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Long-term measurements of the flow of cosmic rays near
Earth provide a vital observational basis for testing theories of
the transport and solar modulation of galactic cosmic rays.
These flows are manifested as small (typically less than 1 per-
cent) anisotropies in the flux of cosmic rays recorded by
ground-based detectors. The two components of the anisotropy
in the ecliptic plane are collectively called the "diurnal aniso-
tropy," because they are determined through analysis of the
diurnal variation recorded by a low-latitude or midlatitude de-
tector (Bieber and Chen 1991; Chen, Bieber, and Pomerantz
1991). The third component of anisotropy represents flows nor-
mal to the ecliptic plane and is called the "north-south" ani-
sotropy. It can be accurately measured by comparing fluxes
recorded at neutron monitor stations operated by the Bartol
Research Institute in McMurdo, Antarctica, and Thule, Green-
land (Bieber and Pomerantz 1986; Chen and Bieber in prepara-
tion).
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Figure 1. Three-dimensional cosmic ray anisotropy recorded dur-
ing 1961-1988. Top and middle panel display the amplitude and
phase of the diurnal anisotropy recorded by neutron monitors at
Deep River (closed circles) or Mount Washington (open circles).
Bottom panel displays the north-south anisotropy g,s measured
by neutron monitors in McMurdo and Thule (except for 1976-1978
when Alert station was used in place of Thule). Data points with
attached error bars are individual yearly means (corrected for geo-
magnetic effects), and the curves represent 3-year moving aver-
ages. Vertical lines denote years of sunspot minimum. The cosmic
rays producing these anisotropies are primarily protons with a
median energy of 1.7 x 1010 electron volts.

Three-dimensional cosmic-ray anisotropy. The top panel of figure
I shows the amplitude of the diurnal anisotropy expressed as
a percentage of the daily mean intensity, and the middle panel
represents the phase as the local time of maximum intensity.
The bottom panel shows the cosmic-ray north-south aniso-
tropy, which is actually a bidirectional anisotropy in the sense
that the direction of cosmic-ray flow reverses when the polarity
of the interplanetary magnetic field reverses. A positive value
indicates the particles flow northward when the magnetic field
points away from the Sun and southward when the field points
toward the Sun.

Significant long-term variations are evident for all three com-
ponents of the anisotropy. Both the north-south anisotropy and
the amplitude of the diurnal anisotropy vary with the 11-year
sunspot cycle, with minimum values occurring near sunspot
minimum (vertical lines through figure 1). In contrast, the
phase of the diurnal anisotropy exhibits a pronounced variation
with the 22-year solar magnetic cycle. The local time of maxi-
mum is significantly earlier during the 1976 solar minimum,
when the Sun's magnetic polarity is positive (outward magnetic
fields in the Sun's northern hemisphere), than during the 1964
or 1986 solar minima, when the Sun's polarity is negative.

Cosmic-ray gradients and scattering mean free path. By inverting
the cosmic-ray transport equations, we can use the anisotropy
measurements to derive new information on the parallel mean
free path, which characterizes the rate at which particles dif-
fuse parallel to the magnetic field, and on spatial gradients of
the cosmic-ray density. In accord with current understanding,
we assume that the perpendicular mean free path is 1 percent
as large as the parallel mean free path and quote a value only
for the latter.

Results appear in figure 2. The radial gradient, shown in the
top panel, is always positive indicating that the cosmic-ray den-
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Figure 2. A. Cosmic-ray radial density gradient Gr. B. Parallel scat-
tering mean free path X. C. Bidirectional latitude gradient G 1 , as
determined from neutron monitor observations of the three-dimen-
sional anisotropy. The bidirectional character of the latitude gra-
dient means that cosmic-ray density increases (G; zi >0) or de-
creases (G 1,<0) with distance away from the heliospheric current
sheet in either direction. Hatched areas denote years when the
Sun's magnetic polarity was in the process of reversing. These
reversals separate epochs of negative solar polarity (1961-1968
and 1981-1988) from epochs of positive solar polarity (1972-1979).
Other notations are as in figure 1. The astronomical unit (AU) is
the mean distance of Earth from the Sun, or about 1.5 x 1011 meters.

1991 REVIEW	 305



sity increases with distance from the Sun, as expected. This
component of the gradient varies with the 11-year sunspot cycle
but shows little indication of a sensitivity to the Sun's magnetic
polarity. This observation poses a significant challenge to drift
models of solar modulation (KOta and Jokipii 1983; Potgieter
and Moraal 1985), which predict that the radial gradient should
be substantially smaller in epochs of positive solar polarity (for
example, the 1970's) than in epochs of negative solar polarity.

On the other hand, the bidirectional latitude gradient, shown
in the bottom panel of figure 2, exhibits a striking sensitivity
to the Sun's magnetic polarity. Its behavior shows that the
cosmic-ray density has a local maximum or minimum near the
current sheet according to whether the Sun's magnetic polarity
is respectively negative or positive, which is precisely in accord
with a key prediction of drift theory.

Perhaps the most surprising result of this analysis is shown
in the middle panel of figure 2. The parallel mean free path is
substantially larger during the sunspot minima of 1964 and 1986
than during the sunspot minimum of 1976. The only mecha-
nism known to produce such a sensitivity of the mean free
path to the Sun's magnetic polarity is scattering by magnetic
turbulence that has an imbalance, described as magnetic hel-
icity, between wave modes with left-hand and right-hand cir-
cular polarization (Bieber, Evenson, and Matthaeus 1987; Bieber
and Burger 1990). An imbalance at about the 50 percent level
suffices to explain the results presented in figure 2, which
suggests that magnetic helicity may play an important role in
the transport and solar modulation of high-energy cosmic rays.
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JACEE (Japanese-American cosmic ray emulsion chamber ex-
periment) is a U.S.-Japanese collaboration that has performed
a series of long-duration balloon flight experiments over the
past 10 years, including flights from Australia to South America
(Wilkes et al. 1990). The purpose of the experiment is to study
the spectra, composition, and interactions of primary cosmic
rays at energies greater than 1 teraelectronvolt per nucleon

(Jones et al. 1987). A secondary motivation for our 1990 antarctic
flight was to evaluate the performance of JACEE emulsion
chamber detectors (Burnett et al. 1986) in the presence of high
background dose rates, to some extent emulating conditions
that might be encountered in space flight exposures and/or
future long-duration balloon flight campaigns.

*The JACEE Collaboration: K. Asakimori, Kobe Women's Junior Col-
lege; T.H. Burnett, University of Washington; M.L.Cherry, Louisiana
State University; S. Dake, Kobe University; J.H. Derrickson, Marshall
Space Flight Center/NASA; W.F. Fountain, Marshall Space Flight Cen-
ter/NASA; M. Fuki, Kochi University; J.C. Gregory, University of Ala-
bama at Huntsville; T. Hayashi, University of Alabama at Huntsville;
R. Holynski, Institute for Nuclear Physics, Krakow; J . Iwai, University
of Washington; A. lyono, Okayama University of Science; W.V. Jones,
Louisiana State University; A. Jurak, Institute for Nuclear Physics, Kra-
kow; J . Lord, University of Washington; 0. Miyamura, Hiroshima Uni-
versity; H. Oda, Kobe University; T. Ogata, Institute for Cosmic Ray
Research; E. D. Olson, University of Washington; TA. Parnell, Marshall
Space Flight Center/NASA; F.E. Roberts, Marshall Space Flight Center!
NASA; S.C. Strausz, University of Washington; Y. Takahashi, Univer-
sity of Alabama at Huntsville; T. Tominaga, Louisiana State University;
J.W. Watts, Marshall Space Flight Center/NASA; J.P Wefel, Louisiana
State University; M. Wilber, University of Washington; B. Wilczynska,
Institute for Nuclear Physics, Krakow; H. Wilczynski, Institute for Nu-
clear Physics, Krakow; R.J. Wilkes, University of Washington; W. Wol-
ter, Institute for Nuclear Physics, Krakow; B. Wosiek, Institute for Nu-
clear Physics, Krakow.
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