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ABSTRACT

Radial gradients in the steady interplanetary field have been investigated
between 1,0 and 4.3 AU using Pioneer 10 vector helium magnetometer data. The
radial and azimuthal field components, the field magnitude and the spiral angle
have been analyzed as functions of heliocentric distance. These four parameters
were chosen because they could be compared directly with Parker's solar wind
theory. It has been found that, in general, the observations agree with theory.
The radial and azimuthal components appear to be reasonably well-described by
the theoretically anticipated radial power law dependences. The field magnitude,
although not following a simple power law, also agrees substantially with theory.
At large distances the field continued to exhibit a definite spiral structure
including well-defined magnetic sectors. The agreement between the observed spiral
angle and the Parker spiral certainly appears adequate to first order, although
there are significant second order deviations whose origin is unexplained at
present. There is no substantial evidence for effects on the solar wind that
might be attributed to its interaction with incoming interstellar gas. Radial
gradients in the interplanetary field fluctuations between 1.0 and 4.3 AU have
also been investigated using daily and hourly variances of the magnitude and three
components. Although it may be possible to express the changes with distance
as a simple power low, a better correlation exists between the variances and the
square of the field magnitude. For both daily and hourly variances, the fluc-
tuations are reasonably isotropic, with roughly equal power in all three components,
and there is approximately an order of magnitude more power in the directional
changes than in the fluctuations in magnitude. These results imply that, relative
to the average field magnitude, the interplanetary field is as irregular at 4
AU as it is at 1 AU,
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I. INTRODUCTION

The original theoretical model of the solar wind (Parker, 1958) predic-
ted how the steady components of the interplanetary magnetic field would change
with heliocentric distance. The theory assumed axial symmetry and dealt only
with the radial and azimuthal field components parallel to the solar equatorial
plane. The relation between these two components is given by the spiral angle,
i.e., the angle between the interplanetary field and the radial direction. The
theory is simplified in that longitudinal and time variations, which are responsible
for sector structure, interacting fast and slow solar wind streams, etc. are
fgnored. More recent models have included both longitudinal and latitudinal
asymetries (Siscoe and Finley, 1970; Winge and Coleman, 1972; Suess and Nerney,
1973.) The simple Parker model has been used recently to predict the properties
of the interplanetary field and the solar wind at large distances from the sun,
principally in an attempt to examine the interaction of the heliosphere with the
interstellar medium (Axford, 1972; Holzer, 1973).

It is important to compare recent observations of the interplanetary
field in the outer solar system with Parker's theory. Such comparison provides
an opportunity either to improve our physical understanding of the unimpeded
expansion of the solar wind or to identify effects attributable to body forces
exerted on the solar wind by incoming interstellar gas. If the former condition
applies, it should be possible to determine the extent to which present theory is
either adequate or requires modification. In any case, an understanding of how
the magnetized solar wind changes as it flows outward from the sun is a prerequi-
site to identifying unambiguously such effects as may eventually be attributed to
an interaction with the interstellar medium.

Previous attempts to test Parker's theory over radial distances from 0.7

to 1.5 AU have led to only marginal agreement. A study of the Mariner 4 data
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acquired between Earth and Mars by Coleman et al. (1969) showed only partial

agreement of the radial dependences of the field components with theory, while
the spiral angle was found to be relatively unchanging. Measurements obtained
between 0.8 and 1 AU by Pioneer 6 seemed qualitatively consistent with theory
(Burlaga and Ness, 1968). However, subsequent analysis of Mariner 5 data
obtained between 0.7 and 1.0 AU revealed significant discrepancies, including

a tendency for the spiral angle to remain constant (Rosenberg and Coleman, 1973;
Rosenberg, 1970). These puzzling results have led to several suggestions that
attempt to modify Parker's theory in significant ways (Schatten, 1972; Rosenberg,
1970).

This report presents new observations obtained recently by Pioneer 10
over radial distances between 1.0 and 4.3 AU. The radial dependences of the
radial and azimuthal field components and the field magnitude have been studied,
as have the more subtle changes occurring in the spiral angle. This investi-
gation has the advantage of covering a large range of heliocentric distances,
but is subject to the same limitations as the earlier studies in that all are
based on observations made by a single spacecraft. Thus, the spatial variations
are confused by time variations associated with changing solar conditions, stream-
stream interactions, etc. Eventually, it will be possible to compare directly
simultaneous data from Pioneer 10 and Pioneer 11 at widely separated radial
distances. However, only the observations made during the first year of the
Pioneer 10 mission, prior to the Pioneer 11 launch, are reported here.

In addition to an analysis of the properties of the steady or average
component of the interplanetary field, the behavior of the ever-present back-
ground fluctuations, which are associated with a multiplicity of physical causes,

will be reported below. In a collisionless plasma, field fluctuations are the

principal means by which energy is transferred from one form to another, whether

as a result of stream-stream interactions or of basic plasma instabilities. In
particular, the solar wind transport properties such as the thermal and electrical
conductivities and viscosity are determined by the fluctuation spectrum. The
Tong-period component of interplanetary field fluctuations is believed to cause
scattering of primary cosmic rays at large heliocentric distances, thereby
producing a spatial gradient in cosmic ray intensities as well as a modulation
with solar activity. Parker (1963) has suggested that there will be a fundamental
change in the nature of the fluctuations with increasing radial distance. As the
spiral angle increases and the steady field gradually becomes predominantly
tangential, he predicts a transition from a firehose to a mirror instability.
Variances in the three components and the field magnitude and their changes
with radial distance have previously been studied by Coleman et al. (1969). The
spectrum of the fluctuations near 1 AU is well-known from studies by Coleman,
1968; Siscoe et al., 1968; and Russell, 1972. The variances of the field com-
ponents and the magnitude, determined from the Pioneer 10 data over daily and
hourly intervals, and their changes between 1.0 and 4.3 AU will be presented

below.
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II. RADIAL GRADIENTS IN THE FIELD COMPONENTS, THE FIELD MAGNITUDE, AND
THE SPIRAL ANGLE

For axisymmetric solar wind flow, which ignores effects of interacting
fast and slow streams, the radial and azimuthal components of the interplanec-
tary magnetic field are determined by two physical requirements (Parker, 1958).
The conservation of magnetic flux implies an inverse square dependence of the

radial component: \

- 2
Bp BR(I)/R ¥

where BR(1) is the magnitude of the radial component at 1 AU and R is the helio-
centric distance in AU. The co-rotation electric field in the solar wind frame
of reference, (% x R)x B, must be compensated by the convection field, so that
the resultant vanishes. In the above expressions @ is the angular velocity of
the sun and V is the velocity of the solar wind. This condition implies that
LR g Lo 5RO

v v 7
i.e., the tangential component, BT‘ which is perpendicular to ﬁ, parallel to the
solar equatorial plane and positive in the direction of motion of the planets,

decreases as R". Alternatively, this condition specifies the spiral angle,

B .
= ——T- = %
v = Atan (BR) v "

The properties of the components and the field magnitude have previously
been investigated over radial distances between 0.7 and 1.5 AU. Coleman et al. (1969),
using data acquired by Mariner 4 between 1 and 1.5 AU while enroute to Mars,
studied the radial dependences of the magnitudes of the radial and tangential
components averaged over 27 days. Although both components decreased with
distance, neither exhibited the expected power law dependences. A least squares

fit yielded

-1.23

-1.22

B, o R and BT a R

The combined result implied that the spiral angle was essentially independent of
radial distance (see also Rosenberg, 1970).

Using Pioneer 6 data obtained between 1 and 0.8 AU, Burlaga and Ness
(1968) had previously compared 29 day averages of BR' BT' and B with Parker's
theory and demonstrated a qualitative agreement. At the previous Solar Wind
Conference, Schatten (1972), confronted with these apparently contradictory
results, proposed that variations in the solar wind velocity might lead to a
violation of Parker's theory by 1 AU. However, an analysis of the Mariner 5
data obtained between Earth and Venus carried out by Rosenberg (1970) and
Rosenberg and Coleman (1973) led to results similar to those obtained with
Mariner 4. In this instance the best fit radial dependences were BR« R']‘78

and B, = g-1.85

again significantly different from theoretical expectations.
Rosenberg (1970) noted a systematic difference betﬁeen deviations from the Parker
spiral during quiet and disturbed solar periods which he suggested were the
effect of hydromagnetic waves and shocks.

Several factors make it difficult to study radial gradients using obser-
vations from a single spacecraft, The theory outlined above ignores azimuthal
and temporal varfations; however, as is well known, both assumptions are invalid.
Very large longitudinal variations are present in the form of solar wind streams,
the number and character of which undergo significant time changes between
successive solar rotations. The strength ana direction of the interplanetary
magnetic field undergoes corresponding changes with longitude and time. During
any given portion of the eleven year solar cycle, the latter may well be as large,
or larger than, the theoretically expected changes with radial distance.

One of the advantages of the Pioneer 10 magnetic field investigation is

the range of heliocentric distance covered (1 to 5 AU), far greater than for

s o M & .
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previous missions. Thus the changes in the field are much larger, being a factor
of 25 for the radial component and 5 for the tangential component. Even over
this extended range, however, the spiral angle changes only from 45 to 79 degrees.
The Pioneer investigation has the additional advantage that the measuvencnts have
been acquired over long periods of time (many solar rotations) and nearly continu-
ously without significant data gaps. The necessity of accurately measuring fields
an order of magnitude smaller than at 1 AU imposed stringent sensitivity and accuracy
requirements on the magnetometer to be used. Fortunately, recent improvements
in the vector helium magnetometer flown on Pioneers 10 and 11 have made it possible
to measure such weak fields with relative ease. A description of the instrument,
including its sensitivity and accuracy, is included here as an appendix.

A portion of the Pioneer data used in this study is shown in Fig, 1.
The magnitudes of the three field cemponents averaged over 24 hours are plotted
as a function of time for the first 120 days of the mission. The corresponding
radial distances are shown at the top of the figure and cover the range from 1.0
to 1.9 AU. The ever-present, very large temporal variations are an obvious
feature of the data. In addition, another aspect of using averages of the magni-
tudes of the components causes further difficulties in trying to derive radial
gradients.

There is a well-documented tendency for the interplanetary field to be
organized into magnetic sectors in which the field points alternately toward
and away from the sun (Davis et al,, 1966, Wilcox and Ness, 1965). The average
of any of the field components determined over intervals of approximately one
solar rotation approaches zero. Hence, there is no steady "signal" whose radial
dependence can be studied. To a first approximation the field is better charac-
terized as a square wave alternating between positive and negative values at

intervals of random duration.

It has been customary in past studies to determine the magnitude of a

field component over relatively short intervals, much less than one day, and

then to average these magnitudes over much larger iatervals, comparable to a
solar rotation. This procedure is equivalent to rectifying the signal to convert
the irregular square wave into a DC signal. Unfortunately, all the irregulari-
ties superposed on these square waves are also rectified and the signal power
which they represent then contributes to the steady signal. Subsequent averaging
over longer time intervals is simply equivalent to low pass filtering the data,
but this does not eliminate the power contributed at low frequencies by waves

and other irregularities. Since the interplanetary field is well known to be
highly irregular in direction, a significant amount of power is contributed by
fluctuations whose own radial dependence may be different than those anticipated
for the amplitude of the square wave signals.

To avoid these difficulties, a different approach has been adopted in
this analysis based on the most probable value (the mode) of the field components
(see Fig. 2). The data were organized into successive intervals of one solar
rotation or 360° of solar longitude as seen at Pioneer. This is equivalent
to removing the co-rotation delay associated with the secular motion of Pioneer
in the reference frame rotating with the sun. Three hour averages of the field
components within each solar rotation were used to prepare amplitude probability
distribAtions or histograms. The most probable value (MPV) or mode was then
determined.

Initially, the histograms were two-sided (i.e., negative as well as
positive values of the parameter and of the mode were studied). These were
analyzed separately and compared with an analysis based on one-sided histograms,

i.e., amplitude probability distributions of the magnitude of the field component.

Either approach is free of the shortcomings associated with studying averages
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of the absolute magnitudes of the components. The difference is principally

a matter of the statistical uncertainties associated with the determination

of the mode. Our preliminary analysis of both one-sided and two-sided histo-
grams yielded essentially the same results and because of the convenience of
handling a reduced amount of data, only the one-sided results will be presented
below.

The statistical uncertainty associated with the most probable value was
treated as follows. Several histograms were prepared based on the same data
but using analysis intervals of different sizes. The mode was determined from
the histogram corresponding to the smallest-sized interval that gave a clearly
unambiquous primary peak. The analysis interval for that histogram was then
used as a measure of statistical uncertainty associated with the mode. This
procedure undoubtedly leads to an estimate of the uncertainty that is conservative
in the sense that it is too large. However, it is justified in this instance
because time variations from one solar rotation to the next were found to make
a larger contribution to the residuals than uncertainties associated with deter-
mining the mode.

Histograms of three hour averages of the three components obtained at average
radial distances of 1.04 and 4.3 AU are shown in Fig. 3a, b. Near 1 AU, the distribu-
tions for BR and BT have well defined peaks at 3 + 1y and 2 + 1y respectively, while
the most probable value of BN, the normal component which is orthogonal to R and
T and positive northward, is zero within *+ 1y. At 4.3 AU, according to the Parker
model, the spiral angle is large and most of the fielid should be directed along
1. There is, indeed, a strong peak in BT at 0.275 + .025y. The ymst probable
value of BR appears to be zero, a feature which might be associated with fiuc-
tuations, although there is a suggestion of a peak near 0.2y, which is approxi-

mately the value expected at 4.3 AU for a 5 gamma field at 1 AU. Since the most

probable value lies between Oy and 0.2y, a value of 0.1y with a relatively
large statistical uncertainty of + 0.1y was used in the analysis.

The most probable value of BR’ denoted QR’ over successive solar rotations
is shown as a function of heliocentric distance in Fig. 4 which is a log-log
plot. The vertical lines represent the maximum and minimum values within which
the peak in the histograms was found. The open circles are drawn at the midpoint

of the interval. The straight line added for reference, corresponding to
- 2
BR 2.0/R ,

is seen to pass reasonably well through the data. There are only a few relatively
large deviations, e.g., the value at 2.5 AU, which presumably can be attributed
to time variations.

The most probable value of the tangential component, ﬁT’ is presented in

a similar format in Fig. 5. In this case the 1ine corresponding to B. = 1.5/R

T
passes through the data reasonably well although the scatter is somewhat larger
than in Fig. 3. A straight line corresponding to BT = 2.0/R would also fit the
data with the principal exception of the three low values near 4 AU.

An alternative presentation of the data appears in Fig. 6. The most
probable values of BR multiplied by RZ and of BT multiplied by R are shown as

2 and R7!

1inear functions of R. A dependence of R™ for BR and BT’ respectively,
should lead to the absence of any trend with increasing distance. Since there
is no evidence of a trend in Fig. 5,‘reasonab1e agreement with Parker's model is
indicated. The data obtained between 3 and 4.3 AU yield low values for BR as
well as BT’ suggesting that the magnitude of the field may have been low during
this corresponding time interval.

The same techniques have also been applied to the normal component, BN’
to obtain preliminary information regarding this small component. In contrast,

there is no evidence in the preliminary results that BN obeys any well-behaved
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radfal dependence. The values decrease as the field gets smaller but appear to
do so in a random way.

* The radial dependences of BR and BT' since they agree with theory, imply
that the direction of the field lies along the Parker spiral. However, as an
alternative test of the theory, the most probable value of three hour averages
of the spiral angle in the RT plane, i.e., ATAN (BT/BR) has been studied as

a function of radial distance. The approach used was essentially the same as
that applied to BR and BT. The most probable value and the associated uncertainty
were determined for successive 27 day solar rotations. Sample histograms of

v obtained near 1.04 and 4.3 AU are shown in Fig. 7. The organization of the
field into toward and away sectors is immediately evident in both and the spiral
directions are quite well defined. Their most probable values agree well with
the predictions of the Parker modell The arrows corresponding to theoretical
values of y based on assuming tan y = R, i.e. y = 45° at 1 AU,

Fig. 8 contains the most probable values of the spiral angle, $, plotted
as a function of heliocentric distance. Spiral angles corresponding to inward
and outward sectors are plotted separately. The solid lines are theoretical
values of y assuming a solar wind speed of 360 kilometers per second. The anti-
cipated variation in y is rather modest for a change in R by a factor of 5. As
with the components, the scatter in the observed @; presumably owing to time
variations at the sun, exceeds both the uncertainties associated with the mode
and the theoretical changes. Nevertheless, there is a general trend in the data
corresponding to the theoretical dependence. On the other hand, it would be
difficult to argue that there is conclusive evidence of a significant deviation

of observation from theory.

Fig. 9 contains the mode of the field magnitude (three hour averages)

plotted as a function of radial distance. A theoretical curve, computed from

262

(BRZ + 372)”2 = (1) (R' + R'z)‘/z

and normalized to pass through as many of the data as possible is also shown.

The curve fits the data between 1.5 and 3.0 AU very well for a normalization
constant of B(1) = 5y (which implies an MPV of 7y at 1 AU). The largest departures
are at the ends of the distance range, the observations being high at 1.04 AU and
low at 3.8 and 4.3 AU. The latter is consistent with other indications in Figs. 4
5, and 6 that the field magnitude decreased when Pioneer was near 4 AU, presumably
as a consequence of a temporal change. Overall, the agreement between theory and

observation is quite satisfactory.
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III. RADIAL GRADIENTS OF THE FIELD FLUCTUATIONS: DAILY AND HOURLY VARIANCES

This preliminary study of the changes in the level of interplanetary fluc-
tuations with radial distance is based on variances of.the field magnitude and
the three components., The variances represent the total power in the field
1rregu1ar1tfes associated with sources of all kinds: waves, discontinuities,
stream-stream interactions, etc. One of the most effective means to distinguish
between the various sources is to resolve the variances into componeneg at
different frequencies by computing power spectra. Since phase relations are
often critical in distinguishing sources, it is advisable to compute cross
spectra of the field components as well as auto spectra. In lieu of power
spectral density calculations of the interplanetary fluctuations detected by
Pioneer 10, which are being computed but which are not yet available, variances
computed over two different intervals of one hour and twenty-four hours will
be analyzed. At 1 AU, cross spectra have indicated a change in the character
of the fluctuations at periods of a few hours (Goldstein and Siscoe, 1972).
Fluctuations with characteristic periods of a few hours are apparently dominated
by waves and discontinuities, whereas fluctuations with periods of 24 hours and
longer seem to be dominated by effects associated with interacting solar wind
streams. While many of the details cannot be investigated by simply studying
variances, the gross behavior of the fluctuations should become apparent, such
as whether or not the interplanetary field is becoming more or less irregular
with increasing distance.

The Mariner 4 study by Coleman et al. (1969) included an investigation
of the radial dependences of the field fluctuations over the range from 1.0 to
1.5 AU. The variances of the R, T, and N components over 3-hour and 24-hour
intervals were found to have essentially the same radial dependence: R'z’4 1-0'2.

(The results were actually obtained for the standard deviations which have been

263

converted to variances here simply by squaring the numbers in Coleman's article.)
The variances in the field magnitude showed a dependence of the form: R']‘4 3-0‘2.
The combined results imply that fluctuations in magaitude grow progressively

more important with distance and that they become equal to the power in the

steady field slightly beyond 4 AU.

The approach used here to study the variances parallels that adopted above
to study the large scale or steady properties of the field. Variances of field
parameter Bi’ were computed in the usual way: cz(Bi) = <8iz> - <Bi>2’ i.e., the
mean of the square minus the square of the mean. Variances over 24 hours were
calculated directly. Variances over successive one-hour intervals were accumu-
Jated to derive a daily average of the 1-hour variances. The variances were
then grouped into longer intervals (27 days) corresponding to 360° of solar
rotation as seen by Pioneer 10 (equivalent to removing the co-rotation delay
between Pioneer and Earth). Histograms were prepared for each solar rotation
and the most probable values were determined. The statistical uncertainties
associated with the MPV's were obtained in essentially the same way as described
above, i.e., they were taken to be one analysis interval (Acz).

Typical time dependent behavior of oDZ(BR), the 24 hour or daily variances
of BR’ at 1.04 and 4.3 AU is shown in Fig. 10. At 1 AU the power varies in an
jrreqular manner between 1 and 10 Y2 during one solar rotation. The variation

2

is even larger at 4 AU, values between 10'2 and 1y° being recorded. The greater

variability at large distances for this, the radial component, may arise because
the field is nearly azimuthal making Bp sensitive to transverse fluctuations.
Fig. 11 contains the histograms for aDZ(BR) corresponding to Fig. 10.

2

Near 1 AU, the MPV is 6.5 + 0.3 y . A dramatic reduction in the level of the

-1 -2
fluctuations is evident near 4 AU. The MPV lies between 19\ and 10 yz, A

= . 2
peak value of 3 x 10 2 yz implies a reduction compared to o, (BR) at 1 AU by a

factor of 200.




The MPV of the daily variances of BR and B are shown in Fig. 12 as a
function of radial distance. The vertical bars denote the analysis intervals
within which the modes were found. The intervals for both By and B near 1 AU
compare favorably with values of & and 1.4 12 derived by Coleman et al. (1969).
Neither set of data lies along a single straight line in this log-log plot.

This deviation from a simple radial dependence may be attributed to time variations
associated with the sun, as were the departures from parker's theory in the section
above. The straight lines having an R—4 dependence pass through both sets of

data better than either R or 5. The separation bszﬁeen the two lines implies

a relatively constant ratio of 6 between °DZ(BR) and nnz(B).

This figure also contains the square of the MPV of the field magnitude
ﬁz' the data previousl* presented in Fig. 9 above, It is evident that the varia-

82 very well, certainly much

tions in o) (BR) and oy (B) track the variations in B
more closely than they follow a simple radial dependence. The overlap between
LHTFCSP?CG'"Q intervals (vertical lines) for UDZ(BR) and 62 can be maximized by
taking nDZ(BR) g 9‘2 62. [f the same procedures are applied to the variance in
B, the result is nDZ(B) ~ ,03 82. Again, the ratio of the variances in the
radial component and in the total field is a factor of approximately 6.

The daily variances in the two transverse components, BT and BN' are
shown as Functions of radial distance in Fig. 13. As in Fig. 12, straight lines
corresponding to BR'4 and ﬁz are included for reference. The same conclusion is
drawn: the variances in B, and B are better correlated with %2 than with a
radial dependence. It can readily be seen that both variances agree closely
with 0.2 ﬁz. This is consistent with a direct comparison of Figs. 12 and 13
which shows that the power in each of the three field components is essentially

the same and approximately six times larger than the power in the magnitude fluc- |

tuations. The proportionality consﬁant between the variances and 32 is deter-
mined in this way to within better than a factor of two.

Figs. 14 and 15 contain the corresponding daia for the hourly variances.
A good correlation of the four variances with QZ is again evident. The maximum
overlap between the statistical uncertainties in the variances and in ﬁ occurs

for
~ N N
0, 2(8,) = o, 2(8p) = .05 82, 0,7 (B) = 0.1 B2

and

N\
o, 2(B) ~ .01 82,

The proportionality constants are again known to within better than a factor of
two.

These results imply that the variances in the components are again approxi-
mately equal, although uHZ (BN) may be slightly larger than for the other two
components by a factor of two. The power in each component is 5 to 10 times
larger than the power in the magnitude variations, just as for the daily variances.
Finally. the power at high frequencies is less than that at low frequencies as
anticipated. A comparison of the daily and hourly variances shows the foruwer to

be larger by factors of 3 + 1.




IV. CONCLUSIONS AND DISCUSSION
A. The Steady Field: Components, Magnitude and Spiral Angle

Radial gradients in the steady interplanetary magnetic field have been
investigated between 1,0 and 4.3 AU using Pioneer 10 vector helium magnetometer
data. The radial and azimuthal field components, the field magnitude and the
spiral angle have been analyzed as functions of heliocentric distance\ To avoid
potential difficulties associated with averaging the magnitudes of the components,
the analysis was based on the most probable values (the modes) of BR and BT
obtained from histograms of three-hour averages of each component accumulated
over 360° of solar longitude (one solar rotation). It was also expected that
the ratio of the modes of BR and BT would not correctly yield the spiral angle,
since, in general, the mode of the joint probability distribution of two variables
is not simply related to the modes obtained from the probability distributions
of the individual variables. Therefore, the spiral angle was computed directly
from the field measurements and three-hour averages were used to derive amplitude
probability distributions of ¢ over successive solar rotations. The MPV of ¢
was then found and analyzed as a function of radial distance. The same approach
was applied to the field magnitude. These four parameters were chosen because
they could be compared directly with theory (Parker, 1958). The north-south
or normal component, BN’ was de-emphasized in this study because its existence
is not predicted by simple solar wind theory and because it is typically much
smaller than the other parameters and hence more difficult to determine accurately.
Thus, the investigation of this important aspect of the interplanetary field is
deferred to some future study.

It has been found that, in general, the observations agree with theory.

The radial and azimuthal components appear to be reasonably well-described by

A A ’ <
By = 2/R2 and BT = 1.5/R (Figs. 4 and 5), both of which match the theoretically
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anticipated radial power law dependences. The field magnitude, although not
following a simple power law, also agrees substantially with theory (Fig. 9). There
are significant departures of individual data points from the foregoing relations
which are attributed to temporal variations of the interplanetary field parameters
from one solar rotation to another.

At large distances, the field continued to exhibit a definite spiral
structure, including well-defined magnetic sectors tFig. 7). The average
values and maximum deviations of the observed spiral angles for toward (negative)

and away (positive) sectors (Fig. 8) were:

o , 28

$(-) = 62° + -
32

and $(+) = 67° + .
17

In comparison with the theoretical values corresponding to reasonable solar wind

]2, the agreement with the Parker spiral certainly

velocities which lead to y = 67° +
appears adequate to first order. The overall agreement is particularly impressive
when one considers the full range of values from 0 to 360° that are potentially
available to ¢ (Fig. 8).

There are, however, significant deviations of individual values of & from
the theory, departures of up to 30° being observed. In a few cases, $ exceeded
900, a result that is qualitatively inconsistent with the simple theory which
relates the field direction to the co-rotation electric field. These second
order discrepancies do not appear to be explainable as the consequence of long-
period variations in the solar wind-speed cr of variations in the solar wind speed
or direction at interaction fronts between slow and fast streams. The observed
maxima and minima average values for the solar wind speed cannot account for
deviations of 20 or 30° on the basis of Tan y = oR/V and fast-slow deflections
are typically less than 100.

There are several important conclusions based on the overall agreement

between observation and theory. Contrary to the earlier studies using Mariner




data, it has been found that the Pioneer data are consistent with the anticipated
radial dependences. The Pioneer data also show that the spiral angle tends to
increase with radial distance as anticipated, although there is some disordering
of y whose origin is unexplained at present. These differences may be associated
with the earlier studies having been based on averages of the magnitudes of

the components, a procedure equivalent to rectification. The Piouneer investiga-
tion has the additional important advantage of covering a much greater range of
heliocentric distances. Both the Mariner and Pioneer studies showed that the
magnitude of the field behaves as theoretically expected.

There is no substantial evidence for effects on the solar wind that might
be attributed to its interaction with incoming interstellar gas. If such effects
are present, they are apparently being obscured by the relatively large ever-present
time variations and a more careful and subtle analysis will be required to detect
them. It seems at least as plausible that, out to 4 or 5 AU, the solar wind is
expanding at a relatively unimpeded way, except for the internal effect of fast
stream-slow stream interactions.

B. Field Fluctuations: Daily and Hourly Variances

Radial gradients in the interplanetary field fluctuations between 1.0 and
4.3 AU have been investigated using daily and hourly variances of the magnitude
and three components. The actual parameters that were analyzed were the most
probable values of the variances obtained from histograms composed of data acquired
over 360° of solar longitude or one solar rotation (Fig. 11). Although it may be
possible to express the changes with distance (Figs. 12 through 15) as a simple
power law, a better correlation exists between the variances and the square of
the field magnitude (actually the mode of the latter determined over one solar
rotation). The daily variances of the radial, tangential, and normal cosznents

ﬁgﬁ of the field magnitude obeyed the following approximate relations: uDZ(BR) =

2 A A
op?(By) = 0p2(By) = 0.2 B2 and op?(8) = .03 B2

The corresponding relations for the hourly variances are: Qz(BR) = c::z(BT) ~

N
05 B2, 5,2(8,) = 0.1 82 and o, 7(8) = .01 B2,

Thus, for both daily and hourly variances, the fluctuations are reasonably
{sotropic, with roughly equal power in all three components, and there is
approximately an order of magnitude more power in the directional changes than
in the fluctuations in magnitude.

Although a power law of the radial distance is a convenient functional
dependence to investigate, there is no obvious reason why the field fluctuations
should obey such a relation. Although the radial and azimuthal components follow
a power law, other parameters that may be important to the relevant physics
involved, such as B or BZ, do not obey a simple power law. The R"4 fits shown
above (Figs. 12, 13) are probably accidental. They are based principally on the
data at the beginning and end of the interval, i.e., at 1 and 4 AU. However,
there is some evidence in the behavior of the steady fields that a major time
variation caused § to decrease while Pioneer 10 was near 4 AU and this could have
caused an apparent spatial variation. When all the data are considered, the
correlation with ﬁz is clearly better.

The proportionality between the energies in the fluctuations and in the
steady field implies o/B is also approximately constant with distance. This
means the field is just as irregular at 4 AU as it is at 1 AU. Since this
invariance applies specifically to the ratio, :;2(8)/32, the inference of Coleman,
et al. (1369) that the level of fluctuations in magnitude would approach the
average field by 4.3 AU is contrary to the Pioneer results.

It is not’at all obvious why the relation aZ/B2 = constant should hold.

It is possible that there is approximate equi-partition between forms of internal
energy so that the wave energy density, 02/8n is correlated with the thermal

energy density, nkT,




If, in addition, 8 = 8rrnkT/B2 should tend to be constant in the solar wind, perhaps
with a value near 1 as observed near 1 AU, the level of the fluctuations would
then correlate with variations in B as observed.

The ratio of the daily to hourly variances depends on the shape of the
underlying power spectral density of the field fluctuations. For time stationary
signals, the variance is simply the integral over frequency of the power spectral
density. If the spectrum follows a power law of the form f’", an addztional few
simplifying assumptions make it possible to derive an approximate expression for

the exponent, n, based on the ratio of the variances:

n - 1% log (0,°/0,2)0g 24

Thus, the observed ratio of 3 + 1 implies a spectral shape of the form f'1'3 % 0'].

This inference is reasonably consistent with the spectra between frequencies of
1 ¢pd and 1 cph computed by Coleman, et al. (1969) near 1 AU. This may imply
that between 1 and 4 AU the spectrum is relatively unchanging over the frequency

range investigated in this study.
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V. APPENDIX

Since experience with the vector helium magnetometer (VHM) is limited
to our own research activities, this appendix provides background information
regarding the instrument and the particular features of the Pioneer 10 investi-
gationsrthat are relevant to the study of radial gradients of the interplanetary
field. The Pioneer VHM is an advanced version of an instrument flown to Mars
and Venus on Mariners 4 and 5 (Slocum and Reilly, 1963, and Connor, 1968). A
more complete description of the Pioneer investigation is also available (Smith,
1973).

The basic mode of operation of the magnetometer is as follows. The
essential sensor elements consist of a helium lamp, a circular polarizer, a
helium absorption cell, Helmholtz coils, a lens, and an infrared detector.

The basic operation of the magnetometer depends upon the effect of the magnetic
field direction on the efficiency with which metastable helium can be optically
pumped. The presence of an ambient magnetic field causes a sine wave modulation
of the infrared radiation passing through the gas cell at the fundamental
frequency of an applied circular sweep field. " The magnetometer output voltage
{s developed across a precision resistor in series with a nulling coil used

to generate a field which cancels the ambient field.

The primary instrument requirements on a mission to the outer solar system
are sufficient sensitivity to detect field variations an order-of-magnitude
smaller than the steady field, say .01y or less, and sufficient stability to
measure the steady field with the relative accuracy of better than 10%. The
latter figure has been a typical achievement near 1 AU and this level of precision
has generally proven adequate for most scientific studies.

One of the principle advantages of the VHM is its high level of sensiti-
vity. The power spectral density of the inherent instrument noise, converted to

an equivalent fluctuating field at the sensor, is independent of frequency (white



noise) with a value of = 10'4 yleZ. Thus, extremely high sensitivity at
frequencies below 1 Hz can be achieved by using a low pass filter. The
operation of averaging the digitized, telemetered data after receipt at
Earth is equivalent to digftal, low pass filtering, Thus, averages over a
few seconds reduce the pass band to below 1 Hz and the noise power spectral

density is then equivalent to a background of 1072

y RMS. A demonstration

of this high level of sensitivity is provided by Fig. 16 which contains one
minute averages of the magnitude and the three components of the interplanetary
field during a quiet interval of 3 hours while Pioneer 10 was at 4.3 AU. Another
potential limitation to the sensitivity, the digitization noise associated with
converting the analog wave forms into digital signals, has a power spectral
density that is typically less than 10'4 YZ/HZ. Since the averages used in

this study are much longer than a few seconds, there is essentially no instrument
noise contribution to any of the results presented above.

The accuracy of analog magnetometers such as the VHM is determined
principally by: (1) the scale factor, k = AB/AV, where V is the voltage
corresponding to field component, B, and (2) the magnetometer offset, Bo, which
conceptually represents the output in zero field. Since the VHM is a closed
loop instrument, the relatively large amount of negative feedback assures that
the BV relation is highly linear, in this case to within .01%. Thus, the cali-

bration relation between the output, V, and the ambient field is simply

8 = B0 + kv

As a consequence, the accuracy depends only on how well B0 and k are known in flight,

Pre-flight calibrations were conducted at regular intervals of several

months in order to obtain a high accuracy and to accumulate evidence regarding
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stability. The scale factors were determined by applying accurately known (+1/2%)
calibration fields to the sensor. The magnetometer offsets were determined

in the standard manner which involves flipping the sensor by 180° to distinguish
the offset from any ambient field that may be present.

The conventional approach to checking the magnetometer scale factors in
flight is to apply calibration field changes, 4B, to the sensors so that
the corresponding AV can be determined. Normally several step changes are
applied sequentially so that the linearity can be tested directly. The Pioneer
in-flight-calibration, which was initiated by ground command every few weeks,
used fields of +13 and +26y to calibrate the low ranges on which the instrument
operated in interplanetary space. After two years of in-flight-calibrations,
no change has been detected in the Pioneer 10 scale factors which are then known
to an accuracy of 1% or better.

The offsets were independently determined in flight using two different
techniques. The two axes in the equatorial plane of Pioneer,which was spin
stabilized,automatically rotated through 360° every = 12 seconds (the
Pioneer spin period). Thus, the offsets on these two axes could be determined
by simply averaging their outputs over a large number of complete rotations.

The offset on the magnetometer axis parallel to the Pioneer spin axis was
determined by an adaptation of the variance technique (Belcher, 1973) which was
developed by L. Davis, Jr. for application to a spinning spacecraft. The
essential assumption is made that over short intervals of time ( 5 minutes),
the fluctﬁations in the interplanetary field are principally changes in
direction and tend to conserve the magnitude of the field.

An error analysis of the above equation indicates that the maximum

relative error is

AB/B ¢ ABO/B + Ak/k



A term representing the relative error contributed by the digitization uncertainty,
which is negligible compared to the other two terms, has been deleted.

It has already been stated that ak/k s .01. The most significant error
is undoubtedly contributed by the uncertainties associated with the in flight
determination of the offsets, particularly the component parallel to the space-
craft spin axis. A measure of the relative uncertainty associated with the
latter was obtained as follows. Daily estimates of the offset obtained by
the variance technique were used to compute standard deviations of the estimates
over intervals of two weeks. The standard deviations were then divided
by the average field magnitudes over the same intervals to derive an estimate

of AB,/B. Over radial distances from 1.0 to 4.3 AU, the range covered in this

0
report, the ratio of the standard deviation of the offset determinations to
the field magnitude was consistently less than ,05.

If this ratio is substituted into the above expression, the relative maxi-
mum error AB/B< .06. Therefore in a 5y field, corresponding for example to 1 AU,
the absolute error is < 0.3y. At larger distances, e.g. 4 AU where the average
field is approximatly 1y, AB< .06y. The use above of the standard deviation
as a measure of the uncertainty is a conservative procedure. The probability
that the actual offset exceeds the standard deviation is very small. It is
customary in statistical inference to use the standard error, i.e., the standard

deviation divided by the square root of the number of observations, which is

approximately a factor of 3 smaller.
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4B/B 5 ABy/B + ak/k
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the data from Fig. 5 multiplied by R. Horizontal straight lines, BpR™ = Fig. 11: Histograms of the daily variances of the radial fluctuations. The

2.0 and B;R = 1.5 pass through the two sets of data reasonably well. two histograms correspond to the variances shown in Fig. 10. Because

Fig. 7: Histograms of three hour averages of the spiral angle at 1.0 and 4.3 AU. of the large range in the valuées of the variances, a ]ogarithmic‘histo-
The data in the upper and lower panels were acquired during one solar gram fnterval was used in these and all subsequent variance histograms.
rotation while Pioneer was near 1 and 4 AU respectively, The spiral Fig. 12: Daily variances in the radial component and in field magnitude and the
field structure and the presence of toward (quadrant II) and away square of the field magnitude as functions of radial distance. The
(quadrant IV) sectors is evident. The vertical arrows at the botton vertical lines correspond to histogram intervals associated with three
of each panel represent theoretical values computed from y = atan (R) parameters (from bottom to top): The MPY of the daily variance in field
fee., aR/V =1 at 1 AU. ?anitude, aDZ(B), the MPV of the daily variance in the radial component,

Fig. 8: Most probable values of the spiral angle as a function of radial °DZ(BR)’ and (in grey tone) the square of the MPV of the field magnitude
distance. The vertical lines represent the histogram interval (:JOO, (given in Fig. 9), 82. Two straight Tines are shown_corresponding to
compare Fig. 7) within which the mode has been found to lie. Sectors az(BR) = g/8% and «2(8) = 1.5/8%.
in which the field points toward the sun corresponds to y values loca- Fig. 13: Daily variances of the tangential and normal components as functions of
ted in the bottom half of the figure. The two curves were computed radial distance. Each panel also contains the square of the MPV of the
from y = ATAN (1.22R) which was then adjusted to correspond to toward field magnitude, gz, for reference (grey tone) and a straight line
and away sectors and to positive values of the angle being counter- corresponding to 8/R4.
clockwise as viewed from the north. Fig. 14: Hourly variances of fluctuations in the radial components and in field

Fig. 9: The most probable values of three hour averages of field magnitude as magnitude. Again here, data corresponding to 82 (grey tone) have been
a function of radial distance. The data format is essentially the same : included for reference.
as in Figs. 4 and 5. The normalized curve passing through the data has Fig. 15: Hourly variances of fluctuations in the tangential and normal components.
the radial dependence predicted by Parker's theory. The same format is used as in Fig. 13.

Fig. 10: Quily varishces of the radial fluctustions a5 1 snd 4 AU 85 @ Funckfon Fig. 16: Magnetometer data sample of the quiet interplanetary field. One-minute
of solar longitude. The data acquired on a given day were identified averages of the magnitude and the three field components over a 3-hour
with a corresponding day of a solar rotation by taking into account interval are shown. Pioneer was at a radial distance of 4.0 AU and the
the radial and corotation delays associated with the Pioneer trajectory. field was only 0.5y and was very quiet. The small variations which can
A poninal solar wind speed of 360" ku/sec, the most protable value s be seen (¢ = .05y rms) are significantly larger than the instrument noise
measured at 1 AU, was assumed on making this first order correction. ad are real fluctuations of the interplanetary field.

The data are plotted logarithmically with those obtained near 1 AU in

the upper panel. m
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