitational potential ¢ and typical velocities v ave small
(|¢] <2 x 100 and v2 is of order ¢). In a post-Newtonian formalism, terms ave
grouped according to the combined powers of ¢ and v, The first-order temms are
Newtonian; second-order, post-Newtonian, Higher order terms are neglected, An
early version of the PPN formalism was given by Eddington and Robertson, who
introduced three ad hoe parameters (a, 8, and ¥) into a power series expansion
of the general relativistic metric in isotropic form. From the empirical defini-
tion of the unit of mass and the gravitatlonal constant, o = 1. However, it is
often convenient to ignore this and use o as a parameter that describes the
gravitational redshift. Heuristically, 8 is a measure of the nonlinecarity of
the superposition law for gravity and ¥ is a measure of the curvature of space
produced by mass. (For example, see Misner, Thorne, and Wheeler, 1973, p. 1072,)
The complete PPN formalism has 10 parameters, but our discussion will be
restricted to the three original ones.

1.2,2 Relation of Gravity to Other Fundamental Interactions

Interest in estimating the PPN parameters goes beyond a desire to
distinguish among current theories. Gravitation is the weakest of the four :
fundamental interactions and by far the most difficult to study experimentally. ;
Because it is long range and because its "charge'" is proportional to inertial ;
mass, gravitation is able to dominate the large-scale structure of the unlverse,

1-9

N



The strong, electromagnetic, and weak interactions show promise of
being unified in the near future, However, gravitation has thus far managed
to remain distinet. There 48 a body of opinion that holds that the current
class of theorles of gravitation will manifest thedr weaknesses on the cosmo=
logical seale or at the subatomie seale or both., However, the opportunity to
detect the fallure of such theorles 1is limited to those domains in whieh experi-
mept s possible.  Thus solar-gystem tests of relativity assume an important
place in contewporary physics.

1.2.3 Advance of the Perihelion of Mercury
one of the classical tests of general velativity is based on the

advance of the perihelion of Mercury., Exeluding planctary perturbations, the
secular advance is gilven by

9
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where p = a(1~0 ) i Mercury's semilatus rectum rg v 3 km is the gravitational
radius of the Suny and R 7 x 109 km {8 its physical radius, The uncertainty
In the estimate of ¥ from the Viking relativicy cexperiment is 0,25 (Reasenberg
et al., 1979); further improvement is expected from the refined analysis of an
enlarged Viking data set. The sepavation of B and Jy with currently available
data is unsatisfactory. (For example, see Reusonberg, 1980.) A determination
of Jp by the STARPROBE Mission would make possible the direct and relatively
accurate determination of R from observations of Mercury.

1.2.4 Gravitational Redshift Experiments

The gravitational redshift 1g another of the predictions of general
relativity that was subject to carly experimental stwdy, Tt was first rellably
detected by the Mussbauer experiment of Pound, Rebka, and Snider. They reported
an uncertainty of 1.0% in a measurcment of the redshift of photons "falling"

20 meters.

The gravitational redshift is now not thought of as a test of general

relativity, per se, but rather as a moudfestation of the prineiple of equivalence

which is a foundation stone of all relativistic theories of gravity. Should any
aspect of the principle of equivalence fail an experimental test, the current
ideas about the nature of gravitation would have to be replaced.

In a recent experiment, Gravity Probe "A" (GP-A), by Vessot et al.
(1980), a hydrogen maser was flown in a spacecraft on a suborbital trajectory.
A multilink doppler tracking and communication system was used to compave the
flying clock with its counterparts on the ground. This experiment served to
test the predictions of general relativity for the combined effects of the
second~oxder Doppler shift and the gravitational redshift. The predicted

1-10

—can



composite relativistie offeet wan confirmed with an unecertainty of 70 parts per
million.

1.3 GRAVITY AND RELATIVITY SCIENTIFIC OBJECTIVES
1,3.1 Established Scientific Objectiven = The Measurement of JZ

A primary scientific objective of the Starprobe Mission would be to
determine Jo through the analysis of spaceeraft tracking data. Optical measure=
ments of the visual oblateness of the Sun made by Dicke and Geldenberpg (1967)
are inconsistent with the more recent optical measurements made by Hill and
Stebbins (1975).  These measurements bear in a somewhat model-dependent fashion A}
on the Ja components of the gpherical harmonic expansion of the solar potential,

1.3,2 Possible Sclentific Objectives

We next conslder four selentifie objectives which, although possible,
cither require further theoretical analysis or special equipment on the space=
eraft or spacecraft and tracking performance beyond the nominal mission
speelfications.,

1.5.2.1 Other Zonal Gravitational Harmonics

For a uniformly rotating Sun it has generally been dCCLpCOd that
J3 1s approximately zero and that Jg, is similar to Jzz Jom 2 % 10 -7, By using
a particular parametric model of solar internal rotation, Ulrich and Hawkins
(1981) have shown that solar dlfferential rotation can lead to J4 smaller than
Jo by a factor of only about 10 and thus much larger tnan Jgg Thus a measure=
ment or constraint on the magnitude of J4 would become a worthwhile sclentifie
objective of this mission if 1t is shown through sensitivity studies that J4 can
be estimated with an uncertainty of no more than 10~8., It also seems plausible
that other cven zonal harmonics, particularly Jg, may also be large for a dif-
ferentdally rotating Sun compared to what would be expected for a uniformly
rotating Sun. However, this conjecture has not been tested, and the STARPROBE
Migslon is unlikely to be able to measure Jg even if it ds as large as 10-2J3.

1,3.2,2 Variability of J2

There is ovidence that there are mechanical (both acoustic and
gravity wave) oscillations of the Sun, and corresponding periodic changes in the
gravitational potential are expected. The ratio of the amplitudes of correspond-
ing optical and gravitational oscillations is a probe of the internal structurs
of the Sun. Of partiecular interest is the 160-minute os:illation that is
associlated with a perlodic variation of the solar quadrupole moment., The ampli-
tude of the time-dependent Jo term is estimated to be of order 7 x 10-8
(Christensen~Dalsgaard and Gough, 1980) and thus measurable by STARPROBE. The
simultancous observation of the optical variations from the ground and the gravi~-
tational variations from STARPROBE is an attractive possibility,
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1.,3.2,3 Total Angular Momentum of the Sun

General relativity preaiets a phenomenon known as the dragging of
inertial frames, of which there are many potential manifestations, For erample,
the time required for light to propagate around (or past) a rotating body io dif-
ferent depending on whether the propagation 1o with or againot the direction ot
the rotation of the body. It is hoped that frame dragging will be demonstrated
during the 19805 by the Stanford Gyroseope Experiment (Gravity Probe B)., Since
the effect is proportional to the angular momentum of the rotating bedy, the
precision radio tracking data EFrom the STARPROBE Misoion may permit a determina=
tion of the Sun's angular momentum, If successful, this would be the firat mea=
su§emenc of a classical quantity in the solar system by means of a velativiotic
effect,

1.3.2,4 Redshift Experiment

The STARPROBE will experilence a change in gravitational potential
of 0.5 = 10~6 (in the usual dimensionless units for which G = ¢ = 1), This
change will be 1,2 % 103 larger than the change in potentinl expericnced by
GP-A, A redshift experiment based on the STARPROBE Mission could provide a cest
of the predictions of general relativity to second order in the solar poten=
tial ¢, where ¢ = 2 x 10=0 at the surface of the Sun. For the next 10 years,
there scems little hope of doing a sccond-order redshift experiment that uses
Earth's gravitational potential,

1.3.3 Secondary Scilentifilc Objectives

The radio tracking data of the STARPROBE Mission could be used to
achieve a number of secondary objectives in the arcas of relativity and gravi-
tation physics, Data for these sccondary objectives should be obtained on o
"best efforts" basie.

1.3.3.1 Parameters of the Jovian System

The encounter with Jupltexr (a brown dwarf star), although not unique,
could provide useful additional measures of several important parameters of the
Jovian system. 7ie¢ radio tracking data will be sensitive to Jupiter's mass and
to some of the lower order coefficlents of the spherical harmonic expansion of
the Jovian potential. TFurther, it should be possible to arrange for the Jovian
segment of the flight to include a close encounter with at least one of Jupiter's
satellites, thus providing an improved measure of the satellite mass., The data
obtained from the Jovian flyby should, of course, be combined with the tracking
data from previous Jovian encounters. The combined data set will offer the
advantages of reduced degeneracy and increased redundancy. Ranging observations
made mear the time of Jupiter encounter would be reduced to a single ranging
normal point. A small set of these normal points, one of which may be obtained
at each spacecraft encounter, can be used to substantially improve the ephemeris
of Jupiter,
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The ecombined Jupiter eneounter data set would be used to cotimate the
maso and low order even zonal harmonies (C.g., Jo, J4, and Jg) of Jupiter. Thege
and the radius are the prinedpal data eonctraining models of the interior of the
planet. At preoent, the available maso, radius, and harmonie data for Jupiter
and Saturn are inconsiotent with our understanding of the equation of state of
a hydrogen=helium mixture. (See Hubbard et al., 1980, copeelally p. 5915,) The
situation ealls for furthor investigation, both theoretical and experimental.

1,3,3.2 Gravity Wave Deteetilon

During interplanctary erulse, the opaeceraft might be used as one
end of a freeemass gravity wave detection system.  Since the spacecraft will have
independent coherent doppler links with the ground in twe different frequeney
bands (c¢.g., both S«band up and down links and X-band up and dowi linkso), the
gengltivity and the immunity to plasma phase noise of the radio tracking system
for detecting gravity waves will be inercased as compared to a purely X=band
nystem (which 1o better than a purely S=band eystem), provided only that the
link marging are sufficient, The misoion would offer an extended period during
which the search for gravity waves could be conducted, Improved noisce immunity
may be achieved by the uoe of the proposed onhkoard hydrogen maser clock, pos-
sibly in econjunction with onboard doppler extraction, as will be discusoed
below, but the theoretical basls for these approaches to nolse immunity need
to be demonstrated in detail,

1.3.3.3 Estimates of B and ¥

Covariance studies have shown that the STARPROBE tracking data are
gensitive to the metrie parameters B and v,  The physical effects which leads
to these senpitivities are, respectively, the relativistic perihelion advance
and time» delay. From these sensitivity studies, it appears that although the
STARPROBE Misslon cannot provide estimates of B and y with smaller uncertain-
ties than arce available from other sources, STARPROBE can come close to matche
ing these carlier accuracics. However, these sensitivity studdes were based on
the traeking and drag compensation systems as they were percelved several yeare
ago. Should these systems perform to higher standards, the metric parameters
B and ¥ might be usefully determined by the Starprobe Mission.

1.4 TECHNOLOGY CONSIDERATIONS

In this section we consdider three areas of technelogy which are of
particular {importance to the relativity and gravitation physidcs aspects of the
STARPROBE Mission. The radio tracking and drag compensation systems are
egsential for most of the objectives discussed in Section 1,3, An onboaxrd
hydrogen maser would make possible a gravitational redshift experiment and might
ald in achieving other objectives including a scarch for gravitational waves.
Other items, such as the thermal shiclding, although eritical to the mission and
requiring technological development, are not considered here.
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1.4.1 Tracking Syoten

All of the ebjeetives discussed in Seetion 1.3 depend diveetly on the
radio tracking syotem. For moot of the mission ebjeetiven, ineluding the Ja
eotimate, the evitieal data must be taken vhea the spaceeratt in nesr the Sun,
ond the radio signals must therefore pass through the solar vorena,  The
corotal plaomn causes the tracking sipnals to cupericnce a frequeney=dependent
detay.,  Plasma inhomogeneitics ecause multipath interference and fading of the
oipnal,

The STARPROBE encounter with the Sun dis a unique and brief cvent,
The traeking syotem must be deoigned not only to provide the required aceuracy
but to be robust and reliable., Advantage should be taken of the opportunity to
perform in=f(ight preesolar=encounter tosts of all syotems. These tenta are
particularly important at Jupiter encounter; this will be the firot test of the
drag compenoation system in the presence of vadiation, The tents should be pere-
formed even Lf (contrary to our present expectation) they degrade the Jupiter
encounter seience,

1.1 Doppler Tracking

The current standard NASA doppler tracking system uses phase=coherent
electronics and operates at $=band. An additional downlink at X-band has been
available on a few spaceeraft (Viking orbiters, Voyager, cte.). When tho
Earth=spacecraft path is far from the Sun, the typieal S-band tracking nolse
correoponds to 0,2 mm/s of equivalent velocity noise for a one-minute cyele-
counting interval. This noise level increases precipitously as the ray path
approaches the Sun., Under "fair to good" tracking conditions, the system slips
only rarely (L.e., it gains or loses a cyele less often than once per hour)
phase coherence 1o maintained,

The "baseline" STARPROBE doppler tracking system would use two two-way
phase=coherent 1lnks operating simultancously: one at $-band with an uplink fre-
queney of 2,1 GHz and one at X-band with an uplink frequency of 7.1 GHz, 1f
plasma offeets were small and 1f the transponder turnaround ratios for these
¢wo bands were the same, then the system would be able to eliminate flrst-order
(1,0., of=2 but not those parts =£~4) plasma~induced noise in the measured
round=trip phase path. Unfortunately, neither of these assumptions is correct.
Coronal seintillation will cause the phas locked loops of the ground station
recelver to go in and out of lock intermittently. Substantially C¢ifferent
spacecraft transponder turnaround ratios will cause an incomplete cancellation
of the coronal contribution to the phase delay. (At $~band the turnaround ratio
i6 2407221 = 1.085; at X-band the ratio is 880/749 = 1.175.)

It is estimated (Koerner, 1980) that the baseline tracking system
would provide a velocity measurement error of v0.3millimeters per sccond near
close encounter with the Sun, However, this performance should not be compared
directly with the 0.2 millimeter-per-secund tracking accuraey ordinarily
achieved with S-band and spaccevaft for which the ray path does not pass close
to the Sun. The important difference is in the phase coherence of the usual
tracking; phase coherence substantially enriches the information content of the
resulting data.
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The analysis of the tracking syétem accuracy that was presented at
the October 1980 meeting was based on the assumption that the spaceeraft was
1 AU behind the Sun. This assumption contributes in two significant ways to
mlsmodeling:

(1) signals transponded by STARPROBE when it is in front of the Sun
at encounter will have passed through less plasma than those
transponded by a spacecraft at the same Sun~-Earth-spacecraft
angle and 1 AU behind the Sun, *

(2) Signals transponded by STARPROBE at the Sun see essentlally the
game plasma on the uplink as they do on the downlink. Signals
transponded by a spacecraft at 1 AU behind the Sun see different
parts of the inhomogencous plasma near the Sun because of changes
that take place during the 1000 second Sun-spacecraft-Sun
propagation time: the plasma moves radially at about 100 km/s,
and Earth moves around the Sun at about 30 km/s.

The first-order plasma-induced delay is proportional to Nf”z, where
N is the columnar electron content of the signal path and £ is the signal fre~
quency. Thus the use of higher frequencies is deslrable., Within K-band there
are two frequeney spans allocated to space communications. These are in the
K, (15.35 to 17.25 GHz) and Ky (33 to 36 GHz) sub-bands. The use of signals
in one of these sub-bands makes possible several attractive tracking systems.
Some of these are listed in Table 1-3. Unfortunately neither spacecraft equipment
nor ground-based (L.e., DSN) equipment is currently available for these bands.
The difficulty (cost) of adding such equipment has not yet been assessed.

L.4.1,2 Ranging

The second standard radic observable is ranging, 1.e., the group
delay of a signal returned to a tracking station by a spacecraft iransponder.
The present S-band system has an uncertainty of less than 2 m under 'good" con-
ditions. (By convention, when units of distance are used they refer to one way
distance and when units of time are used they refer to round trip — i.e.,
two-way — propagation time.) It has been found during solar conjunction experi-
ments that the ranging system produces useful data under propagation conditions
gomewhat worse than those that cause the Doppler gystem to fall. Thus ranging
can add robustness to the STARPROBE Mission for which the tracking is marginal
for the critical encounter phase.

1If we assume a model corona with density p = ar_n, where r is the distance to

the solar center, then the path from Earth to the spacecraft behind the Sun
contains 4 times as much plasma as the path to STARPROBE for a simple model
with n = 2. For a more realistic model with n > 2, the ratio is larger.
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Table 1-3, Posslble tracking configurations

Bandsd

Configuration Uplink Corresponding downlinks
1 S S
X X K
2 X X S
K K
3 X X
K K S
4b X X K
K K

3% band is assumed to be K,» If K, were also available, it could be used to
advantage.
Configuration 4 may violate DSN constraints.

A wider bandwidtb system for use at X-band and above is now belng
considerced., (The system cannot be used at S-band because of limits on the total
bandwldth available for space communication in that part of the spectrum.) This
new system would have substantially greater accuracy. Thus one can cenvision the
proposed X~band high~accuracy system being used along with the old S-band system.
From the S-band range 1g and X~band range 1x, one can form a linear combination
1o that is the vacuum~equivalent range, free (to first order) from the effect of
the plasma:

TO = A Tx + B rs

2,~1
where A = (1-a™) 7,
frequencies., For a
ties, we find

1=-A, and o is the ratio of the S~band and X-band carrier

B =
= 3/11, A= 1.08 and B = ~-0.08. Similarly for the uncertain-

2

2
g, = A2 62 + B2 o
b 8

0

if the measurement errors are independent. Thus the measurements at the two
frequencies make equal contributions to og at ogl/oy = a=2 = 13.5; a system with
a single measurement uncertainty of 20 ecm is reasonable. (The ranging system
suffers from the same problems as does the doppler system as a result of the
difference between the frequency multiplication ratios used by the spacecraft
transponder for the two bands. The same solutions are applicable.)
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A partially published study (Reasenberg .nd Shapiro, 1978) showed
that ranging data (o = 10 ns = 1.5 m) may be more -seful than doppler data
(v = 0.1 mm/s) for the estimation of Jg from STARPROBE tracking. It also showed
a synergy between the two observables, However, this early study neglected
spaceeraft process noise (nongravitational geceleration) and thus should bhe
repeated,

1.4.,2 Drag Compensatlion System

The drag compensation system is the second of the technologies that
are criticel to the gravity and relativicy physics aspects of the STARPROBE
mission. At solar encounter the non-gravitational acceleration of an uncompen-
sated STARPROBE spacceraft would be of oruer 10-4 m/s2 = 10-5 g, By comparison,
sensitivity studies have shown that the nominal objecctives can be reached if the
nongravitational acceleration Ls compensated, leaving a white acceleration nolsc
with variance corresponding to (10~ g)2 * 60 s, Although the white noise
assumption 1is convenient for preliminary studies, eventually it must be replaced
by a rcalistic model of the spacecraft process noilse.

The nominal spacecraft design is three-axils stabilized and, of course,
solar pointing. An alternative under consideration is a spinning solar-oriented
spacecraft, The latter poses some problems which require evaluation:

(1) The attitude control system must precess the spacecraft as it
passes through perihelion,

(2) Edther the dish antenna must be despun, which would lose some of
the advantages that were to be galned by spinning the spacecraft,
or the antenna must be replaced by an electronicvally steerable
array.

(3) The proof mass used by the drag compensation system must be
housed in a sufficlently large cavity that it can "orbit around
the spacecraft center of mass." A hydrogen maser on board the
gpacecraft would not be adversely affected by rotation rates
as great as 150 rpm.

In the near solar enviromment it 1s expected that ifonilzing radiation
will cause the proof mass to develop a charge. Several means have been proposed
to mitigate this problem: (1) bathe the proof mass in UV light to promote
discharge; (2) bathe the proof mass in visible light and coat it with a material
wvhose work function is sufficlently low that discharge will be promoted;

(3) include the unknown proof-mass charge in the estimation algorithm, apply low
frequency ac to the housing electrodes, and detect the corresponding proof-mass
acceleration.
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Regardless of the details of the drag compensation system, it
appears that there will be a class of estimation and control calculations which
could elther be done in real-time on board the spacecraft or after the fact on
the ground., It is a choice between a feed-back and a feed-forward system. TFrom
the point of view of the experimenter, it is of course more convenient to have
these calculations done on board and thus for them to be "transparent'" in the
data analysis. MHowever, this cholce is more reasonably based on an evaluation
of other factors: (1) spacecraft simplicity, (2) total mission cost, (3) com-
munications channel reliability, and (4) impact on communlcations of additional
engineering data required to support the ex post facto analysis of errors or
biases in the real-time drag compensatilon system,

1.4,3 Hydrogen Maser

A scientifically important redshift experiment could be conducted by
STARPROBE 1f thie spacecraft carries a hydrogen maser clock. However, such a clock
would have to be designed to work unattended for an extended period of time.
Ordinarily hydrogen masers are maintained at intervals short compared to the
Earth-Jupiter-Sun transit time for the proposed mission.

The benign environment of space should in principle permit the clock
drift rates to become stable; some sources of noise will he absent. However,
our cumulative experience with hydrogen masers in orbit is about 2 hours, and
comes from Gravity Probe A as discussed in Section 1,2. Prelaunch orbital simu-
lations provide a consilderable extension of this experience. Finally, the effects
of solar encounter need to be considered. Although the solar environment does
not appear to posc a problem for a hydrogen maser clock, further analysis seems
warranted.

In hydrogen masers intended for laboratory use, there are several
components or systems that have had to be redesigned to function in space.
Among these are (1) the hydrogen dissociator, (2) the cavity thermal control
system, and (3) the waste-hydrogen scavenger. Recently, the physical dimensions
and power requirements have been reduced also. The integration of all of the
recent design improvements into a single maser and the long-term test of that
mager Ls needed.

L.5 RECOMMENDATIONS

we find that the STARPROBE Mission offers the opportunity to achieve
several significant scientific objectives. Our preliminary examination shows
that the prime objectives can probably be achieved by implementation of a design
similar to that already discussed. Further scientific benefit both in accuracy
and in breadth of subject matter investigated would come from improved systems
performance. Below we discuss briefly 1l recommendations for further investiga-
tions and studies in support of the proposed mission.
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1.5.1 Sensitivity Studies with Ranging Data

New sensitivity studices should be performed to investigate the use
of ranging data in addition to Doppler data, These studies should dnclude
ranging data that would be obtained from both the present system and more
advanced systems that could be availables. A realistic model of the effects
of the solar coronn would be an important tool for such a study. Yor the
results to be uweful, it Is essential that the sensitivity study be performed
with o large parameter set such as would be used in the analysis of real data:
an abridged parameter set will yleld deceptive results,

1.5.2 Sensitivity Studles for the Detectabllity of Physical Bffects

A study should be performed to determine the sensitivity of the data
to the following quantitics in addition to those that have previously been
fneluded in such studies: spherical harmonie coefficients €(2,2), §(2,2),
G(2,1), 8(2,1) and J43 Jo (periodic), assuming the frequency and phase are known}
L, the angular momentum of the Sunjy and a coefficient for the gravitational
roedshift,

1.5.3 K~band Tracking

Investigate the feasibility of a K-band downlink from (or K-band
uplink to) the STARPROBE spacecraft,

1.5.4 Spacecraft Doppler Extractor

The nominal dual-band tracking system falls to completely cancel the
effect of interplanctary plasma because the §-band and X-band transponder turn—
around frequency ratios are different. However, more clearly complete cancel-
lation could be achlieved if the spacecraft were equipped with a Doppler extractor
which would measure F,, the uplink contribution from the plasma: T, = Fy - oF,
where o is the ratio if S-band to X-band frequenciles at the DSN transmitter.

1.5.5 Coronal Model

Develop a model of the effect on the telecommunications links of the
solar corona for a spacecraft near but in front of the Sun, corresponding to the
planned STARPROBE geometry. A suitable statistical model could be used not
only to calculate the plasma contribution to a single link, but also to estimate
the uplink-downlink correlation as a function of doppler integration time, The
study should include fading and cycle slipping; the latter should be evaluated
as a funcelon of receiver loop stress, since the loop stress can be relieved
by programming the DSN transmitter frequency to yield a constant frequency at
the spacecraft.
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1.5.0 Proof=Mass Charging Lifect

modeled charge on the drag=compensation proof mass would result in
biased spaceeraft acceleration,  Such a charge may develop as a result of lonising
adiation 4n the solar viecinity and could be the principal souree of process
nolee,  This phenomenon should be modeled and the model tested as realistieally
as possible by exposing a "mockup" of the system to radiation.

1.8.7 Spinning Spaceeraflt Uption

If the spinning spacecraft option §s to be given further consideration,
the effeet of spin on the gravity experiments needs to be considered. Of partie-
ular importance is the effect of rotation on the characteristics of a hydrogen
maser cloek.

1.5.8 Long~Term Behavior of Hydrogen Masers

Although ft Ls believed that a hvdrogen maser clock can be constructed
to run unattended for a period of years, this feat has not yet been accomplished.
Funding should be provided to construct one or more clocks and to observe clock
behavior over a peried of vears, Iu addition to testing the long=term survivi-
bility of unattended vlocks, the study could address aging processes and the
evolutlon of the clock's stability.

1.5,9 Effeet of Uydrogen Maser on the Detectability of Physical Effe s

A hydrogen maser on the spacecraft would make possible high-quality
"oane-way'" observables, both delay and Doppler. An evaluation should be made
of means by which these observables can be fmplemented without interference with
the usual tracking system, The notse characteristics of the new observables
should be determined. A sensitivity study should be performed to determine the
utility of the proposed new data for estimating such quantities as J?’ JA’ By ¥,
and L.

1,5.10 Alternate Spacecraft Trajectory Options: A One-Year Orbital Period

The nominal mission design does not include a second solar encounter.
However, there are three ways in whieh the spacecraft could be put in a one-year
solar orbit: (1) a drag chute could be used during solar approach; (2) a Solar
Electric Propulsion system could be used both before and after (but not during)
encounter; and (3) & chemical propulsion system could be used shortly after
encounter. A multiencounter mission offers many advantages including redundancy
of data, a reduction of the reliability requirement of the tracking system, and
a chance to distingulsh between normal and transient solar behavior.
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1,511 Sensitivity Studies for the Detectability of the Parameters of the
Jovian Svstem

These studies should inelude an dnvestigation of the options to
encounter one or more of the satellites, It should also be determined whether the
minsion requirements for AV at Jupiter permit any degrees of freedom to be speel-
fiod by conslderations of Jupiter scelence,
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2,0 INTRODUCTION

our present understanding of the Sun ia based largely on analysis
of remote observations of the solar surface and ecoronn, EBExtremely ilmportant
leeal measurements of the solar wind plasma, the interplanctary magnetie field,
the energetic particle population and assoeiated wave=partiele interactions
are also avallable, but none of the spaceevaft that provide these direet obser=
vationg have yet traversed the region within the 0.3 AU perihelion distances of
Hellos 1 and 2, Thus, from the solar surface out to a distance of about 60 solar
radil, our present knowledge of coronal plasma processes essentlally conslsats of
a set of indirect extrapolations and model-dependent theoretiecal inferences,

This unesplored reglon is an extremely important one, however, and
An nitu measurements are needed to provide eritieal information on the covonal
energy balance and the ovigin of the solar wind and soloy cosmic rays., Some of
the problem areas that ave already known to be of great significance are sum=
mardized in Fig., 2=1 and discussed briefly below, but it is important to note the
proposed STARPROBE mission is truly exploratory, 5o that we cannot expect to be
able to anticipate the complete seienece return beforehand.  Nevertheless, we con-
sider a nominal misslon with a perihelion distance of 4 Ry, we tabulate aecveral
primary sclonce goals, and we indicate In Pig. 2=1 where the related exitieal
measurements should be obtained.

2.1 PARTICLES AND FIELDS SCIENTIFIC OBJECTIVES
2.1.1 Coronal Processes: Ovigin of the Solar Wind

STARPROBE will provide an opportunity to answer several unresolved
Fundamental questions about the origin and acceleration of the solar wind., This
general problem has been a focus of theoretical activity ever since the solarx
wind eoncept was established by Parker, and it has a significance that ranges
far beyond the specialty of solnr wind studies. The solar wind process typifies
the escape of matter from a large class of stars, and probably other objeets
as well. There would scem to be little hope of understanding the general prob=-
lTem of astrvophysical mass lodgs until we understand what cauges the expansgion of
the solar wind, In addition, it now seems quite likely that the cpmplex changes
in solar wind activity are related to variations in Earth's weather and climate.
For example, it appears that solar activity was depressed during the Maunder
minimum. We have no good idea of what the solar wind was doing at that time, in
large part because we do not yet really understand how the solar wind is
aceelerated.

The mechanisms of acceleration and heating of the solar wind remain
clusive because observations from only two relevant regions are avadllable:
the inner corona, and the asymptotic coasting region of the wind (r # 60 Reys
the peribelion of Helios). Therefore, theoretical models are constrained by data
at essentially only two points, and several models with quite different assump-
tiong about the acceleration mechanisms are equally consistent with the available
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Fig, 2=-1., STARPROBE scilcence objectives, filelds and particles phenomena

obgervations. Generally speaking, all models give flat veloelty profiles beyond
about 20 R,, and, in fact, typical day-to-day variations in speed observed near

1 AU are larger than the variation between 0.1 and 1 AU predicted by any model.

Thus, velocity measurements outside of, say, 20 Ry will not be of primary value

for determining the acceleration mechanisms.

In contrast, plasma measurements for r between 4 and 20 Ry will yield
velocity data of extreme significance. Beecause in a single eneountor the mea-
surements will be a convolution of variations in hellocentric distance, latitude,
and longitude, as well as temporal varlations, and becausce the outer corona is
likely to be very inhomogencous, STARPROBE mcasurements of velocity alone will
not yleld a simple radial profile v(r), and by themselves, they probably will
not give a definitive picture of solar wind aceeleration., However, ceven these
partial measurcments should restrict the alternatives in an important way. TFor
example, at present Lt 4ds not at all clear where the f£low makes the transition
From subsonic to supersonic, Conventional spherical models place the sonic
"eritical point" somewhere between 2 and 10 R, Other models, which suggest that
the wind may come from rapidly diverging "magnetic nozzles," place the critical
point almost at 1 R@' Some of these uncertailnties are indicated in the "eritical
point" boxes of Fig. 2~1, On the other hand, studies of scattering of radlo waves
from the Viking lander (Taylor et al., 1980) during superior conjunction suggest
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that the solar wind speed may remain low, posaibly subsonie, out to beyond

10 Ry In oiltu measurements of veloeity by STARPROBE will elarify which of these
disparate pletures is most typieal of the Sun, theveby placing o major new cone
nstraint on aeeeleration mechanisms,

We expect that the region inoide 20 R, will be highly turbulent and
nonuniform. These characteristics are extremely important properties of the
eorona; however, it is also importont to note that the turbulence, as well as
the temporal variations assoedated with mass ejeetion (sec Fig, 2=2) and the varia=
tions associated with spatial nonuniformitics (sce Fig, 2-3), can seriously complie
eate the hydrodynamic interpretation of veloeity measurcements. We antieipate a
fluctuating component of the flow velocity of order 100-200 km/sce near perihelion,
and measurements of bulk plasma parameters may not distinguish true turbulenece
from apparent fluctuations due to the sampling of o number of steady streams of
varying speed, However, comprechensive measurements of the local state of the
plasma (magnetic field, thermal characteristics, suprathermal partiele population)
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Fig. 2~2. Speeds of loop transients' leading cdges versus distance from
Sun center. DBach point is plotted at the mid-height of the
interval used to determine it., The points for each event are
connected to guide the eye. All but the January (1974) events
occurred in 1973, An F or E after the date indicates that
the ejection was assoclated with a flare or eruptive prominence,
respectively. (From "Mass Ejections,” D. M. Rust et al.,
pp. 273-339, in Solar Flares, ed. P. A, Sturrock, Colorado
Assoclated University Press, 1980.)
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Correlated plasma, magnetic field, and plasma wave measurements will
also provide an opportunity to conflrm ox deny some of our ideas about extended
heating and acceleration by hydromagnetic turbulence and wave-particle inter-
actions. Two extreme mhd models would be that the turbulence is antirely
Alfvénic or entirely magnetoacoustic., Alfvénic turbulence is known to be pre-
rent far out In the solar wind, but its intensity in the acceleration reglon 1s
witknown., Magnetoacoustic and plasma wave turbulence are both strongly dis-
sipative and could exist at very significant levels only inside about 20 Ry, It
sheuld be failrly stralghtforward to distinguish the two kinds of mhd turbulence
on STARPROBE, both because thelr spatial distributlon and decay are qualitatively
different, and because theilr local properties (polarization, cross-correldtions,
ete.) are distinetive and well understood. These data would tell us whether
there is a turbulent mhd envelope, and whether it consists mainly of Alfvenic
or magnetoacoustic fluctuations, or a mixturc of both, or something else
entirely., Plasma wave measurements will also tell us about beam-beam and beam-
plasma instabilities, wave-particle interactions associated with magnetic merg-
ing, collisionless decoupling of electrons, and heat-~flux instabilities,

Although the problem of the acceleration of the solar wind is funda-
mental for progress in the field of corenal and interplanctary physics, many
other cxtremely important problems can only be resolved with STARPROBE. These
inelude a determination of (1) the character of the expansions within strecamers
and above active reglons, (2) the sharpness of boundaries between flows close
to the Sun which evolve from different coronal regilons, (3) the origin of various
slow speed flows including those density-enhanced flows observed at 1 AU which do
not appear to result from a compression in incerplanetary space, (4) the extent
of heavy clement fractionation as well as the mix of physical processes causing
spatial and/or temporal abundance variations, and (5) the scale sizes of
inhomogeneities. The STARPROBE mission can also provide impuortant new informa-
tion on the solar wind angular momentum flux and the subsequent solar spin down
rate.

2.1.2 Energetic Particle Phenomena

The study of solar energetilc particle phenomena 1s of primary impor-
tance not only because these particles produce very significant geophysical
effects and associated flares generate many secondary solar phenomena, but also
because these energetic particles offer the opportunity to study processes of
central importance to astrophysics and the physics of plasmas., The solar flare
processes, in particular, include energy storage and its sudden release in
magnetized plasmas, particle acceleration, explosive heating and evaporation,
mass ejection and shock waves, generation of radio noise, and formation of high
temperature plasmas. Studies of the energy spectra and composition of energetic
particles from the Sun provide essential information on mechanisms responsible
for their acceleration and on the reglons where they are accelerated and con-
fined and released.

The present inferences from measurements made beyond 60 Ry suggest
complicated pilctures such as that shown in Fig. 2-4, which is adapted from a
discussion by Roelof (1974). Energetic particles are presumably stored in
magnetic bottles, and they escape along neutral lines as coronal conditions
vary. For the region within 10 Ry important questions that require direct
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Fig. 2-4. Coronal structure and the solar wind (from E. Rochof, 1974)

measurements involve the determination of the locatlons of and conditions in the
acceleration regilons, the proximity to open field lines, the associated wave-
fields, the scale sizes of the inhomogencities, and the compositional wvariability
in the surrounding corona. The STARPROBE trajectory plot in Fig. 2-4 shows that
the spacecraft will pass directly through the acceleration/storage region, so
that local information on these fundamental processes will be obtained.

Additional new first-order information on shock acreleration, energy
losses and solar radio bursts, interplanctary propagation, and diffusion will
also be provided on the mission segment from 10 Ry to 60 R
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2,2 MEASUREMENTS AND TECHNIQUES: PLASMA PHYSICS AND ENERGETIC PARTICLES
22,1 Baseline Requirements

The Committee on Solar and Space Physics of the Space Selence Board
recently discussed the need for a program of measurements close to the Sun,
In the 1980 NAS report, Solar System Space Physies in the 1900s: A Research
Strategy, the committee noted that

The first in situ determinations of the density, temperature,
veloelty, and composition of the solar wind near its subsonile-
supersonte transitlon region: the larse-scale weak magnetice
field, coronal electron and hvdromagnetic wave heat [luxesy
energetic particle energy, angular, and mass spectra; and
plasma=wave turbulence will provide qualitatively new dinlox -
mation critical to understanding the covenal energy balance,
solar-wind generation, and solar cosnie ravs.,

This brilef statenent clearly Indieates that the sclence pavlead for the STARPROBE
misslon must Include solar wind plasma probes and energetic particle detectonrs
canable of providing complete Information on fon composition as well as angular
distributions for fons ind electrons,  The pavload nust also Include a magneton-
cter and a plasma wave Instrunent wvith full coverage for antieipated ficld
varlations and ehanges in characteristic frequencies over the primary measures
nent range from nerihelion out to at least v = 60 R@’

For a perihelion distanve o 4 R y wo oxpect the loeal wind speed to
be no less than 50 km/sece, the electron 1nd lon termeratures to be no greatey
than about 107 K, dnd the local plasma densitv and local magnetic field strength
to be less than 100 electrons/emd and 1079 gamma, respectively., These numbers
vrovide inner coronal bounds for the ranges of the plasma probe and magnetometer,
and they also yield a suitable upper bound near 20 MHz for the plasma wave
spectral coverage (£f(MAX) is on the order ¢f two times the electron plasma fre-
quency fpey where I = 9000/N lz). The 60 R parameters set the other ends of
the inQLrumunL rangess Table 2-1 contains a summary of the baseline measurements in
the space plasma physics area, and Table 2-2 shows the assoclated spacecraflt
requirenents.

The instrumental requirements in the energetic particle area can
be specified in sonewhat greater detail based on extrapolations from our present
fairly detailed knowledge of measurements beyond 0.3 AU.  The bascline require-
ments are surmarized in Table 2-3,

oV
o

vl Tleld of View Considerations

B

W2.2.1 Measurement Program

o

The measuremeats to be perfoermed on STARPROBE will lead to ecanonical
numbers to be used to tesy theories of coronal structure, solar wind aceelervation,
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Table 2-1, STARPROBE required measurements: space plasma physiles

Quantity Range Precision Time Resolution
Magnetic fie1a® 1y - 16 2% 20 meas/sec
Solar wind - 3D Foew see/meas

Speed 50 = 100 km secul Fow sec/meas
Density 1~ 106 vm—3 10% Fow sce/meas
Blectron temp ].05 - 107 K 2% Few see/meas
Ion temp 106 - 107 K 25 Few see/meas
Ton composition H - Yo 1 AMU up to ¢ TFew scc/meas

Suprathermal particeles

Electrons 5 kev - 250 keV Few see/meas

Tons 5 keV = 500 keV Fow sece/meas
Plasma waves

B 1 Hz - 20 Mz 3% Few seo/meas

M 1 Hz - 20 MHz 3% Few svc/meas

{1 ! .
“High data rate burst mode recordings are desirable,

charged particle propagation, turbulence, and many other subjects for years to
come. Because of the danger of error, every possible effort must be made to
conduct the best measurement program possible at the time when the experiments are
designed. Tor the plasma experiments, this means three-~dimensional measurements
of the veloeity distribution functions must be carried out as frequently as pos-
sible on as many plasma specles as possible throughout the mission. Because of
its importance for solar wind theory, the region between 10 and 60 solar radid
is as crucial as the one between 4 and 10 solar radii. One of the most serious
constraints put upon the spacecraft for this mission is that it must provide

for the plasma instrument's field of view to allow the requlred measurement pro-
gram to be carried out,
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Table 2-2, Spacceraft requirements

Quantity Requirement

Laok angloes Solar wind instruments must look in solax
direction outside 10 R . Most of 4 1l
ghould be covered, especlally for electrons.

Magnetice fileld Spacecraft field should be no more than 17
of magnetometer range in use at any time in
mission.

Spacveceraft potential Should be an equipotential with A¢ less than
10 Vv,

Telemetry requirements 10 kb/sec at elosest approach; larger at

other distances for readout of tape recordurn,
Waveform burst mode should be available,

Electromagnetic and Vovager~clagy BMC and ESC controls should be
electrostatic cleanliness Imposed,
2.2,2,2 Supersonie and Subsonic Flow
An important aspect of the STARPROBE mission 1s that it will be

required to measure accurately in both sub= and supersonic flows, In the solar
wind near Barth, for example, because of their high thermal speeds, the elec-
trons are subsonic, and they remain in this regime all the way to 4 solar radii,
The ions, however, are characterized by a Mach number of approximately 5 to

B at 1 AU, but become subsonic at a distance (not precisely known) of perhaps

5 to 10 solar radil (sce Fig. 2-1). This sltuation is considerably complicated
by the fact that, close to the Sun, the speed of the spaceeraft with respect

to the Sun Ls comparable to or exceeds the solar wind gpeed, resulting In

large aberration (see discussion below).

In peneral terms, because particles in a subsonic stream may approach
the spacecraft from all directions, exclusion of part of the solid angle of a
detector by part of the spaceeraft (such as the heat shield) may not be too
gerious a matter, provided the exeluded part is wnt larpge. However, the siltua-
tion L8 reversed in supersonic flow, and obscuration of a relatively small part
of 4n may be fatal if it 48 1n the direction of the rvelative veloclty of the
solar wind with respect to the spacecraft at any time during the mission.

W2.2.3 STARPROBE Situation

Since the purpese of the sunshield is to provide shelter for the
spacecraft, the instruments must be situated behind it with respect to the Sun,
Supersonic flow from the solar direction, which occurs for lons beyond a

<
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heliocentrie distance of a few solar radii, will appear to be "centered" about
the aberrational diveetion (Fig. 2-5). According to the best presently avallable
information, solar wind flow will be sufficiently aberrational so as to be
observable {rom behind the sunshade near closest approach, but a reglon occurs
between the limit of present knowledge, at 80 Ry, and about 10 R where plasma
tons can only be detected by one of the following methods:

1, By observing through holes in the heat shield,

2. By extending a platform so that the instrument "sights' over the
edpe of the spaceeraft,

3, By deflecting the fons behind the sunshade by an electrostatic
deflection system,

It must be noted that this requires that, in the filrst two cases, the
entrance aperture of the instrument, and, in the last case, part of the
deflection system must be exposed to a large heat load, We note that if the
experiment can observe through a hole in the heat shield, it is not subject
to the full heat load to which the heat shield is exposed. Since the deflection
system may be made of perforated or mesh material and neced nmot be attached to the
experiment, thls solutlon is attractive at first sight.

2,2.2.4 Field of View Using Apertures in the Heat Shicld

Due to the distance from the hole to the sensor (xIM) and the restric-
tions placed on the hole diameter by thermal considerations, this method does
not provide adequate viewing for distribution function mapping at low and
moderate Mach numbers and will not be considered further.

2.2,2.5 TField of View Provided by Viewing Around the Heat Shield

This method entails mounting the experiment on a moving platform
whose positlion is adjusted during the flight to provide an adequate field
of view. The teehnical problems (welght, eg, cost, ete.) would be a significant
constraint on the spacceraflt, but can be overcome. The principle is shown in
Fig. 2-6. It will be seen that a single sensor 1s markedly inferior to two sen-
sors in terms of coverage when the spacecraft is between 0.3 AU and the distance
at whieh aberration makes the extension unnecessary. Thus, desplte the complexity
of platforms, this method has to be considered as one alternative.

2,2,2,6 Fleld of View Provided by a Spinning Extendable Platform

This solution requires that the experiment be mounted on an extendable
boom, spinning about the axis of the heat shield, and be gradually withdrawn
as the Yun is approached, in such a way as to provide an adequate fileld of view
for the expected supersonic ion flow (Fig. 2-6).

2-11



L 2

J90¥d¥VES WOl purs IBTOS JO UOTID21TP Juaxeddy

"¢-¢ 814
HawY IV10S “IDONVISIA ¥VI10S
oy (i o ot 4 ot (14 oe of
i I |3 i i } ] ]
: !
[ 4
oL+
ANNOGNI
o0C lL.. £
Avaz/i
.m_. A43AT SADIL IWIL
0 o0E
= ]
6= [ /
D
n o oy -
- ° o
<O —
29 0
(&)
= oS
m pn.m s/ g6l = A Y
M...su. i
==,
NOILDIa . oz -+
aNIm ot B °
¥710S T e
L e
008 -
I3 - (@]
o]
- b6+ Z
>
LV z
Q
| el
m

3



ORIGINAL PAGE 1S
OF POOR.QUALITY

DIAMETER
AT dRg == 7/ /
Z //;&-}.
’ 27 2 IS S SN
F7 22 7 A S S SO
(77272 2RSS
ettt | S
s | SN »
(222227 77 NS SSODSN »
—— i SN
3 - / VAT A o
\ ) 7 N OSSN DY
\ / M Y ALY
///// | 1,80
4 N
\ / g
\ / [ :
\\ / 2
/
\ / SOLAR
v DIAMETER
=7 AT0,3AU

Flg, 2-6. TField of view provided by viewing around the heat shield:
(a) instrument on platform beyond umbra, (b) field of
view coverage for two instruments

2,2,2.7 BElectrostatic Deflection

For this solutilon, an electrostatic deflection system (made of tungsten)
causes a sample of the solar wind ions to be observable by an instrument mounted
behind the shield (Flg. 2-7). The technology required for this solution exists
but has never been used in space herctofore, Since the deflection suffered by an
ion is a function of the potential supplied to the deflector, the latter becomes
a part of the instrument. One can imagine a single deflection system that has a
number of output slits, cach of which supplies ions to a detector, so that
faster measurement cyeling can be achleved. Close collaboration between experi-
menters and spacecraft design staff would be required, since a very good knowl-
edge of the precise properties of the deflector is required to convert ion
distribution functions measured at the output of such a device back to the
ambient medium. MHowever, measurements during cruise under relatively well-known |
conditions would be possible. There are several potential problem arcas, includ- %
ing thermionic emission, scattering, and outgassing, and the thermal and \
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mechanical design. Potentially the most satisfactory solutlon, this method of
enouring an adequate solid angle requires considerable development work.

Besides the adoption of one of the methods outlined above, electrons
which can be messured adequately from a point which remains alwayo in the umbra
of the heat shield should be used to deduce plasma parameters using extensione
of mothods used on the ISEE and Voyager spacecraft, Indirecct measurements of
the plasma parameters should also be pursued, so xhat the maximum degree of cer=
tainty is obtained during this unique mission. This involves analysis of the
plasma wave spectrum.

2.2.2 Measurements of Electric and Magnetic Fields j”
2.2.3,1 Frequency Coverage

Gurnett (1978) gave a preliminary assessment of the problems and
prospects for a plasma wave investigation on the STARPROBE mission. He noted
that the spectral coverage would have to extend up to about 20 MHz, based on
a criterion that includes measurement of the peak value for twice the local
electron plasma frequency. Figure 2-8, adapted from Gurnett's xeport, shows how
the characteristic frequencies in the solar wind plasma should vary with radial
distance from the Sun. Here, we include a model radial profile for the inter-
planctary (solar) magnetic field and a model profile of the solar wind density
(seales on right~hand side).

The low-frequency measurements are of particular interest because,
as indicated in the lower-left-hand side of Fig, 2-8, these waves, which will be
measured by the de magnetometer and the plasma wave instrument, awe thought to
be directly related to processes involved in coronal heating. It has been
suggested that acoustic waves could heat the corona by steepening into shock
waves as they propagate outward from the photosphere. MHowever, recent evidence
of the large density inhomogenelties of the corona and the probable importance
of the magnetic filelds suggest that the damping of lon cyclotron waves may be
a significant source of coromal heating. 1In Fig. 2-9, we show the variation of the
gt, Het, and Het fon cyclotron frequencies near the Sun (assuming a surface
field strength of 1.0 gauss and a radial dependence of r~2), The cyclotron
frequencies of heavy lons are related to the f,-value protons (0T by the ratio
of charge to mass numbers (Z/A) as indicated in the table of Fig. 2-9, In the
region of closest approach for STARPROBE (4-10 Ry), the Lon cyclotron frequen-
cles span the range of about 1-100 Hz, a range that is most adequately sampled
for magnetic field fluctuatlons by a magnetometer-search coil instrument com-
bination. However, since lon cyclotron waves have low phase velocities near a
resonance, dopplar shifts may affect the observed frequencies in any variation
in the ilon composition. Thus, detailled spectral measurements of the magnetic
field, in conjunction with ion composition and other plasma measurements, can
reveal the importance of ilon cyclotron resonances as a source of coronal heating.
Heating may also occur due to hybrid frequency waves, i.e., lower hybrid and ilon-
ion hybrid waves. These waves have frequencies between the electron and ilen
cyclotron frequencies and are also shown in Fig, 2-9.
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2:2,3,2 Burst Mode Telemetry

The measurements of low=frequency wave modes arce complicated by the
presence of the many fonie species shown in Fig., 2=9, along with the varying nature
of the wave phase speeds,  Near the Sun, the doppler shifts for the ion eyelotron
waves will add to the difficulty of resolving and identifying the wave modes, It
is extremely important to have available a high sampling rate capabllity that
will allow bursts of the complete E or B waveform for transmlssion to Earth,
Detatled ground=based speetral analysis of these waveforms can then lead to
reconstruetion of the wave modes in the eoronal frame of reference.

2.2,3.3 Plasma Wave Antenna Length

Gurnett (1978) pointed out that the plasma conditlons change drastically
as the STARPROBE spaceeraft moves inward from 60 Ry to 4 R, Near the perihelion
of Helios, the nominal Debye length for quilescent conditions is of the owxder of
three meters, and (2mip), the minimum wavelength for ion sound waves, is near
20 meters, lowever, at r = & Ry, most models glve 2wy (nominal) in the range
of a fraction of a meter, and a very short antenna {s needed to ensure aceurate
E=field amplitude measurements, Thus, an optimum plasma wave instrument will
have a short antenna (2 = 1 meter) for the inner corona and a long antenna
(¢ ~ 20=30 meters) for the more distant solar wind.

2,2,3.4 Magnetometer Boom Length

The requirement for a spacecraft iicld contribution less than 1% of
the magnetometeyr range in use (Table 2=2) is rcadily implemented without a boom
near perihelfon when the ambient field is very strong. However, at 60 Rg, where
D= 20-40y (Fig, 2-8), a falrly long boom is needed, assuming that normal space-
eraft magnetic cleanliness specifications are Imposed., The present concept for
a magnetometer boom that can meet the 60 Rg requirement has the boom deployed
in the spacecraft shadow directly along the antisolar directlon. s the space-
eraft approaches the $un, the shadow zone shrinks while the ambient field becomes
larger.  Solutfons that meet both the varying thermal problem and the magnetic
contamination requirement involve programmed retraction of the boom as r approaches
4 R.. Tlgure 2-10 shows two versions of the retraction plan; for a nadir-pointing
spacecraft the retraction 1s linear, but if imaging scanning requires tilting
of the spaceeraft, the more severe retraction plan would be implemented.

2,24 Mass Loss and Spacceraft Bquipotential Requirements

The mass loss requiremenvs for the STARPROBE spacecraft during solar
encounter have been determined to have important consequences for the design
of the thermal shield and the spacecraft, The most stringent criterion for mass
loss results from the rapid lonization of neutrals lost from the spacecraft)
the mass loss plasma must not have sufficicnt number density or energy deusity
to interfere with either plasma or plasma wave observations, A seclentific
advisory group, the STARPROBE Mass Loss Requirements Group (SPMLRG) met at the
Jet Propulsion Laboratory on September 29 and 30, 1980, to discuss thls issue,
The requirements for spaceceraft potential were also considered by this group.
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A plctorial description of the dnteractilon is previded in Fig, 2=1l,
Newly created fon-eclectron pailrs will be separated by the solar wind clectric
field; the consequent space charge creates a shiclding electrie field that
opposes the solar wind electric field, Additionally, the increased dengity
of plasma near the spaceecraft and the high electron thermal cpeeds will result
in an electric field that accelerates posiltive ions away from the spacecraft;
this electric ficld is the mechanism by which the electron pressure gradient
affects the ions.

SPMLRG developed a model of the plasma interaction that is likely to
overestimate the effects of the mass loaded plasma; such a conservative approach
was considered necessary in view of the many nncertainties in the situation.
Acceleration of the mass loaded plasma by the solar wind eleetric field was
ignored; the only cffect consldered was the mass loss plasma pressure gradient.
Neutrals were assumed to leave the spacecraft with a radially symmetric distribu-
bution; consequent dlonization by electron impact and solar UV results In a
lifetime for neutral Cy molecules of about 60 seconds at 4 solar radidl., (This
rate could be an undercstimate If multiple stage excltation mechanlsms affect
polyatomic carbon molecules; the mass loss requirement described below would be
further constrained in this case. Mass loss requirements for tungsten heat
shields have not been determined, as an cestimate for the ilonization rate of
tungsten in the near solar environment is needed.) It was assumed that the
electron temperature assoclated with the mass loaded plasma would be the same
as that of the solar wind. The resulting pressure gradient can be used to
calculate the electric field; the sclence requirement imposed was that perturba-
tions in the electric potential due to the mass loaded plasma not exceed
20 volts., Allowing a factor of 5 for uncertainties, the maximum allowable loss
rate on this basis is 3.0 x 103 gm/sec. A worst case estimate for the local
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density would be based on the assumption that the mass loss photoelectrons are
not replaced by solar wind electrons so that the carbon fons escape with their
initial thermal velocities., In this case, the maximum potential perturbation
is not iucroased but the density of the mass loss plasma could be as large

as 1,3 x 104 em™3 in the vieinity of the spacecraft. If, instead, it is
asgsumed that the Llons are swept away by the solar wind electric field, the
maximum density 1s 2.8 x 103 em™3. “For the purposes of comparison, the nominal
solar wind density at perihelion is about 5.0 x 1.0% cm™

The spacecraft has an unusual geometry to allow radiative cooling
of the heat shield; the shield surface 1s a cone with an area much larger
than the cross-gscectional area normal to the solar direction. For this reason,
there was concern that charging due to solar wind electron fluxes might drive
the spacecraft to an unknown negative potential. A preliminary investigation
indicated that such a negative spaceccraft potential is not likely to occur in
any typlcal solar wind environment encountered during the mission. However,
further investigation to increase the reliability of this conclusion was con-
gsidered desirable. It is also scientifically desirable for interpretation of
plasma data that the exterilor surface of the spacecraft be approximately an
equipotential; requirements for grounding and/or conductivity of spacecraft
surfaces were therefore specified. Wake effects were considered, and Lt was
felt that problems due to the wake should not be worse than on other solar wind
missions,

In summary, a mass loss requirement of less than 3.0 X 10-3 gm/sec
of Cy was determined. It was recommended that the spacecraft exterior surfaces
be approximately an equipotential ond that this potential be positlve. TFurther
study of the plasma interaction that leads to the mass loss requi-cment was also
recommended. To the extent that the solar wind electric field can be coupled
into the mass loss plasma on a small scale size (Goertz and Boswell, J. Geophys.
Res., 84, 7239, 1979), the effects of the mass loss would be reduced. The mass
loss requirement might in thils case h2 relaxed, with important consequences for
heat shield and spacecraft design. Additionally, at lower mass loss densities
the likelihood of successful studies of short wavelength waves such as ion ,
acoustic waves and electron gyroharmonics is increased. Other areas of required
research are models of the spacecraft potential and lonization rates of Cp and
tungsten, A detailled report of the work and recommendations of the SPMLRG i1s
published as JPL internal report 715-100 ("Spacecraft Mass Loss and Electric

Potential Requirements for the STARPROBE Mission', B. E. Goldstein, W. C. Feldman,
H. B. Garrett, L. Katz, L. Linson, K. W. Ogilvie, F. L. Scarf, and E. C. Whipple).

2.3 PARTICLES AND FIELDS SUMMARY

2.3.1 Strawman Payload/Spacecraft Configuration

The subcommittee considered a large number of spacecraft configurations,
including simple spinners. However, we were never able to find a sultable mission

concept using a spin-stabilized spacecraft., The very serious problems included
the following:

(1) The spin axis must be precessed 180° in 12 hours during closest
approach (see Figs. 2-3, 2-4), and the thrusters would have to
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fire almost continuously. This would lead to neacly continuous
plasma contamination and unaceeptably high levels of boom
vibrations,

(2) A1 splomstabllized configurations yicelded unacceptably low
telemetry rates.  Moreover, in many cases, spaceeraft booms
would pass through the antenna pattern once per spin, and
this would serdously endanger the overall telemetry link
concept .

The selected configuration is a 3=axis atabilized nadir-pointing
spacecraflt with a deployable spiloning platform, a magnetometer boom that can be
deployed and retracted, and thermally protected plasma wave antennas that emerge »
into sunlight. A strawman payvload devised primarily to satisfy the plasmn selence i
requirements of our subcommittees 1s shown in Table 2-4, and the spaceeralt con- f
figuration is shown in Fig. 2-12. We inelude here the electrostatle fon deflection i
system for measurements In the solar directlion, |

2.3.2 Supporting Research and Technology Needs

The {on deflection system must be developed further. Questions involv= t
ing thermionie emission [rom grids and wire antennas, and other aspects assoel=
ated with the nood to look in the solar dirvection, must be addressed with SR/T i
funds, ;




Table 2~4. Strawman payload: 3-axis stabilized spacecraft

Mass, Power, bits/ bits

kg W sece storage
Plasma spectrometer 15 7 4,000 2 x 108
Magnetometera 5 4 1,000 b x 107
Plasma wave 9 5 4,000 108
Encrgetic particles 15 17 4,000 1.6 x 108
Ton composition 6 3 2,000 108
Dust impact 4 3 100 2 % 10°
Coronal light detector 4 3 4,000 4 x 108
High speed canerab 10 ] 10,000 LQ? .

68 47 29,100 2 x 10°

aMass of boom not included.

bNadir-viewing; no pointing capability.
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Fig. 2-12. Fields and particles plus gravitation spacecraft configuration
(side view)
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3.0 INTRODUCTION

Our understanding of the phenomena that occur in stellar
atmospheres 1s based in large part on the study of the solar atmosphere, since
the Sun is the only star for which we can resolve individual structures within
the atmosphere and study these phenomena at the level of the basice plasma
physics processes which underlie them. The complexity of these phenomena is
demonstrated by Fig, 3-1, which 1llustrates the upward flowlng gas jets, called
spicules, assoclated with the boundaries of large-scale convection cells (supcr-
granulation cells) in the solar atmosphere, The spleules are an example of a
phenomenon which we believe plays a central role in the solar atmosphere,
specifically, in this instance, in the dissipation of mechanical energy gener-
ated by convective processes in the photosphere and in the exchange of mass
between the chromosphere and corona, but which operates on a scale too small
to allow the use of observations obtained with present instruments to test
detailed physical models. Other examples of phenomena in the solar atmosphere
that operate on a scale beyond the resolving power or sensitivity of present
instruments are (1) the physical processes that determine the flow velocity,
composition, and lonization structure of the solar wind, (2) the role of the
fine structurc of the solar photosphere (the granulation cells) in the convee- ‘
tive transport of energy, (3) the nature of the physical processes responsible ;
for heating the chromosphere and corona, and (4) the detailed physical
processes responsible for explosive phenomena such as flares and coronal
traugients,

The exploitation of the unique opportunities presented by the Space
Shuttle will allow solar physies to develop a comprehensive solar observatory
in near—earth orbit (the Advanced Solar Observatory) which shouid provide a
factor of 3-10 (depending on wavelength) improvement in resolving power com-
pared to present capabilities. Even this dramatic improvement in resolution
will not, however, be sufficient for critical tests of physical models of
many of the most important processes that operate in the solar atmvsphere;
such tests will demand another order of magnitude improvement in resolution.
Imaging experiments on the STARPROBE Mission, a unique and exciting program
which envisions an interplanetary probe which will execute a close solar encounter
(to within 3 solar radii of the surface), can achieve this improvement in resolving
power of ncarly 2 orders of magnitude compared with our present capabilities by
virtue of its close approach to the Sun's surface at solar encounter, TFurther-
more, the STARPROBE mission will allow observations from within the region in
which the solar wind is accelerated, permitting uniquely sensitive and acecurate
measurements of the global properties of the solar wind, as well as in situ
measurements of solar wind velocity, composition and lonization structure,
These unlque encounter observations, and the stercoscoplc observations that will
be possible during the STARPROBE cruise phase, in concert with the comprehensive
observational program which will be possible with a Shuttle-supported Advanced
Solar Observatory in near Earth orbit, form the core of the program of solar
research for the next decade recommended by the Solar Physics Working Group of
the Astronomy Survey Committee.

s
?
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In the following report, we review the conelusions reached by the
STARPROBE Ad Hoe Imaging Subcommittee, which met on three occasions during the
past 24 months, In Seetion 3.1, we review the role we antieipate the STARPROBE
Imaging Experiments will play in addressing the wajor objectives of Solar Physics
In the next decade and briefly discuss the relationship of STARPROBE to other
major proposed space missions,  In Section 3.2 and 3.3, we discuss the major
selentifice questions which the STARPROBE {maging package will address, and
present the strawman pavioad and misston concept which the Committee has
developed,  In Seetion 3.4, we briefly discuss a number of issues which might
be addressed In subsequent studies.

3.1 THE ROLE OF THE STARPROBE IMAGING INSTRUMENTS

In the recent report of the Solar Physies Working Group (thh) of
the Astronomy Survey Committoe (ASG), solar phvsics was defined as "a funda-
mental inquiry into the physies of the remarkable large-seale behavior of
fonized pases in gravitational and electromagnetic fields."  The Working Group
singled out three major themes of this inquiry:

(1)  The study of the structure, composition, and evolution of
the solar intertor,

(2) The study of active phenomena in the solar atmosphere,
ineluding the chromosphere and corong, the generation of
the solar wind, solar flares, and the sunapot evele and the
associated mapgnetie eveloe,

(3) The study of the structure and dynamical behavior of the
vorona, solar wind and heliosphere.

The elose connection between solar physics and astrophysics on
one hand and between solar physics and space physics and helfospherie physics
on the other hand is fmplicit in the three themes enumerated above,  We have
already mentioned the key role plaved by solar observations in the study of
stellar atmospheres in the InLrodu;Linu. the role of solar observations is no
less eritical to the theory of stellar structure and evolution.  In an even
more dirvect way, solar physies ls eritical to heliospheric physics.  The large=-
scale solar magnetic field and the solar wind together dominate the heliosphere
and its interaction with planetary lonospheres, magnetospheres, and atmosphoress
consequently, studies of the large=scale structure and dynamival behavior of the
corona and solar wind are central to the programs of these disciplines.

EBach of the imaging instruments which the Committee has identified
as candidates for STARPROBE addresses one or more of the majer themes we have
enumerated above in a unique and eritical manner, with observational programs
that cannot be_achieved by alternative technigues. The objectives of the

STARPROBE. Imdpinb Tnstruments encompass a1l of the major themes of solar physies:

(1) To reudy at ultrahigh resolution {7-10 km, equivalent ro
0.0« arc sec from carth orbit) the structure and dynamical
behavior of the photosphere, chromosphere, and corona.

-



(2) To study the global properties of the corona and hellosphere
in concert with the STARPROBE in situ particle and field
experiments, with particular emphasis on the mechanisms
responsible for the acceleration and the variable flux,
composition and tonization stiveture of the solar wind,

(3) To study the principal modes of the radial and ronradial
oscillations of the Sun in order to determine the structure
and dynamical bebavior of the solar convection zone and
interior.

(4) To obtain stercoscople observations of the evolutionary and
transient behavior of photospherie and coronal structures
during eruise, in collaboration with the Advanced Solar
Obgervatory,

The STARPROBE Mission is an integral component of the selentiric
strategy developed for solar physics by the SPWG of the Astronomy Survey
Committee for the next decade; it is useful to think of this strategy in two
phases, In the first phase, the four principal objectlves listed above will be
addressed by Shuttle Attached instruments such as the Solar Optical Telescope,
by the International Solar Polar Mission (ISPM}), and by two explorer class
missions, the Solar Coronal Explorer (SCE) and the Solar Interior Dynamices
Mission (SIDM)., Although each of these observatories will have the capability
te address more than vne objective, the principal focus of each program i{s indi-
cated in Table 3~1,

Table 3-1, TFocus of principal solar programs currently under study

Principal scientific objective Phase I Phase Il
Atmospheric structure and dynamics Shuttle attached STARPROBE/ASO
instruments
Global structure and dynamics 1SPM STARPROBE/ASO
Structure and dvnamies of SIDM STARPROBE/ASO

the solar interior

Evolution of the structure SCE STARPROBE/ASO
of the atmosphere and corona
(solar cyele)

- s

1At the time of this writing, the NASA ISPM spacecraft has been cancelled,
leaving only the ESA spacecraft at present. NASA Is currently studying a modi-
fied ISPM spacecraft as a candidate for a new start in 1983,
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In the second phase, two powerful obscrvatories, STARPROBE and
the Advanced Solar Observatory (ASQ), cach ecapable of unique and highiy comple=
mentary ebserving programs, will be able to make observations which should pro=
vide eritical tests of phye!val models of solar phenomena at the level of haste
plasma processes such as magnetic recomneetion, wave propagation, the gencration
and dissipation of mass and ecurrent flows, and the transport of enerp. by con-
veetive processes,  The STARPROBE's rele, as the first manemade instrument to
vigit a star, is crucial to this sedentifice program; for only by diveetgly
traversing the corona and making in sicu measurements of partiele populations
and flows, simultancously with global measurements of the r1aint eorona {from the
inside, and by approaching sufficiently ¢loge to the solar surface to allow
observations with resolution approaching a few kilometers, ean we unravel the
role of the many ecomplex structures and processes oveurring in the solar
atmosphere,

3.4 SCIENTIFIC OBJECTIVES OF THE IMAGING INSTRUMENTS
PROPOSED FOR STARPROBE

From the point of view of the imaging instruments, the STARPROBE mlg=
sion can be divided into two phases, the eruise phase, which we might define as
those periods, both before and after encounter, when the spaceeraft is more than
20 solar radii from the Sun, and the encounter phase itself. It is then con=
venlent to divide the instruments defined by the Committoe into two groups -~
direct viewing instruments and umbral Instruments, the latter name being used
because these instruments do not look directly at the Sun, but rather abowve the
1imb in the shadow formed by an ocveulting element, The direet viewing instru-
ments are the Visual Magnetograph/Tachometer (VM/T), the EUV Spectroheliograph
(FUVS) and the Soft X-Ray Heliograph (SXH), and theilr primary objeetive is to
achieve ultrahigh resoluticn (v7-10 km) imaging of the physical structures which
dominate the solar atmosphere at encounter and to relate these structures to the
global propertics of the corona and solar wind which will be observed by the
umbral instruments and the in situ measurements. The secondary objective of the
direct viewing instruments is to carry out a syaoptic program of steroscopie
observations with the ASQ duriny eruise.

The umbral Instruments are the Coronal Lyman-Alpha Spectrometor
(CLAS), the Coronal Light Detector/Magnetometer (CLDM), and the Coronal EUV
Spectrometer (CES). The primary objective of the umbral instruments is to relate
the global properties of the corona directly to the in situ ohservations of the
particles and fields instruments during encounter and, therefore, ultimately
to the structures and dynamic processes occurring in the lower atmosphere. The
secondary objective of the umbral instruments is to study the evolution of the
large-gscale structure of the corona and coronal transients in collaboration with
the ASO during cruise. In this section, we deseribe how the observing program
that can be undertaken with this complement of instruments can addvess the
sclentific objectives we have identified.
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3.2.1 Structure and Dynamieal Proeesses in the Photosphere,
Chromospherc and Low Corona

With present techniques, we have been able to distingulsh the struc-
tures which dominate the solar atmosphere, but we have not been able to provide
observational guidelines to models of thelr internal dynamies. Shuttle attached
or space platform supported instruments in near=Earth orbit such as SOT, oper~
ating at the highest attainable resolution (V70 km on the Sun at wavelength of
5000 A), will be able to resolve structures such as magnetice flux tubes and
spicules into at mosot 2 or 3 resolution clements., Instruments operating as part
of the ASO, in the EUV and X-ray portion of the spectrum, will bc limited
(because of fundamental optical polishing processes) to a resolving power of
300=500 km on the Sun, which will not be adequate to resolve in detaill struc~
tures such as magnetic tubes or coronal bright points, which are loops of totel
length 10,000 km, and with cross=-seetlonal diaweters probably approaching a
few hundred km, Thermal gradients in such structures will almost certainly oceur
on smaller scales., The STARPROBE imaging instruments, which can achieve
resolving power of 7-10 km in the visible, and 10-20 km at EUV and X-ray
wavelengths during encounter (both are limited only by telescope diameter),
will be able to distinguish the structure of features such as spicules, granules
and coronal loops in sufficient detaill to determine such parameters ns tempera-
ture and density gradients and mass flow velocities and how these parameters
relate to the detalled configuration of the magnetic field,

Some of the prinelpal selentifie questions which will be addressed
at encounter are discussced below. (We indicate in paventheses which instrament
has each question as » major objective.)

) What is the size and field strength of the individual flux
clements which make up the solar magnetic fiecld? How does
the fine structure of the fileld differ in sunspots, in bright
points, in granule boundaries, in coronal holes, and in emerging
flux regions? (VM/T)

The structure of the magnetic field is the most important factor in
regulating the transport of mass and encergy in the chromosphere and corona.
Gentral to understanding the generatlion and evolution of the solar magnetic
field is the universal, and at present inexplicable, property of magnetic
ficlds in the photosphere to become juantized in geparate flux tubes with
field strength In excess of 1000 gauss. These f£lux tubes appear to be funda-
mental elements, aggregating in active reglons and sunspots to form extended
reglons of strong fields; but they are present both in regilons ef large-scale
strong fields, such as sunspots (I'ig. 3-2), and iIin regions in which the large-:
scale tield is weak. The balance between cool low density gas in regilons of
strong fleld, and the surrounding reglons of hotter material and weak field
which 1s observed on a large scale in sunspots, must be repeated on the very
small scales asgsociated with the fundamental magnetic flux tubes. The complexity
associlated with these phenomena ig 1llustrated in Fig, 3-2, With present tech-
niques, such phenomena are barely resolved in a sunspot of 10,000-km diameter;
the characteristic size of the fundamental flux tubes is expected to be less
chan a few hundred kilometers; clearly, resolving power of 10 km will be
necessary to determine the structure and dynamical behavior of these elements.
Furthermore, we expect considerable structure within the central region (umbra)
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Convection (s a fundamental mechanism of energy transport in stars;
er, we ) not as el AV i fundamental theory of c¢oamvection. I he cele of
I uch as the olar granulation (see Fig., 3=3), assumed to represent funda
) nvection cells, must be put into present theories as a parameten
ugh granulation cells have been studied for many vears, we have no observa
which can specify the magnetic, density, temperature and velocity profile
he el) ind dark lanes in detail. Such phenomena as "exp'»i'ng granules"
been erved at the limits of resolution, but the observation of possibl
tructure within granules is bevond our present capabilitien., With
PROBE, such observations will be possible, as well as the possible determina
{ vertical structure within granules by limb observations. Such observa
{11 provide the guldance needed to develop a fundamental theory of con
fon Iin stellar atmosphere
@ What 1is the fine structure of the chromospheric network and of
spicules What 1 the structure of the chromosphere orona
transition region, and how does it mediate the exchange of mass
ind energ | the transition region diftferent in large corona
loops, in bright points, and in coronal holes (EUVS, VM/T)

Fis }=13 solar ranulation seen in the red wing f the H line,
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The chromospheric network traces out the boundaries of the large-scale
convection cells called supergranules, which are typically 30,000 km across. The
network is a reglion of strong fleld and presumably higher dissipation of non-
thermal energy. 'he network is visible in the cores of absorption lines (such
18 the Mg Bl observations shown in Fig. 3-4), which correspond to levels in the

60 ARC SEC.

Fig. 3-4. 'he chromospheric network i{s visible in the upper figure, which is
an image near the line core (+0.4A) of the Mg Bl line. It is less
prominent lower in the atmosphere where the temperature is lower.

Lower figure taken at +0.8A from line center (Courtesy of the
Sacranento Peak Observatorv)
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In the past decade, observations made a. EUV, EUV and X~ray wavelengths
have clearly demonstrated the fundamental role that magnetic filelds play in

determining the tructure of the transition region and corona. 'he fundamental
tructu in the corona is the high~temperature magnetically confined loop.
Loops are present in the atmosphere on a variety of scales, and encompassing

a wide range of temperatures (ranging from about 100,000 K to 10,000,000 K
(see Fig. 3-6).

Current models suggest that loops are isothermal over most of their
length, due to the high conductivity of the plasma parallel to the magnetic

field, but must have a ver steep thermal gradient near their footprints. Loops
f different temperature may form arcades; however, the scal¢ f temperatu
gradients across the field is not known. Although we can r¢ ¢ individual
loops, we cannot resolve their tructure; certainly loops mu be dynamic stri
tures, with mass flow and one or more forms of energy dissipation and transport
occurring on a fine cale within the loop structure

Present observations can offer no guidance to theory in the detailed
modeling of these ubiquitous structures. l[echnical limitations prevent the
ichievement of resolution better than a hundred kilometers< from earth orbit

Fig. 3-6. Coronal loops in the light of the 5303A coronal forbidden line of
Fe XIV (v1,500,000 K) (Courtesy of the Sacramento Peak

Observatory)

]
“"Achieving even this level of performance will require the introduction of new
technologies such as large aperture Fresnel zone plates.



at EUV and X-ray wavelengths in the foreseeable future, It is clear, however,
that resolution of 10-20 km is required to determine the structure and dynam=-
ical behavior of loop structures. Only STARPROBE can achileve this performance,
because again the limit is not surface quality but minor diameter.

. What 1is the structurce of covonal b .. 4t points? What role do
they play in the teansport of mass :%i. the solar wind, and
In the emergence of magnetic flux? Wha: processes are respon-
sible for heating bright points and supplying the energy for
their flare-like behavior? (EUVS, XRH)

Coronal bright points are small regions of intense EUV and soft X-ray
emigssion that are agsoclated with regions of emerging magnetic flux. They are
observed to be distributed more or less uniformly over the solar disk (see
Fig. 3-7). It 1Is likely that bright points are small loop structures, of total
gize 10,000-20,000 km. It is believed that bright points may play an important
role In transport of mass from the chromosphere to the corona, and ultimately
to the solar wind., Among the important questions regarding bright points which
STARPROBE can address are the relationshlp of bright points to chromospheric
phenomena, such as spicules, and the source of heating and mass for the bright
points.

™ What Ls the transition region structure in coronal holes (open
field regions)? What processes are responsible for mass transport?
Are abundance gradients observable in the low corona in holes?
(EUVS, XRH, VM/T)

One of the most fundamental discoveries of the past decade is that
the corona is divided into strong closed magnetic fleld and weak open magnetic
ficld reglons. The strong field reglons are dominated by coronal loop structures
and are bright at X-ray wavelengths., The weak field regions are the source of
the hilgh-speed solar wind streams, and are dark at X-ray wavelengths. Tigure 3-7
clearly demonstrates the dichotomy. Present instruments lack both the sensitivity
and resolution to study the embryonic solar wind as it emerges from coronal
holes. Many fundamental questions arise in connection with coronal holes. How
is the material in the wind heated and transported from the chromosphere? Where
and by what mechanism do the abundance anomalies observed in in situ measure-
ments of the wind originate? Where 1ls the ionization structure frozen in? The
answers to these questions are important to the interpretation of the in situ
measurements to be made by STARPROBE, as well as to the interpretations of the
observations of chromospheric phenomena such as spicules and the chromoespheric
network.

. How does the energy budget of the corona differ in coronal holes,
and in strong and weak field regions? (XRH, EUVS).

This is a fundamental question which can only be answered by detailed models of
all important structures in the atmosphere, so that the role of mass transport
and mass and current flows, as well as radiation losses can be properly included.
Clearly, STARPROBE, as well as ASO, will play important roles.
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Fig. 3 . 'he Sun photographed at soft X-ray wavelengths. Note the large
coronal hole, extending to the North Pole, and the presence of a

number of bright points, both in region of high coronal emission

ind in coronal holes. Note also a number of large loop strw
ture both on the disk and at the limb (Courtesy of American
clence and Engineering)

3. 2.2 he Global Properties of the Corona and Solar Wind

'he in situ particle and field measurements on STARPROBE will nrovide
an unprecedented opportunity to determine unambiguously the conditions in the

far corona and in the region in which the acceleration of the solar wind is

helieved to occur,. In order to attain the maximum benefit from these observa
tions, it is « ential to relate them to the structure and conditions in the
inner corona and in coronal holes which are connect irectly to the STARPROBSBI
position by magnetic field lines and to the global properties of the magnetic
field, solar wind, and corona at the time of solar encounter. 'he direct view-
ing instruments will play an important role here; however, the observational
program of the umbral instruments will be especially critical. We discuss here
the imaging observations which link most closely the scientific objectives of
the imaging and | situ instruments.,



. What 1s the global nature of the solar wind velocilty distribution?
(CLAS)

Thus far, we have been able to sample directly only the properties of
the solar wind in the ecliptic plane. The ISPM (sce footnote 1, page 3-4) will
provide the first data on the properties of the solar wind outside of the eclip-
tic plane; however, the coverage will be limited, the measurement transient, and,
of course, ISPM will measure only solar wind properties at 1-2 AU, The in situ
measurements on STARPROBE will measure solar wind velocilties directly into the
acceleration region (belicved to lie between 2 and 10 RC))’ but only along a
single traek, and only transdently at cach position., The Coronal Lyman-o Spectrom-
cter can measure the global distribution of solar wind velocitles, and so relate
the in situ observations to global and transient phenomena and Lo structures at
lower altitudes in the corona. Although observations of coronal veloclty can be
made from outside the corona, thelr resolution and sznsitivity is limited, and
thelr interpretation 1s ambiguous since these observations must integrate condi-
ticns over a line of sight encompassing a wide range of coronal heights and fea-
tures. Becauge the STARPROBE Coronal Lyman-q Spectrometer can obtain outwardly
directed observations over a varilety of corcnal heightsg directly, they may be
interpreted unambilguously to obtailn the solar wind velocity distribution as a
function of height, and can attain the resolution and sensitivity necessary to
distinguish structure in the solar wind which can be related directly to struc-
tures in coronal holes. The power of the STARPROBE obsecrvations ils illlustrated
by Fig., 3-8, which shows the sensitivity of the line profile of the backscattered
radiation to flow velocities. This sensitive indicator of the properties of the
solar wind 1s only available to an observatory such as STARPROBE which penctrates
into the corona.

) What are the composition and fonization structures of the solar
wind as a function of distance from the Sun? (CES, EUVS).

The composition and ionization structures of the solar wind are
known to be highly variable, but we do not have the observational data necessury
to relate these variations directly to the structures or the conditions in the
solar atmospherc which are their cause. The combination of the in situ observa-
tions and the observations by the coronal and direct viewing EUV spectrometers
can uniquely provide a direct determination of these important parameters of the
solar wind., Instruments in near-Earth orbit lack both the sensitivity and resolu-
tion to make these observations, and even Lf such observations became possible
with an instrument of aperture much greater than any presently belicved feasible,
they would suffer from ambiguity of interpretation due to the long integration
path in the solar wind. The power of outwardly directed observations from
inside the corona, as in the case of veloclty measurcments, cannot be duplicated
by remate observations from Earth orbit.

® What is the global configuration of the coronal magnetic field
and the coronal plasma? (CLDM).

° What is the global distribution of the interplanetary dust?
(CLDM) .

3-14

—



[ +¥

ORIGINAL PAGE i8
OF POOR QUALITY

9 | | i ' I I ]
ol 1L Wokns™l AN A Sldy
——— TYPICAL CHROMOSPHERIC Ly -a 1.=15%x100K o o 0 1.0
— o X 50 020 0.9
. CORONAL THERMAL PROFILE 4 L =0 P
+ 200 0.81 0.30
. ® 300 1,22 0.08

INTENSITY, obitrary units

AN, A

Fig. 3-8, Line profiles associated with resonant scattering of Lyman alpha
radiation, The left side of the figure shows a typical emergent
Lyman-alpha profile from the disk (solid line) and a 1.5%106 K
thermal gaussian profile (dashed line). The right side of the
figure shows the expected coronal profiles for resonant back-
scattering toward Sun-center for several different solar wind
velocities. The corresponding doppler shifts of the coronal
absorption profile and the integrated intensities (relative
scale) of the backscattered profiles are provided also.

Courtesy of John L. Kohl, Smithsonian Astrophysical Observatory

e

An important adjunct to the in situ measurements of tle propertiles of
the coronal plasma possible from the STARPROBE will be an imaging device capable
of observing the coronal structures into and through which the probe passes.
This instrument would then allow post-perihelion passage specification of the
large-scale domain through which the probe penetrated (e.g., location and extent
of streamers, coronal holes, ete.) by a means which is directly interpretable
from past near-Earth or solar polar measurements .- Equally dmportant, the CLDM
would permit optical measurement of scale sizes in coronal structures for
direct comparison with the in situ measurements, and provide for the first time
observations of the small-scale (possibly turbulent) structure of the corona which
has been inferred from radial (scintillation, phase lag) measurements.

3See, however, footnote 1, page 3-~4. At the present time, the development of the
Coronagraph and X-Ray/XUV Spectroheliograph instrument (CXX) on ISPM has been
terminated, although studies for a revised CXX have been initiated.
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The CLDM has important applications to interplanctary medium studies
in addition to those relevant to the solar clectron corona; specifieally, such
an instrument would be capable of observing outwardly through the zodiacal light
with a varilable line-of~-sight, and thus would allow a direct deconvolution of the
integral cffects from the interplanctary cloud, Most dmportantly, the STARPROBE
CLDM would permit observations of the F-corona relatively close to the Sun —

a region which has been essentially unobservable, In fact, only such observa-
tions can fully characterize the dust scattering processes and define the spatial
and size distributions and the albedo and other optical properties of dust near
the Sun. Furthermore, if the CLDM 1s sensitive to Infrared radlation in addi-
tion to visible light, the instrument would permit examinatlon of the dust vapor=-
tzation zone(s) of interplanctary material near the Sun in a direct and unawbig-
uous way,

Finally, the inclusion of a capability to observe a magnetically
sensitive coronal forbidden line provides a potential technique to measure
the large-scale structure of the coronal magnetic £icld, an obscrvational goal
of enormous importance.

3.2.3 The Interior Structure of the Sun

The demonstration that the well-known S5-minute oscillations of the
solar atmosphere are harmonics of the nonradial p-mode (pressure) acoustice
oscillations of the Sun has opened up a new experimental window on the solaxr
interior and ushered in a new subdisecipline of solar physics: solar seismology.
It has already been possible to deduce some properties of the outer convection
zone, such as the variation of rotational velocity with depth, from observations
obtained on the ground. Although they have not yet been detected, low-order
p-mode oselllations which involve the deep interior should also be present.

In addition to the p-mode oscillations, theory predicts the existence of radial
g-mode (gravity) oscillations that involve the entire Sun, Both oscillation modes
can be used to probe the deep interior structure of the Sun, as well as that of
the convection zone., During cruise phase, the Visible Light Magnetometer/
Tachometer, observing in concert with the ASO, can provide a unique and precise
record of the solar oscillations. We discuss the scilentific objectives of this
phase of the STARPROBE Mission below.

Y What are the characteristics of the global modes of the solar
osclllations, and what conclusions about the structure of the
convection zone and solar interior follow therefrom? (VM/T)

The measurement of the oscillation modes of the Sun involves the
recording of precise records of the velocity field of the photosphere. The
large~scale field must be distinguished from the many microscopic and macroscopic
effects present on the surface of the Sun, convection cells, differential rota-
tion, circulation, etc. In order to deduce the oscillation modes from this
complex velocity field, the observatiwons should (1) be of long duration and
(2) cover as large a portion of the surface as possible. Although the first
criterion can be met by instruments in near-Earth orbit alone, the second cannot.
The stereoscopic capability covering a wide range of viewing angles, which can
be achieved by STARPROBE and ASO in concert, provides a truly unique opportunity
to study the gluobal oscillations of the Sun, and, therefore, the solar interior,
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Sueh stercoscoplc observations are essential to the deteetion of the lowest
ovder modes, which is necessary to probe the deep fnterior of the Sun. This is
the only method by which such fundamental parameters as the detalled variation
of the rotation period and temperatuve with depth can be probed dirvecetly.

. How do the properties of the solar oscillations change with
changes in the magnetic configuration of the Sun and with the
solar cyele? (VM/T)

The interaction of the differential rotation of the Sun and the
conveetive transport of energy is responsible for the solar dynamo which gener-
ates the solur magnetic field. Variations in the dynamle behavior of the convee-
tion zone underlie the solay magnetic and activity eyeles.  The STARPROBE pro-
vides an ideal platform from whieh to study the evolution of the structure and
dynamical behavior of the convection zone, in convert with the ASO.

3.2, The Evolutionary and Transient Behavior of Photospheric and
Coronal Structures

The award of the Nobel prize to the physicists who perfected the
application of tomography to medical diagnostics has emphasized the importance
of stercoscopic observations to the determination of the true nature of structures
aveessible only by remote sensing, especially optically thin structures. The ASO
and STARPROBE observatories provide a truly classic application of this technique
for solar structures because of the variable viewing angles which can be attained
over the life of the mission for typical large=seale structures and during
encounter for small-scale structures, (We note that the STARPROBE is especlally
effective in this mode during encounter since, due to its rapid motion along its
track at perihelion, it can view the same structure from different angles.)
Among the objectives which can he addressed during cruise ares ¢

=

® The study of the evolution of the global distribution of the
solar magnetic field. It should be noted that the full vector
field can only be obtained unambiguously by stereoscopic
observations. (VI/M, CLDM).

° The study of the evolution of the large-scale structure of the
corona and of coronal loops. (SXH, CLDM, CES, EUVS).

. The study of the evolution of coronal holes, and their relation
to the solar wind flow measured by the in situ STARPROBE
instruments. Simultancous coverage by STARPROBE and ASO will
allow the regions on the Sun responsible for the solar wind
sogtor structure, which STARPROBE will measure directly, to
be identified. (SXH, CLDM, CLAS, CES, EUVS).

) The study of the role of coronal transients and other dynamic

phenomena in the corona in determining the structure and
dynamics of the solar wind flow. (CLDM, CLAS).

3-17



) Stercoscopic veloeity field observations with ASQO and STARPROBE
(when 1t 45 near solar encounter and ean attain high resolution),
These observations can measure such phenomena as the full veetor
flow field in small structures such as granules and spleules.
(VM/T)

. Sterecoscopie magnetic observations with STARPROBE (again near
golar encounter) and ASO,  These can uniquely determine the
vector field of structures such as spleules, cunspots, cmerping
flux regions, and cool loops., (VNT, EUVS).

) Stereoscopie observations of the magnetic structure and thermal
structure of transient phenomena such as flares and prominences,
in concert with ASO.  An important objective is the study of
magnetic and thermal structures which are likely sites of
flares as c¢lose to envounter as possible, in owrder not only to
determine how the structure of such reglons evolves, but to maxi-
mize the opportunity for the stercoscopic study of the flare
processes at the highest possible resolution, (VM/T, SXH).

There are many other observational programs which the unique sterco-
scoplc capability of STARPROBE and ASO can achieve, both during the long cruise
period, and for some programs during encounter when, especially at optical wave-
lengths, both ASO and STARPROBE will achieve resolution an order of magnitude
greater than we can attain from the ground. We believe that the stereo capabil-
ity of ASO and STARPROBE will present a truly unique opportunity, and that the
selentific payoff which will be achieved will be truly stunning. And, we must
emphaslze that such an observational capability can be achieved in no other way,
since a telescope able to match or exceed ASO performance elsewhere in the
ecliptic plane than in near-Eavth orbit would be prohibitively large for a deep
space probe which did not approach very close to the Sun.

3.2.5 Some Remarks on Transient Phenomena

In the preceding discussion we have shown how the specific sclentific
questions raised by our major scientific objectives can be addressed by the
observational program of the STARPROBE imaging instruments, in some cases
Jointly with the Advanced Solar Observatory.

This discussion is, however, not an exhaustive one. We wish to
mention, in particular, transient phenomena such as flares, coronal transients
and prominences, We have not made observational programs associlated with such
phenomena a forwmal part of the encounter science objectives, since it is dif-
ficult to assess the probability of such events occurring near solar minimum,
which is the preferred time for encounter. However, we believe that it is
important to build as much flexibility as possible into the STARPROBE imaging
observing programs to maximize the possibility of studying a flare, or other
transient phenomena, at ultrahigh resolution, should the opportunity present
itself at or near the time of encounter.
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3.3 BASELINE TNSTRUMENT COMPLEMENT AND MISSION CONCEPTS

In Table 3=2, the physieal characteristics and general performance
specifications of the six imaging instruments which the Committee has identified
arve summarized. In the following discussion, we pgeview the observational demands,
evntiguration, operation modes, and anticipated performonce of each of the base=
THuoed Instruments. We also discuss the accommodation of cach instrument on the
spaceeraft and the requirements which cach instrument places on the spaceeraft
amd misaion characteristics,

3.3.1 The Visual Magnetograph/Tachometer (VM/T)

The Visual Magnetograph/Tachometer instrument has the strongest
requirement for ultrahigh resolution imaging at encounter, Typical observational
demands which determine the VM/T performance specifications are:

) The solar field is divided into indfividual fluy tubes of ficld
strength greater than 1000 gauss, and whose size has been
estimated to he between 20 and 200 km, and are probably twisted.

. The details of the turbulent motions of the photosphere on
seales from 10=100 km are crucial to models of conveetion
and of the granulation,

° Observation of the velocity field associated with the solar
oseillatlons and with large=-scale circulation patterns will
require veloeity resolutlon of a few kilometers per second,

° The thermal gradient between the chromosphere and corona
occurs on scales of less than a few hundred km even in large
coronal loaps, The chromosphere, which 1s controlled by the
field, must have structure at the level of 10-20 km.

The baseline VM/T configuration which the Committee has developed
s a Gregorian telescope of A10- to 12~contimeter aperture, with blocking
fiiters and polarizers, and a high-resolution interfervometer, te allow line
ptifile measurements in linear and circularly polarized as well as unpolarized
light. The Gregorian configuration is chosen since a heat rejection mirror may
be placed at the prime foeus to reject the solar flux which is not within the
primary field of view.

The VM/Tmay operate in either a magnetic or veloeity mode, depending
on the choice of polarizers. The use of an interferometer as the dispersing
element Insures the attainment of the resolution required to obtain sensitive
magnetic velocity observations (A/AX 2 50,000). In Fig. 3-9, the optical resolu-
tion of the Solar Optical Telescope and the STARPROBE VMT Telescopes are com—
pared (for a 10-cmVM/T aperture), illustrating the power of the STARPROBE
concept.
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3.3.2 The Soft X=Ray Heliograph and EUV Spectroheliographs

The observational demands on the Saf't X=Ray Hetiograph and the BUV
Spectroheliograph are determined primarily by two factors:  the small seale on
which thermal gradients and heating mechanisms must oceur in coronal loops, and
the need to make observations over the broad ronge of temperaturcs, trom 104 to
107K, which occur in the quicscent solar atmospnere, Wo summarize these demands
below:

) Thermal gradients from corenal to chromospherie temperatures
oecur on scales of a fow hundred kilometers, even in larpe
loops.

. Manifestations of heating mechanisms in coronal loops and bright
points must occur on svales of a fow hundred km or less.

° The radiation vharacteristiecs of the structures which dominate
the transition from chromospheric to coranal temporatures cover
the wavelength range from a few angstroms to more than 1300 L
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3.3,2.1 The Soft X-Ray Hellograph SXH

The resolution requirements for the SXH dictate a unique approach to
a grazing ineidence optical system. The objeetive of l=are=see regolution,
and the size of the individual elements in present or foresceable array detee=
tors, such as CCDs, require a plate seale of 415 microns/are see. With the
ordinary Wolter Type I configuration, which 18 the most cfficient X-ray imaping
configuration for observations below 100 &, this would require a telescope of
J=meter focal length, resulting in an ingtrument of 3.5 to 4.0 meters total
length., An instrument of this size would imposc intolerable demands on the
STARPROBE heat shield. Recently, A, Krieger, J. Davie and K. S11k% have studied
the use of gecondary grazing ineidence mirrors which, in a manner analogous to
normal incldence optical systems, can result in an overall system magnification.
Two configurations are possible, one in which the secondary clement s placed
in front of the primary focus (following a suggestion by J. Underwood; see
Fig. 3=-10), and a second in which the secondary element is placed behind the pri-
mary focus. One baseline SXH configuration which can satisfy the observational
demands 15 an optical syster consisting of a Wolter Type T primary mirror of
v10-em aperture and 0.5-meter focal length and a "Cassegrain” secondary hyper=-
boloid mirror providing a magnification of 6., The overall length of this instru-
ment 1s v1,75 metersy however, the foeal length is 3 metexs, Using a
800 = 800 CCD foecal plane detector with 15 micron cells, this instrument can
achieve 410-km resolution and a ten-are-min field of view (which corresponds
at encounter to 8.7 are sce as viewed from the EFarth). In order to obtain a
larger-scale image for comparison with fmages from instruments in near-Barth
orbit, the primary image (a 57=ave-min field of view which corresponds to a
S0-arc-sec field of view from Earth) must be recorded as well.

GRAZING INCIDENCE MAGNIFIER

SECONDARY MlRJchR (MOVEABLE) PRIMARYAMIRROR
r NS ™

Al

PRIMARY FOCUS
é{TSECONDARYFOCUS ”\\

\ AT
Nled

e -

- (2404172000

HYPERBOLOID

HYPERBOLOID

L4

HYPERBOLOID PARABOLOID

Figure 3-10. The configuration of the X~ray telescope, which
utllizes primary and secondary grazing incidence
mirrors to provide a magnified image

4
Science and Engineering, ASE 4672 (JPL Reorder 81-12).

3~22

See STARPROBE: A Design Study for an X~Ray Imaging Instrument, prepared by American

”



Speetral resolution ic provided by broadband filters and Ross filters.
The latter, whieh can achleve bandpasses of 20,6=1,0 R, can isolate individual
line multiplets, allowing images to be obtained whigh corvespond to material at
temperatures ranging from ~1,5 x 1008 (0 VII, 21,6 A) to »107K (S1 XII, 6,064 A
or Mg XIT 8.12 R).

Ao 18 the ecase for the VM/T, the SXH will be placed behind a baffled
eollimating tube, which will reduee the irradiance on the teleseope aperturc to
<20 golar eonstants (as measured at 1 AU).  The configuration of the combined
$XU/EUV aperturcs is shown in Filg., 3-11. A eritical element for the SXH io a pair
of thin fllters which must transmit only the X=ray spectral bandpass of interest
(16-60 &) and refleet or absorb other wavelengths, Preliminary design studles
indicate that a pair of 1500 A aluminum £11ms, or 3000 A beryllium £ilms with
aluminum overcoat, supported by mesh grids, can withstond the expected amblent
temperatures, and will transmit the desired radiation,

3.3.2.2 The Extreme Ultraviolet Spectrohellograph (EUVS)

There arce several approaches to the design of the Extreme Ultra=
violet Speetroheliograph., TFigure 3-11 indicates how the EUVS and SXH may share
a single optleal precolidimator. The grazing angle scleeted for the diagonal
mirrvors determines the short wavelength cutoff of the instrument, This could
be made as short as 100 X however, the baseline provisionally adopted by tho
Committee was %300 A, The instrument approach currently regarded as the base-
line configuration is a normal ineddence Wadsworth which can stigmatically
image 4=6 cmission lines in the wavelength range from 300~1200 A. Typleal lines
which might be seleeted are: H Ly u (1216 R), He IT (304 K), 0 VI (1032 A),

SL XTT (499 X), Mg X (610 A) and TFe XVI (335 R)., These lines encompass the tem-
perature range from 104K to 3 x 109K in the atmosphere. There are, however,
several other instrumental approaches which should be studied in more detail.,

For example, the use of a grazing incldence Wolter II optical system might allow
observations down to 100 A (although it might be limited to A« 800 A); an objec~
tive grating configuration might allow higher resolution, and the study of line
profiles. The bascline configuration will, however, meet all of the obscrvational
ceriteria we have established.

The EUVS would primarily operate in a mode in whieh simultancous
spectroheliograms in 4 to 6 preselected emlssion line were recoxded; however,
observations could be obtained in any emission line in the spectral range
of interest. The instrument may, therefore, obtain observations in any of a
number of density sensitive line multiplets, such as those belonging to the
beryllium isoclectronic sequence, or in the temperature sensitive line multiplets
belonging to the lithium isoclectronic sequence (see, for example, Gabriel and
Jordan, 19725, or Walker, 19760). The EUVS can, therefore, carry out very
powerful diagnostic studies of the corona/chromosphere transition reglon at very
high angular resolution.

Rt

z
)Gabriel, A. H. and Jordan, C., in Case Studies in Atomic Collision Physics,
6Vol. 11, p. 211

Walker, A. B. C., Spacc Sci. Instr. 2, 9.

3-23

o



ML PAGE E{t’
g‘?‘%@)g Q\M\MW

SOLAR
RADIATION = 20 SUNS

L,,/ FOLDING
MIRROR

FOLDING MIRROR /

il o o — it oo Satt S ot o ’—_.-———.---.-L.L—.._. — -.-.——-q«.-.z

[PV RS UUN NI IV ISR IPRINQUIIN VR et S IEUIN PERpuaprag e

REJECTED {
RADIATION

HEAT
REJECTION
MIRROR

R R R T P e e B

] e oo pen sy s e | e et s o |t e e el ] o]

CIRCULAR ANNULAR
APERTURE / APERTURE —~_ |

JV \ JV vy

VYM/T X=RAY
TELESCOPE TELESCOPE

Fig., 3-11. Configuration of the combined SXH and VM/T apertures

3.3.3 The Coronal Lyman Alpha and EUV Spectrometers and the Coronal
Light Detector

The three umbral instruments view the corona and, thus, are not sub-
ject to the thermal problems which must be resolved for the direct viewing
instruments. The coronal viewing instruments must, however, use external (and,
in some cases, internal) occulters, and must be able to scan over a very
large angle (ideally ~27 steradians), TFor the Lyman-o and coronal light
instruments, scanning can probably be accomplished internally; however, it may
be necessary to scan the entire EUV instrument. The unique observational
capabilities of these instruments are summarized below:

® In order to determine the solar wind velocity with precision, i:

is necessary to make outwardly directed observations of back-
scattered radiation. STARPROBE is uniquely suited to this
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requirement.  Lyman-o obscrvations are most sensitive to
veloeities of 100-300 km/sce; to resolve smaller velocltdles, it
is desirable to observe the profiles of other lines such as

0 VI (1032 A).

] Coronal measurements on the STARPROBE can be made much closer
to the solar limb than would be possibin with a conventional
coronagraph from Barth orbit,

. The lower density of the plasma in coronal holes and in the
solar wind requires much higher sensitivity than can be achieved
from Earth orbit to study elemental abundances and ionization
structure. The STARPROBE instruments can achieve the enhanced
sensitivity which is necessary; furthermore the radial dependence
of these parameters can be unambiguously unfolded from the
sequence of outwardly directed observations to be taken during
the encounter,

3,3.3.1 The Lyman~u Spectrometer (CLAS)

The bagseline configuration of the Coronal Lyman-o Spectrometer con-
gigts of an off-axis parabolic Loleqcopo which feeds an Ebert~Fastie Spectrom-
eter (Kohl, 1979, Kohl et al., 19807). The desire for a wide field of view
could be accommodated by using several telescope mirrors viewing in different
directions, which could feced multiple spectrometer entrance slits. It would be
desirable to observe the profiles of lines other than Lyman-o as well (L.e.,

0 VI 1032); however, the additional complexity introduced must be welghed against
the scientific advantages.

3.3.3.2 The Coronal Light Detector (CLT+)

The Corcnal Light Detector will not have the stringent requirements
for light rejection which the usual externally occulted coronagraph must
meet; however, 1t must be carefully baffled internally. The CDLM will operate
in two modes, utilizing fllters in coronal intensity observations, or polarizers
and a high~resolution interferometer for observations of coronal forbidden lines,
to obtain coronal fields. The filters must cover a broad wavelength range,
extending into the infrared.

3.3.3.3 The Coronal Extreme Ultraviolet Spectrometer (CRS)

The Coronal Extreme Ultraviolet Spectrometer will utilize a Wolter
Type II optical system, most probably combined with secondary optiecs in its

7Kohn, J. L., 1n A Closeup of the Sun, 1979, JPL Publication 78-70, Kohl, J.L.,
withbroe, G. L., Weiser, M., MacQueen, R. M. and Munrce, R. H., The Spacelab
Lyman Alpha and White Light Coronagraphs Program: to be published in Space
Science Revicws.
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spectrometer design; however, the details of the CES design are not yet well
established. The 100-800 A interval selected for the CES was chosen because

the widest range of ilonlzation stages of C, 0, Ne, Mg, Si and Fe can be

observed within this wavelength interval, It is anticipated that the CES will
operate primarily in a spectrometer mode, scanning over select wavelength inter-
vals in order to measure the abundance and lonizatlon structure of the solar
wind.

3.3.4 Accommodatlion of the Imaging Instruments

We comment briefly here on the most significant problem areas of
instrument accommodation which the Committee addressed.

3.3.4,1 Physical Placement of Instruments

The basic philosophy adopted to accommodate the direct viewlng instru-
ments 1s to place them behind collimated baffles which reduce the incident heat
flux to 20 solar constants (as measured at 1 AU) by limlting the field of view.
This approach is i1llustrated by Pig. 3-12 (Fig, 3-12 does not necessarlily repre-
sent the latest STARPROBE configuration, but it does illustrate the basic design
philosophy). Recently, a study by Ball Aerospace8 has indicated that separate

collimation tubes for the VM/T and SXH/EUVS may be preferable, since this approach

eliminates constraints on the VM/T and SXH apertures. Although it is not shown
in Fig, 3-12, the EUVS may be easily accommodated with the same collimated baffle
system as the SXH, as shown in Fig. 3-11.

The accommodation of the Coronal Light Detector and the Coronal
Lyman-u Spectrometer in a single package is assumed in Fig., 12. The use of a
spinning platform, coupled with the use of multiple apertures to allow observa-
tions at angles up to 90° from the spin platform axis, can accommodate the
desired 2 steradian field of view.

The accommodation of the Coronal EUV Spectrometer presents a more
difficult problem, since the use of reflecting flats is limited for an instrument
operating at 100 R in the BUV, Alternatively, limiting the short wavelength
cutoff to 300 & may ease this problem. Other approaches to meeting the CES view
requirements are discussed in Section 3.4.

3.3.4.2 Thermal Control

With the adoption of the collimated optical baffles to reduce the
radiative flux on the primary optical elements, and th prudent use of techniques

8
Design Study of Imaging Techniques for the STARPROBE Mission, BASD
Report F21-08, July 1981.
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such as the VM/T Gregoriaﬁ design to reject surplus radilation, it appears that the
direct viewing instruments can tolerate the thermal environment at encounter.
Detailed studdes have already been carried out for the 5XH and VM/T, indicating

that the performance specifications of Table 3-1 will not be compromised by thermal

control measures, The coronal instruments are not expected to encounter severe
thermal problems.

3.3.4.,3 Imaging Data Storage

A rather critical issue from the polnt of view of the imaging experi-
ments is the capacity to store data during the encounter phase, when the data
link with the spacecraft will be severely limited. Table 3-2 indicates the
requirements fowx onboard storage which the Committee has developed. These
requirements are based on the fact that even with onboard data compression, a
single image from, for example, the YM/T or SXH will contain more than 100 bits,
When the requirements for multiple filters or multiple wavelength images and
line profile determinations is taken into account, a single "observation' will
require ~v107 bits for most instruments. The importance of this capabllity to
fully exploit the unique opportunity presented by the STARPROBE encounter cannot:
be overemphasized. '

3.3.4.4 Contamination of Optical Surfaces

The flux of material sublimed from the heat shield during solar
encounter is expected to be quite high. Since the optical surfaces of the
various optical instruments will be cool compared to most other spacecraft sys-
tems, contamination of these surfaces presents a serious potential problem.
Reflectivity in the EUV is espeelally sensitive to contamination; experience
on 0S0 has shown that a factor of 100 in reflectivity can be lost due to con-
tamination. This problem deserves very careful study.

3.3.4.5 Regilon of View

As the STARPROBE spacecraft passes over the solar meridian of 0° longi-
tude (as viewed from Earth) it is necessary to have the capability to offset the
viewing direction lateral to the spacecraft motion in order to view various
features on the disk. This is accomplished by tilting the spacecraft axis; the
degree of offset allowed depends on the configuration of the heat shield and
payload. The current configuration, assuming an X-ray telescope of less than
2 meters length (the current baseline is 1.75 meters) will allow a scan range
of +7.5°. Figure 3~13 indicates the quite excellent coverage which can be
achieved.

3.3.5 Mission Profile
The Committee has agreed that the preferred period for STARPROBE

solar encounter is near solar cycle minimum, somewhat toward the ascending phase;
and that the spacecraft orbit should cross the Sun's poles. This will ensure that
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the spacecraft will pass through polar coronal holes, and that the solar wind
related objectives can be achieved. The encounter should be timed so that the
spacecraft approaches the Sun from behind, as viewed from Earth, so that the
features to be observed at perihelion are observable from Earth, and a compre-
hensive observing program can be developed and dmplemented. Preliminary studies
of solar activity levels of previous solar cycles early in the ascending phase
suggest that there is a very high probability that exumples of all features of
Interest, such as sunspots, coronal loeps, etc., will be present for encounter.

3.4 SOME TASKS FOR FUTURE STUDIES

There are a number of questilons relating to the imaging instruments
which require more detailed study. Among those which appear to be most urgent
are the following:

° The extreme Ultraviolet Spectroheliograph should be more clearly
defined. In particular, the thermal problems associated with the
optical flats, should be addressed. Furthermore, therze are sev-
eral basic approaches to the EUVS; each has its advantages and
disadvantages, both scientifically and technically. If pos-
sible, each should be studied to the depth which has already
been achieved for the SXH and VM/T.
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3.5

polnts can

The Coronal Light Detector/Magnetometer has not been fully
defined. In particular, the concept of including a capability
for high-resolution observations of coronal forbidden lines to
determine the coronal field is falrly recent,

The Coronal EUV Spectrometer is the least well defined of the
imaging instruments, One serious issue which must be addressed

is how to obtain the desired wide field of view without scanning
the entire instrument., Such approaches as the use of layered
synthetic microstructures as EUV mirrors or owtical elements should
be carefully investigated.

An element common to many of the imaging instruments is the desire
to utilize a CCD array as the imaging element. This will require
the use of radiative coolers since these detectors must operate

at v170 K for the most effective performance., The impact of

this requirement for radiative coolers to provide the necessary
thermal environment should be studied.

IMAGING SCIENCES SUMMARY

In summarizing the work of the Ad Hoc Imaging Committee, the following
be made:

*

The Committee has concluded that the sclentific objectives which
can be addressed by imaging ilnstruments .n STARPROBE are criti-
cal to Solar Physics, and can be accomplished in no other way.

The Committee has defined six baseline instruments, cach of
which has a unique set of objectives and capabilities. The
measurements to be taken are highly complementary to one
another; and to the in situ observing program of the particles
and fields instruments.

Collaborative obgervations between STARPROBE and the Advanced
Solar Observatory throughout the STARPROBE Mission (including
the cruise phase) will greatly enhance the scientific return
of both observatories.

The technical challenges, such as thermal control, which
the STARPROBE mission presents to the imaging instruments are
formidable; however, they all appear solvable.

The aceommodation of all six imaging instruments on the current
all-science spacecraft design appears feasible. Fi:ld of view
requirements can be met. Important issues which remain to be
resolved are the onboard data storage requirements (nv3.5 X 109 bits
are desirv.) and the extenct of the danger of contamination of opti-
cal surfaces presented by mass lcss from the heat shield during
encounter.
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4.0 INTRODUCTION

The STARPROBE mission concept has been under study at JPL and its
history is reported elsewhere (Refs, 4=1, 4=2)., The current study included
five mission and system design options satisfying five scientific mission con-
cepts., This 1s a report of the results of this study including a summary of the
sclentific objeetives, design requirements, and specific designs satisfying these
five concepts,

The mission involves targeting a shielded spacecraft to pass through
the outer solar corona. With this proximity to the Sun, fundamental investiga-
tions of the local surface and interilor characteristics of the Sun are possible
and are detalled in chapters 1 through 3. Trajectories require large energles
which are currently only possible with a Jupiter gravity-assist delivery. A
gpacecraft 1s delivered on o trajectory over the pole of the Sun and to a
perihelion radius of four solar radii (ARq)

Depending on the sclentlific objectives and payload, the spacecraft
can have various appearances which are characterized by the design of the ther-
mal shield. A research program is underway at this time to determine the shicld
design, The details of this program and the design are discussed in Ref, 4-4,
The drag compensation requirements (Refs, 4-3, 4-5, 4-6) also influence the con-
figuration deslgn and affect the system and subsystem design requirements
(Ref. 4~8). Incorporation of a "drag-free" sensor and associated onboard com-
putational complexity 1s necessary to provide the high drag compensation accuracy
for the mission options with gravitational experiments (Refs. 4-3, 4-5, 4-6, 4-7).

STARPROBE may become an official NASA project in the late 1980s with
the earliest launch opportunity probably in 1988. Current trajectory design
concepts consider only this launch opportunity but similar opportunities exist
about every 13 months,

4.1 SCIENCE SUMMARY
The sclentific justification for the STARPROBE has been reviewed
periodically. A typical question asked is, "What can STARPROBE do that other
missions cannot?" The following points attempt to summarize the answers.
(1) Measure the solar J, to the accuracy (wloua) required to:
(a) Determine the rotation rate(s) of the solar internal
gstructure yielding the solar mass distribution and
total angular momentum (see Sections 1.1.3 and 1.1.8).
(b) Determine the value of the PPN parameter B providing
one of the most accurate experimental tests of general

relativity (see Section 1.2.3).

(2) Observe in-situ the dynamics and heating of the solar wind in
the unexplored region between 4Rs and 60Rq (see Seection 2.1.1)

41,
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(3) Determine the mass logs mechanisms of a stellar object (sce
Section 2,1.1).

(4) Measure the energy spectra and composition of solar energetic
particles to determine their storvage, rclease and acceleration
histories (see Scction 2.1.2),

(5) 1Image the sun at a resolution at least an order of magnitude better
than the most advanced proposced solar obscrvatories, ylelding
detalls about structure in the photosphere, chromosphere and
corona which would never be visible by othes technilques (see
Section 3.2.1).

Details of the sclentific objectives and requirements for the

three STARPROBE selentific disciplines are discussed in chapters 1 through 3
and by Underwood (Ref. 4-3). The fields and particles (F&P) discipline includes
the following typical instruments:

Plasma Spectrometers (PS)

Magnetometers (MAG)

Plasma Wave Spectrometer (PW)

Energetic Particle Detector (EP)

Dust Impact Detectors (DI)

Ion Composition Analyzer (IC)

Coronal Light Detector (CLD)

Flgure 4-1 illustrates the regions of each of the phenomena expected
near perihelion (see Section 2.0) and the instruments used to measure each of
the phenomena. Note that a STARPROBE perihelion of 4Rg would pass through all
of the reglons with the exception of the reglon of closed field lines. This
region could only be observed with remote sensing instruments.

The Imaging scientific discipline consists of the remote sensing
experiments which rely on optilcal instruments in two classes as dilscussed in
chapter 3. The first class would utilize direct viewing instruments including:

Visual Magnetograph/Tachometer (VM/T)

EUV Spectroheiiograph (EUVS)

Soft X-Ray Heliograph (SXH)

4=2
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Flg, 4=1, Tields and particles phenomena and typical instruments

The objectives of this class of experiments are to provide the highest possible

resolution dmages of the physical structure in the solar atmosphere as discussed
in Scction 3.2, .

The second class of optilcal experiments would not view the solar disk
but would observe phenomena in the corona which could be related directly to the
in situ cxperiments., These instruments include:

Coronal “vman Alpha Spectrometer (CLAS)
Coronal Light Detector/Magnetogra;h (CLDM) (magnetograph on the CLD)
Coronal EUV Spectrometer (CES) '

In addition to the synergism with the in situ experiments, other objectives of
these coronal viewing instruments include studying the evolution of the structure
of dynamle coronal events which would also be observable by solar telescopes,

on and orbiting the Earth,

The gravitational experiments on STARPROBE rely on precision determina-
tion of the spacecraft's orbit in order to detect small perturbations caused by
various gravitational and relativistie effects. The most fundamental objective
is to determine the solar gravitational quadrupole moment (J2) as elaborated in
Seetion 1.3.1., The "instruments'" involved are the drag compensation system on
the spacecraft and the high accuracy radio tracking system onboard and on the
earth described by Armstrong et al (Ref. 4-9)., The predicted sengitivity of the

4~3
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Jo measurement by STARPROBE is shown in Fdg. 4~2 as derived from Mease et al,
(Ref. 4=7). Here the J9 aceuracy is plotted against the perdhelion radius and
orbital inclination. ‘The design goal of 1 to 2 parts im 108 accuracy can be met
only if the perihelion radius 1s about 4Rg and the inclination is greater than
about 70 degrees.

The five sclence options consldered during the most reeent study were
derived from each of the scientific diseiplines or cembination of disciplines.
These optlons were defined by the NASA-sponsored STARPROBE Scilentifile Advisory
Group., Table 4~1 summarizes the disciplines included in cach sclence option.
Note that there are two optlons which contain only filelds and particlos experi-
ments, One of these is for a J~axls stabilized spacecraft design, The other is
a spin stabilized design. Each of these options will be discussed later.

4y 2 TRAJECTORY DESIGN

A ncar perihelion trajectory satisfying the sclentific objectiver has
a perihelion radius of about 4R, and an inclination of about 90 degrees. The
baseline trajectory with these parametars i shown in Fig. 4=3, This 48 a view
(edge-on to the ecliptic plane) of the trajectory from ~10 days to +10 days with
an expanded view from minus to plus 8 hours. The high heliocentric velocity of
the spacccraft 1is apparent from the figure. The spacecraft passes from pole to
pole in less than 14 hours, reaching a periholion veleeity of over 300 km/scc.
Also 1llustrated is a schematic view of the spacecraft In its nadir pointing
orientation, kecping the shield toward the Sun throughout the perihelion passage.
Note that a 18C-degree pitch maneuver is required in about 14 hours.

ORBIT INCLINATION, | (degrees)

60 70 80 90
10 | g i | T T T
9} i
8 DRAG FREE ACCURACY = 10™1% .
o ] DOPPLER ACCURACY = 0,1 mm/s i
»
g 6 N

« 0n° -
Rp(l 90°)

"2 ACCURACY {
- vt
T

CURRENT DESIGN POINT
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St Due Nt v ot by g Wown ot b
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Fig. 4-2. Estimated Jp accuracy versus perihelion radius and orbit inclination
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Table 4~l. STARPROBE selence options

Selentific discipline

F&P Optieal Gravity Comment
Optilon
I X X X Tull
selence
II X X Mo
optical
111 X F&P
3 axis
v X Optical
only
\Y X Fap

Spin stabl.

To deliver a spacccraft to the perihelion conditions i1llustrated in
Fig. 4=~3 requires a high energy trajectory using Jupiter gravity assist (JGA), as
determined from previous studics (Refs. 4-1, 4-2). A major concern in the past
has been delivering sufficient payload to 4Rg with the early verslons of the Space
Shuttle (8TS) configured for interplanetary launches using an IUS upper stage.
Trajectories were designed (Refs, 4=, 4-2) which would dellver sufficilent mass
to the Sun given this less than desirable STS performance, but they required both
Barth and Jupiter gravity-assist swingbys and were known as AV-EJGA trajectories,
More recently, new STS high-energy-stage concepts (e.g., Centaur/STAR-43 or
on~orblt assembly of IUS stages) have been proposed. Such a stage would allow
the delivery of a sufficlent payload to the Sun using only a JGA trajectory.

These types of ballistic delivery trajectories are illustrated in
Fig., 4~4, which is a view from above the ecliptic plane. The spacecraft 1s launched
on an Earth return tvajectory leading to an Earth gravity-assist (EGA) swingby.
To accomplish the Earth return it 1s necessary to carry a large propulsion module
providing the two large impulses (AVy and AVp). This inner portion of the
trajectory 1s known as a AV~EGA trajectory. Following the AV9 maneuver and the
Earth swingby, the spacecraft now continues outward toward the Juplter gravity-
asslst (JGA) swingby. The state of the AV-EGA trajectory is virtually identical
to a JGA trajectory just past the Earth. Thus, if a high-energy launch vehicle
can inject a spacecraft into this state toward Jupiter, only a JGA trajectory
is required. The advantages of the JGA trajectory include the shorter flight
time and the deletion of the AV propulsion module from the spacecraft at signif-
Lecant cost savings.

Another parameter illustrated in Fig. 4~4 is the earth-node angle (n)
shown at a value of -45 degrees, This angle is defined as the difference in

45
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Fig. 4-3. Near-perihelion trajectory

heliocentric longitude between the STARPROBE orbit node and the Earth's location
at the time of perihelion. An angle of -45 degrees has two pousitive attributes.
First, the geomecry at perihelion is nearly optimum for radio tracking purposes
to determine Jp as 1llustrated in Flg. 4-5. This is a view of the perihelion
trajectory and the Sun as seen from the Earth. Note that the perihelion is
about 0.8 degrees from the Sun. This separation 1s important to the tele-
communications subsystem design as discussed by Armstrong, et al (Ref. 4-9).
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Fig. 4~4. STARPROBE 1988 ballistic delivery trajectories
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Fig. 4-5. 1988 perihelion trajectory view from Earth

Another aspect of this geometry fllastrated in Fig. 4-5 is the subspacecraft track
on the Sun, This is the track that 1s most casily observable from the spacecraft
optical instruments. But, with this geometry, the track would also be cbsexvable
from Earth~based solar telescopes during the encounter inviting complementary
observations in reglons near the track. Note that these regions would rotate

from left to right, allowing enough time (a few days) to reprogrem the STARPROBE
computers to point at exactly the same reglons which had previously been observed
from Earth. Thus, high-resolution observations from STARPROBE could be made of
regions containing dnteresting transient events scen previously with lower-
resolution solar telescopes near or on the Earth,

Another type of trajectory has been studied (Ref. 4-10) which is simi-
lar to the AV-EJGA trajectory but uti’izes a high specific impulse electric propul-
slon system for the "AV." Tigure 4 o illustrates such a trajectory for STARPROBE
using a Solar Electric Propulsion wystem (SEPS) currently under development at
NASA, The intermediate orbit is similar to the AV-EGA trajectory, but the
velocity is added continuously by the SEPS system to shape the Solar Electric
Barth gravity-assist (SEEGA) trajectory for the Earth swingby. Add Jupiter
gravity-assist and this is defined as a SEEJGA trajectory. One of the most
favorable attributes of the SEEJGA trajectory is the lower final orbit period
(2.9 years) produced by retrothrusting with the SEPS during the approach to the
Sun, One of the major drawbacks of this concept is the expected contamination
of the spacecraft surfaces and filelds and particles environments when the SEPS
ig operating.

4=7
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Table 4=2 summarizes the principal characteristies of the STARPROBE
trajectory options. Aor each of the ballistie trajectory types there are
two entries in the table. The JGA trajectories are characterised by the longth
of the [light time to the Sun, whiel is divectly related to the launch enexgy.
The "short" JGA hos the shortest flight time (2.7 years) of any of the trajectory
options but has the highest €3 (133), requirving a high=energy=upper=stage launch
vehicle to deliver a reasonable payload to the Sun. A reduced Cy Ls possible
using the "long" JGA trajectory at o penalty of an additional 1.1 years of
flight time. Another difference dn the JGA trajectories is the Perijove radius,
The short JGA trajectory passes Jupiter at about 3 Ry and will be subjected to a
higher flux of pavticle radiation than the long JGA (and all of the other
options) which pass at about 10 Ry,

Although only one AV=BEJGA trajectory exists for the 1988 opportunity,
two technologles of the AV propulsion module are possible (see Table 4-2) yiclding
significantly different performances. Beeause of the higher performance of the
gpace storable propulsion module, over 600 kg more delivered mass is posgsible.

Tneluded for comparison in Table 4=2 are the SEBEJGA trajectory char=
acterdstics, Note that the most outstanding characteristic is the reduced final
orbit period (2.9 yoars) afforded by thrusting Lrom Jupitex to the approach
to the Sun,  This 1is because the {inal orblital period is not defined by the
aphelion (near Jupiter) as with the ballistic trajectories.

Due primarily to cost considerations, the curront praforred trajec=

tory is the short JGA which seems to deliver a sufficlent mass for the current
gpaceeralt design 1f a high-energy upper stage (e.g., Centaur) becomes available,

4.3 SPACECRAIFT SYSTEM DESIGN REQUIREMENTS

L

A mission to the Sun places very stringent and unique requirements
on the spacecraft design., Table 4-3 summarizes some of the requirements derived
from the scloentific objectives and placoed on the spaceeraft subsystems. Assocl-
ated with eaeh requirement is o numerical specilication which can drive the
design of a speeific subsystem or the entire gystem. Note that the requirements
for cach science option form a subset of the total requirements, with the excep-
tion of the full sclence option (mot shoun), which must fulfi11l all of the
requirements simultancously. The following paragraphs desecribe the effects of the
principal requirements on the design options,

Many of the requirements affect the configuration as shown in the
schematic drawving of Fig, 4-7. Dominating the configuration is the primary thermal
shield. The design of the shield 1s not driven by survivability but by the
selentifle requirement to minimize the wass loss from the shield (less than
2.5 mg/sec). To keep the temperature at a low enough level to satisfy the mass
Tousy speeification, a high aspeet ratio geopetry is nevessary. A cone seems Lo
be the best geometry for the shield, and the lowest mass shield seems to be made
of a refractory carbon-carbon material, Below the primary shield, the carbone
carbon secondary shields reduce the thermal flux from the back side of the primary
shiold to a benign 40 deg Celslus in the electronies bavs and the drag={ree sensor.
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(AT PERIHELION)
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SCIENCE PLATFORM
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{>2m FROM RTGs, 10 RPM} RTGs

{700 w)

TELECOMMUNICATIONS
{F < 0,1 mm/sec, > 20 kbps)

Fig. 4~7. Spacecraft schematlc configuration

The shadow or umbra cast by the shield has a conical shape due to the
large angular diameter (28 deg) of the Sun at 4Rg. The components of the space-
craft must reside in this umbra for survival. The power sources, consisting of
radioisotope thermoelectric generators (RIGs), reside in the upper part of the
umbra for two reasons., First, there is more area available in this part of the
umbra for the large thermal radlators which wrap around the outer edge of the
umbra (not shown in Fig. 4-7). Second, placement of the RTGs here sepatrates them
as far as possible from the scientific instrument detectors which are sensitive
to the neutrons and gammas emitted by tbe RIGs.

Wrapping around the opposite side of the upper umbra from the RIGs,
the electronics bays are located to allow the large volume required as well as
reasonable isolation from the RTGs. In the center of the upper umbra is the drag-
free sensor for the gravitational experiments located near the center of
gravity. Below the RIGs is the high~gain antenna (HGA), which must remain in the
umbra and be fully articulated (to continuously track the Earth during the nuadir
pointing maneuvers near perihelion). It represents the window to the tele-
communicatons subsystem, which must maintain high Doppler tracking accuracy (less
than 0.1 mm/sec) and high telemetry rates (greater than 20 kbps).

The direct viewing optical science instruments reside on an "optical
bench" near the lower center of the umbra. The boresight of the direct viewing
optical instruments passes through the refractory metal tube located near the cen-
ter of the primary shield. This tube acts as a thermal isolator for the instru-
ments as well as a contamination barrier. The X-ray telescope 1s the largest of
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the opticol instruments (shown schematically in Fig. 4-7) requiring high accuracy
pointing control (less than 0.02 deg) and a large pointing range (plus or

minug 7 deg off nadix). At the tip of the umbra is a rvotating platform sup=
porting most of the fields and particles (F&P) experiments as well as the coronal
optical instruments., The platform rotates at about 10 rpm to fulfill the fre-
quency and field~of=view requivements of the F&P experiments,

bty SUBSYSTEM DESIGN TECHNOLOGY AND PERFORMANCE

Technology research is proceeding for many of the STARPROBE subsystems.
The rescarch is supported by a memn of understanding (Ref. 4-10) between
the NASA-OAST and the NASA~O0SSA offices. This technology development program is
expected to be completed in 1985 and to provide technology in a state which can
be dnherited by the STARPROBE project to minimize project costs., The thermal
shield, the telecommunications, and the drag-free subsystems are under devel-
opment as part of thls program.

Recent thermal shield research (Ref, 4-4) has been directed toward
identifying sultable materials for the shield system as well as an appropriate
shield configuration design. The most promising material is carbon-carbon,
selected for its high strength-to~mass ratio at high temperatures and ics conser=-
vative thermal properties. This lightwelght material will perform the STARPROBE
thermal shield function if it is configured into a 30~deg cone. The key pexform-
ance criterdon is not survivebility but minimum mass loss. Figure 4-8 illustrates
the results of a parametric study of ceoniecal shields made of carbon-carbon. The
mass loss rate of the shield 1s plotted as a function of perihelion radius, with
the design goal of 2.5 mg/sec shown as a dashed horizontal line. The results show
that a 30-deg cone 1s necessary to satisfy the mass loss requirement at a peri-
helion radius of ARS.

Telecommunications near the Sun (Ref, 4-9) are severely degraded due to
the corona environmental effects on the channel and due to the Sun's presence in
the ground statilon antenna beam. The current trajectory design attempts to mini-
mize the latter condition as illustrated in Fig. 4-5. The effeets of these
deleterious conditions are very significant, as shown in Fig. 4~9 by the dramatic
change in telemetry performance near perihelion., There is a factor of 10 reduc-
tion in X-band telemetry performance during the final 6 hours before perihelion.
The current power output of the X-band channel (40 watts) would be more than
adequate 4f coronal effects were not so significant.

Drag=free technology research and simulation status is reported in
references 4-5, 4-6, and 4-8. The drag-free funectional elements are shown
schematically in Fig, 4-10. The drag-free sensor consists of a '"proof
- mass" or spherical ball which is centered in a spherical cavity attached to the
spacecraft. When the spacecraft is perturbed by external forces such as solar
radiation pressure forces, the cavity moves and this displacement is detected by
capacitor devectors which can activate small thrusters to restore the spacecraft
(L.e., recenter the proof mass). Unfortunately, forces internal to the space-
craft, such as varlable mass attraction and charge attraction (see Fig. 4-10),
also perturb the ball. One of the most difficult forces to determine is the
charge force on the ball as discussed by Vijayaraghavan (Ref., 4-8). All of the
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Fig. 4~10. Drag-free subsystem elements on the spacccraft )

internal forces must be estimated using various telemetry and control techniques.
An elaborate on~board controller or estimator establishes whether the perturba-
tions on the spacecraft are truly external, justifying the activation of the
compensating thrusters, The drag-free functlon is part of the overall attitude
and translation control subsystem which must maintain near-nadir pointing during
the perihelion passage. Deviations from true nadir pointing are required te
point the direct viewlng optilcal experiments at as large an area as possible near
perihelion. This offset pointing reduces the size of the spacecraft's umbra and
must be limited to about 7 deg from nadir. The cffects of this limitation are
shown in Fig, 4-11, which illustrates the regilons that can be viewed from the opti-
cal instruments. Note that both of the polar reglons are totally viewable down
to a latitude of about 40 deg. However, equatorial reglons can be viewed only
near the spacecraft track at perilhellon,

The onboard data handling and control computer must not only be capable
of the real-time computations needed for the drag-free estimation and control,
but the computer must alsoc change the data rates rapidly to account for the varia-
tion in telemetry performance discussed above. A variable data format algorithm
has been designed which would allow data rates to be varied in discrete steps of
5 kbps each. With these rate steps, the time intervals between data rate changes
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will be as small as about 4 minutes. A new ground system deslgn as part of the
new Decp Space Network Consolidation Plan (see Ref, 4-10, section 3.7.6) will be
necessary to accommodate such rapld data rate changes with minimum data loss due
to reacquisgition tdme intervals.

4.5 SPACECRAFT DESIGNS FOR EACH SCIENCE OPTION

Characteristics of the spacecraft design for each of the filve STARPROBE
sclence options are discussed below by first presenting the overall configuration
design and then describing any unique fratures of each system design. Following
the discussion of all five of the desig.s, a summary of mass, launch mass margins,
and power will be given,

The full science configuration (optdion I) is 1llustrated in Fig. 4~12 in
perspective view. The primary shleld is a cone with a small central angle
(about 30 deg) to minimize its temperature and mass loss at perihelion. The base
of the cone has a diameter approximately equal to the space shuttle bay diameter.
Passing through the center of the shield i1s a long tube which forms the optical
path for the visual and X~ray instruments. The optical instruments reside on an
Voptical bench" structure (not shown) containing celestial and inertilal sensors
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Flg. 4-12. Tull science spacecraft configuration (perspective view)

as well as the reaction wheels which would provide pointing mancuvers and
accuracy, The detectors for the optical instruments are as far from the RIGs as
possible, The RIGs were configured with two design guildelines in mind., TFirst,
the particle radiation from the RTGs is minimized 41f they are viewed end=-on.
Sccond, the distance from the end of the RTG to the science detectors (optical
and fields and particles) should be as far as possible to minimize interference
and damage. Also the distance from the RIGs to the bus has been maximized by
locating the electronies bus diametrically oppesite the RTGs in the upper part of
the umbra. The fields and particles instruments (plasma, lon, and particle
detectors) arce located in the lower part of the condieal umbra on a spinning plat-
form. DBelow this platform, the magnetometer is attached to a retractable boom,
allowing at least a 3.3-meter scparation from the spacccraft during cruilse when
deployed (shown in retracted position here for the perihelion passage).

Further details of the full sclence configuration can be seen in
Fig., 4=13, The detalls of the primary shield supports are shown as well as the
fit of the secondary shields around the slightly offset optical contamination bar-
rier, The optiecal beneh support structure around the X-ray telescope couples
into the principal space~frame structure supporting the bus RIGs, HGA and
spinning science platform. The drag-free sensor can be secen next to one of the
offset-axis recaction wheels which are used to assure the accurate optical instru-
ment pointing requirements, The variation in the size of the umbral cone as the
spacecraft approaches perihelion (P) is also illustrated in PFig. 4-13. At P-10
hours the umbra is nearly cylindrieal, allowing the HGA to be tilted outward to
track the Earth at that time. At perihelion, the umbra shrinks to the conical
shape which limits the overall configuration volume. The umbra shown at peri-
helion includes an allowance for plus or minus 7 deg of pointing off nadir for
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the optical experiments. Note that the Earth direction (as shown by the HGA
paresight) has moved almost 45 deg by this time, bringing the HGA within this
smaller umbra,

The filelds and particles plus gravitational sclence configuration
(optdon II) is shown in Flgs. 4-14 and 4-15. Without an Imaging System, several
gsimplifications or optimizations can be made compared to the full science option.
First, the tungsten tube 1s not required and the telescopes and related support
structure and deployment devices can be removed. Secondly, the reaction wheels
are not necessary because precise pointing of the spacecruft is not required.
Thus, a larger umbra is avallable and can be exploited to allow a larger-
diameter high-galn antenna and greater seience/RIG separation., Reduced science
and larger antenna can allow a power reduction or fewer RTGs. The main shicld
remains essentially the same shape because of the mass loss requirement.

The top view (Fig. 4~15) of option II deplects the placement of each
instrument on the spinning platform. Also shown are the plasma wave antranas
and magnetometers, The remote placement of the RTGs and thelr radiators nway
from the bus can be seen,

Option IIT consists of a 3-axls stabilized ficlds and particles space~
ceraft, TIts appearance is virtually identical te option IT wlth the exception of
the deletion of the drag-free sensor. The system design is much less complex.
Only a single frequency telecommunications system is nccessary, which greatly
reduces the radiv power requlrements (by about 40%). The attitude control system
complexicy 1s similarly reduced by deleting the drag-free functlons as well as the
many drag-free propulsion elements. The summary of these reductions yilelds a
savings in mass of about 7% and a savings in system power of about 20%.

Changes are possible in the overall configuration for the optical
only (vption IV) spacecraft as shown in Fig. 4-16. With no fields and particles
requirement on mass loss, the primary shield has a larger angle (about 60 degrees)
cone. The direct viewing instruments remain the same as optilon I requiring the
contamination tube through the shield. Optical pointing accuracy demands the
reactlon whecls and optical bench design similar to option I. The coronal view-
ing platform contains larger versions of the coronal viewing instrumeats than
were possible on option T.

A major departure from the other (3 axls stabilized) options is the
spin stabilized fields and particles option (V) shown in Fig, 4-17. A spinning
spacecraft provides the desirable fields of view for the partilcles and fields
experiments., In addition, a spinning spacecraft can reduce costs if 1t can be
designed with minimum complexity. This is assured 1f the spacecraft has oblate
inertial properties (I, »> 1). The high aspect ratio of a carbon-carbon shield
results in very prolate (I,/Ix << 1) dnertial properties, eliminating carbon-carbon
as a feasible shield material., This shield design 1s made of tungsten and very
low aspect ratios are possible. Although the spacecraft could be designed to
be oblate, the spacecraft mass is increased siqaificantly. Hot spots occur near
the center of low aspect ratio inverted conical shields. The solution is to
design a truncated conical shield (shown in the figure), eliminating the hot spot
in the center by creating a hole through the center of the shield. This toroidal
geometry also improves the oblateness of the spacecraft making it a thermally

4-19



ANTENNA PERIHELION

an TooNmAR P et
W e
(‘: U TRV

OF POCR U 1

g
B

=~ MAGNETOMETER
BCOM & CANISTER

=SPINNING PLATFORM
(DEPLOYED) (STOWED)

LAUNCH ADAPTER

PRIMARY SHIELD

PRE~PERIHELION

-

DRAG-FREE SENSOR

ot}
) moter \— PLASMA WAVE ANTENNA (2)

Tig, 4-14. Ticlds and particles + gravitation spacecraft
(option II, side view)

SPINNING
PLATFORM

PLASMA SPECTROMETER

1. ELECTRON DETECTOR DC (10 m) PLASMA WAVE
ANTENNA (2)

ION COMPOSITION

~—DUST DETECTOR (2)

DRAG FREE SENSQR

ENERGETIC PARTICLES
MAGNETOMETER
(LAUNCH STOWED) AC (0.5 m) PLASMA WAVE

4
S ANTENNA ()

MAGNETOMETER
— ~PROPELLANT TANK (2)

t"*vu‘,a \ I ™

Fig. 4-15. TFields and particles + gravitation spacecraft
(option IIL, top view)

4-20



ORIGINAL PACE (9
OF POOR QUALITY

[ CORONAL MAGNETOGRAPN === VISUAL MAGNETOGRAPH/TACHOMETER
[~ CORONAL LYMAN-a SPECTROGRARYH SOFT X~RAY TELESCOPE
=:=> CORONAL EUV SPECTROGRARH EUV SPECTROGRAPH

CORONAL
VIEWING
PLATFORM "\ _

- ReAcTion /= PROPELLANT TANK
WHEELS (4 P~

OPTICAL BAFFLES

&
CONTAMINATION BARRIER
{TUNGSTEN TUBE)

\
/

EXTREME POINTING
UMBRA AT PERIHELION
{7° POINTING RANGE)

ANTENNA AT PERIHELION .

UMBRA AT +20 N()UHS‘»l

FROM PERINELION
ANTENNA AT £20 HOURS

£ / PRIMARY SHIELD
N

SECONDARY SHIELDS
—~RTGs & RADIATORS

Flg., 4=16. Optical spacecraft (option IV, side view)

\ /- ANTENNA SPIN TABLE

0.5 moter X=BAND
RIGH GAIN ANTENNA

SECONDARY
SHIELDS
PRIMARY
SHIELD
%%?31@ < RTGs AND RADIATOR
CONE)
TO SUN (+Z) X
CENTRAL HOLE

T~ PLASMA WAVE ANTENNA (2)

Fig. 4-17, Spin-stabilized fields and particles spacecraft (option V)

4-21



and inertially acceptable design., High telemetry rates near perihelion require
an off=axis high-gain antenna with complex articulation to malntain Earth
pointing: a difficult deslgn problem on a spinning configuration limits the
diameter of the high-gain antenna to about 0,5 meters, as shown in Fig. 4~17.
Also, the antenna must reside on a despun table to maintain constant pointing
while the spacccraft spins at 10 RPM, These constraints on the antenna design
result in a maximum telemetry rate of 1000 bps at X-band near perihelion. In
addition, the complexity of the despun articulating antenna changes the attitude
control system from a simple spinner to a more complex (and costly) dual=spin
spacceraft. Thus, the motivation to provide a spinning spacecraft design can

be realized 1f 1000 bps of real-time telemetry near perihelion and Increascd
spacecraft costs are acceptable. Tt should be noted that the 1.9 x 109 bit bubble
memorles could be used to store data for later playback, producing a much higher
effective telemetry rate at periheldion.

A summary of the mass and power estimates for all of the optlons is
given in Table 4-4. A major "overhead" for all of the options is the massive
thermal shield and supporting structure. Thus, even the lowest mass option
(option IITI) yields a mass reductlon of only about 20%., Power reductions can be
as high as 33% from the most complex option. The total spacecraft masgs for each
sclence option is compared to the launch mass capability for the two current
ballistic trajectory optlons: JGA short and JGA long. A Centaur/STAR 48 upper :
stage 1s assumed for the trajectories. Performance capability is summarized as :
launch mass margin expressed in percentage. A launch mass margin of greater than
20% has been used as a guldeline during the study. Clearly; with the Centaur
capability, this margin erxiterion is easily met using a JGA "short'" trajectory
for all but the full sclence optlon., Tor the full sclence option, a JCA long
trajectory is required. ﬁ

LT

Using the JPL cost model, the relative project costs between the scilence
options have been estimated and are given in Table 4-~5. Because the designs do not ,
contain significant detail, the absolute magnitude of any one estimate should not
be considered very accurate., However, the relative costs of the options are based
on simllar inputs to the moudel and would thus be reasonably accurate. The values
have been normalized using a value of 1.0 for the total project cost of the full
sclence option.

This table alluws comparisons of the project cost Impact between ecach
of the science options. TFor example, the full sclence spacecraft cost is 20%
higher than any of the other options. This difference is not larger because
of the cost "overhead" for the shield and other necessities for all of the
options and has little relatilonship to the actual sclence payload differences.
A more specific comparison can be made between the spacecraft costs of options IIT
and IV. Initially it would appear the F&P spacecraft (option IIIL) would be
less complex and thus less costly than the optical spacecraft. However, upon
closer scrutiny of the design, it is realized that the number of experiments on ,
the F&P spacecraft is significantly larger because that spacecraft also includes (
coronal imaging experiments. To support this larger number of experiments is '
more costly. The dual-spin F&P design is one of the more costly options in the
table, The complex spacecraft i1s clearly the cause. This spacecraft has the
heavier tungsten toroidal shleld with a much more complex support structure than :
the comparable carbon-~carbon cone shleld in the other options. Also, the thermal i
and structural design of the toroidal bus makes it a very low inheritance design.
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Table 4-5, Seilence options project cost comparisons (normalized)

Option I II 11T v \Y
Gravity plus F&P only Optical F&P only
Item Full sclence filelds & particles 3 axis only dual spin
Spacecraft 0.66 0.54 0.50 0.48 0.54
MOS 0.09 0.09 0.08 0.08 0.08
Project a
management 0.25 0.21 0.18 0.18 0.21
Total 1.0 0.84 0.76 0.74 0.83

ITneludes reserve and allowance for program adjustment (APA) and MASE.

In addition, the complexity of a dual-spin attitude control system which must ac-
complish nadir pointing maneuvers and high-gain antenna pointing near perihelion
is perceived as being very costly.

4.6 CONCLUSIONS AND FUTURE PLANS

Specific recommendations affecting the mission and system designs have
been made by the scilence teams and are summarized in Table 4~6. The principal
recommendations of each science team are listed in the left column of the table and
the responses to those recommendatilons are given in the adjacent columns. In some
cases the details of the response are beyond the scope of this report and references
to more detalled analyses are given., Some cases fall into the category of future
studies which can be pursued when new funding support becomes available. The sta-
tus of the remainder of the cases can be found in this document and are suiltably
referenced by patagraph number. It can be seen that nearly two-thirds of the recom-
mendations have slready been incorporated into the mission and system design concepts.

Although a mission has not been chosen for STARPROBE at this time, the
five options presented here will allow NASA and the scilentific community to deter-
mine the extent to which to commit funds for the first mission to the Sun, given the
current fiscal and other programmatic constraints. The full science option is close
to a Voyager class mission. If the scientific community can present a strong enough
case for the large return and complex requirements from this mission then its rela-
tively high cost may be defensible. One conclusion from the science option study
is that in order to reduce mission costs, mission requirements would have to be re-
laxed. A mission to 4Rg requires a significant development beyond what can be in-
herited from previous interplanetary spacecraft designs. Zhe high cost overhead
for shield, telecommunications, drag-free, and instrument development makes the
sclence options more alike than not. Reducticns in seilentific objectives and re-
quirements can be combined with changes in the perihelion radius (i.e., moving out
from the Sun). At a sufficiently larger perihelion radius, it is expected that more
traditional interplanetary (lower cost) spacecraft capabilities may be applicable to
STARPROBE. Proposed studies include parametric analyses of missions out to LORg,
which would eliminate the Jp and many of the in situ experiments but would probably
result in a viable scilentific missdon with significant project cost reductions.

4=24



Table 4=6,

Science Group recommendations affecting mission design

Scelence Group recommendations

Status of implementation

Rafarenca
(ox section)

Flelds and Particles

Gravity (Section 1.5)

Ranging data sensitivity

Higher harmonics & other parameters
K-~band trackling

Doppler extractor on spacecraft
Coronal model

Proof mass charging models

Spinning spacecraft effects on maser
Maser lifetime

Maser effects on detectability
Small period trajectory options
Jupiter studies

(Section 2,3)

No spin stabilization
Deployable rotating platform
Retractable magnetometer boom
Refractory plasma wave antennas
Electrostatyc ilon deflection
Solar instrument development

Imaging (Optical) (Section 3.3, %.4)

Viewing through hole in shield
Separate collimation tubes

CLD on spin platform

Coronal EUV spectrometer

VM/T Gregorian telescope

Larger data storage (3.5x 109 bits)
Optical contamination protectdion
Pointing coverage at perihelion
Polar inclination trajectory
Perihelion after solar minimum
Large negative angle

Advanced instrument development

In current Jo analysis

In current Jo analysis

Effeets not significant

In radio subsystem design

In current channel analyses
Future simulation model addition
Future study = not in design
Future study - not in design
Future study -~ not in design
Analysis completed - not in design
Future study - not in design

Currvent design -3 axis stabilized
Current attitude control design
Current boom design

Current antenna design

Future study = not in design
Future funding required

Current shield design
Current optical design

On current platform design
Future study =~ not in design
Current design concept
Current design 1.9x 109 bits
Current Wo tube in shield
Current confilguration design
Current trajectory design
Not current trajectory design
Current trajectory desipgn
Future funding required

4=10

(4.5)
(4.5)
(4.5)
(4.5)

(4.5)
(4.5)
(4.5)

(4.5)
(4.5)
(4.5)
(4.2)
(4.2)
(4.2)

.
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