
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.

We thank P. Evenson for useful discussions, and L. Shulman
and C.-H. Tsao for their roles in support of the Bartol Research
Institute neutron monitor program. This work was supported
by the National Science Foundation under grants DPP 88-18586
and ATM-9014806.
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Long-duration
antarctic balloon flight

using emulsion chamber
cosmic-ray detectors
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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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Antarctica offers several advantages over other long-duration
ballon flight routes: equipment remains under the control of
U.S. agencies throughout flight and recovery, and ballasting
requirements are greatly reduced by the absence of sunset.
Recovery is essential for emulsion chamber flights, but the sci-
ence package has minimal telemetry requirements, reducing
other burdens on flight operations facilities. The main invest-
ment of effort by experimenters occurs following successful
recovery. JACEE payloads are modular, with a basic unit of
mass 50-100 kilograms and can be readily handled under typ-
ical field conditions. In case of delayed recovery, the ambient
environment in Antarctica is much less hostile to photographic
media than is the environment in tropical latitudes.

The JACEE-10 experiment consisted of two boxes containing
emulsion chamber detectors and was flown as one of four ex-
periments on a joint gondola prepared by R.P. Lin and others
at the University California at Berkeley (Lin 1990). The detectors
(figure 1) consisted of stacks of lead plates, nuclear track emul-
sion (photographic) plates, X-ray films, and CR-39 etchable
plastic plates. Space and weight limitations restricted JACEE to
two chambers, each with 30 x 40 x 20-centimeter internal di-
mensions, 40 x 50 x 25-centimeter external dimensions (includ-
ing styrofoam insulation), and 75-kilogram net mass. Thermal
insulation consisted of high-density styrofoam, 1 inch thick on
sides and bottom, and 2 inches thick on the top surface; exter-
nal surfaces were painted with white high-titanium-oxide con-
tent paint. The insulating styrofoam was covered with at least
one layer of low absorptivity-emissivity ratio aluminized mylar.

The University of California at Berkeley provided thermistors
for temperature monitoring. The JACEE science team in Ant-
arctica included Jim Derrickson from Marshall Space Flight
Center/NASA and Mark Wilber from Seattle.

The emulsion chambers were assembled in Seattle, using
photographic materials supplied from Japan, and then shipped
commercially to Christchurch, New Zealand, for inclusion in
the National Science Foundation/U.S. Antarctic Program logis-
tics system. The equipment left Seattle on 21 November and
arrived on-site in Antarctica in perfect condition and well before
our own personnel.

Launch occurred on 20 December 1990, with the subsequent
flight altitude profile as shown in figure 2. The very constant,

JACEE-10 (Antarctica) Chamber Structure 12/90

HPrimary Section

	

Em 1	 Target Section
Spacer

Em I
Spacer

	

Em 	 i	Calorimeter I	N

	

}IRH	 // 	oci
(cycle 2 only)
Pblmm

X-ray x5	 Calorimeter II
Em _______

Pb 2.5mm
X-ray

	

X-ray 	<=] 30 x 40 cm c>
Em[

Em B - thick Em HRH - screen X-ray film

Figure 1. Emulsion chamber structure used for the JACEE-10 Ant-
arctic balloon flight. (Em denotes nuclear track emulsion; Pb de-
notes lead; cm denotes centimeter.

Table 1. Analysis of sample emulsion plates near the top and the
bottom of one of the JACEE-10 chambers.

Plate location	Fog densitya	Random track background 

Top	 0.82 (± 0.06)	 9.73 x 105
Bottom	 0.79 (--0.06)	 9.92 x 105
JACEE8c	0.50 (± 0.10)	 8.50x 10

a In developed grains per 1,000 cubic microns.
b In tracks per square centimeter.

From a midlatitude flight of comparable duration.

high altitude maintained with minimal ballasting was an im-
portant benefit of the continuous insolation obtained at polar
latitudes in summer. In the corresponding absence of nighttime
cooling, however, internal package temperatures rose to over
38 °C, as recorded by a simple maximum temperature recorder
in one of the emulsion boxes. This can be easily avoided in
future flights by using lower absorptivity-emissivity ratio sur-
faces and radiators if necessary. Following one circumnaviga-
tion, the flight was terminated by command on 29 December
after approximately 205 hours at float. The gondola landed
about 100 kilometers south of McMurdo Station. The landing
site was just within range of helicopter operations; recovery
crew members (including the JACEE scientists) dismantled the
gondola for helicopter retrieval, and materials were returned
promptly to McMurdo. The chambers were received in Seattle
about 2 weeks later in excellent condition.

Following disassembly and inspection, photographic mate-
rials were processed in our Seattle laboratory. Tables 1 and 2
compare the results from JACEE-10 with previous flights. De-
spite the rather high temperatures encountered during flight,
the emulsion quality, particularly the signal-to-noise ratio, is
essentially equivalent to that obtained in mid-latitude flights.
In the X-ray films (table 2), initially used as "triggers" to locate
events, the difference between fog densities in exposed and
unexposed (control) films is the relevant parameter. Due to the
timing of the antarctic campaign relative to film production
scheduling in Japan, it was necessary to use film near the end
of its shelf life, and pre-exposure densities were rather high.
Overall, however, these results suggest that further flight op-

Table 2. Analysis of background fog density (optical density of
developed film in signal-free areas) from JACEE-10 test X-ray

films compared to other JACEE flights. Control films were kept
in Seattle, and indicate factory-fresh background for the

particular processing times used (15 minutes in each case).

JACEE-9	JACEE-8
JACEE-10	(New Mexico	(Australia

(Antarctica)	September 1990)	February 1988)

Exposure
parameters
(in millibars)	3-4	 3-4	 4-5
Elevation
(in hours)	205	 43	 120

Control	0.30	 0.17	 0.32
Exposed	0.96	 0.32	 0.57
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Figure 2. JACEE-10 flight information. A. Geographical path. B. Altitude profile. Comparison with altitude data for midlatitude flight (JACEE-
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portunities in Antarctica would present a viable option for con-
tinuing our long-term program.

This research was supported by the National Science Foun-
dation (grants PHY 89-07990 and INT 88-16215), the Depart-
ment of Energy, the National Aeronautics and Space Adminis-
tration, and Japan Society for the Promotion of Science.
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Ducted whistlers and the burst loss
of radiation-belt electrons

to geomagnetically conjugate
ionospheric regions
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Lightning-associated bursts of high-energy electrons appear
to precipitate from the radiation belts primarily or exclusively
because of Scattering in the magnetosphere by certain light-
ning-generated magnetospheric radio waves known as ducted
whistlers. If true, this hypothesis could help explain how thun-
derstorms contribute to the dynamic equilibrium of the radia-
tion belts. We present here a portion of the evidence that sup-
ports this hypothesis.

Precipitating bursts of radiation-belt electrons are studied by
examining their effects on radio signals received at Palmer Sta-
tion and at sites in the Northern Hemisphere. Narrowband
signals propagating subionospherically from distant very-low-
frequency, low-frequency, and medium-frequency transmitters
are monitored for sudden, characteristic amplitude perturba-
tions. These perturbations are attributed to transient, localized
disturbances of the ionosphere near the path traveled by the
signal (Poulsen, Bell, and man 1990) caused by the impact of
ionizing bursts of energetic electrons (Carpenter et al. 1984).

Multiple perturbations sometimes occur within a few
hundred milliseconds of each other on signals whose paths lie
in the Northern and Southern hemispheres, separated by thou-
sands of kilometers (Burgess and man 1990). Twin ionospheric
disturbances, one in each hemisphere, have been inferred for
these events. In these cases the two disturbances appear to
occupy geomagnetically conjugate regions, which is consistent
with the near-simultaneous precipitation of energetic electrons

from both the northern and southern "ends" of radiation belt
flux tubes. Figure 1 shows examples of this effect on two pairs
of signals propagating in opposite hemispheres through con-
jugate regions.

Signal perturbations observed at Palmer Station are almost
always time-associated with ducted whistlers, also observed at
Palmer Station (Inan and Carpenter 1986). Ducted whistlers are
very-low-frequency radio waves guided by irregularities in the
cold magnetospheric plasma (ducts) along the Earth's magnetic
field lines from near their source lightning flash, usually in the
Northern Hemisphere, to the geomagnetically conjugate loca-
tion in the opposite hemisphere. On the way they are dispersed
in frequency, with higher frequencies travelling faster than
lower frequencies. At the conjugate location, they return into
the Earth-ionosphere waveguide and can be monitored on the
ground (Helliwell 1965). In addition to launching ducted whis-
tlers, a lightning flash can also launch nonducted whistlers,
which neither follow field lines nor return to the Earth-iono-
sphere waveguide, and so are only observed on satellites (Ed-
gar 1976). Figure 2 shows the ducted whistlers associated with
two of the conjugate signal perturbations shown in figure 1.

Until now, there has been little evidence defining the relative
roles of the two different whistler modes in scattering and pre-
cipitating radiation-belt electrons; however, regardless of which
kind of whistler causes the scattering, the electrons can be
expected to precipitate near the magnetic field line on which
they were scattered. Since nonducted whistlers travel far from
the magnetic field lines followed by ducted whistlers, one
would expect precipitation induced by nonducted whistlers to
disturb the ionosphere in regions many hundreds of kilometers
away from the ionospheric reentry locations of ducted whistlers
launched at the same time. On the other hand, if precipitation
was induced by ducted whistlers, one would expect the dis-
turbed ionospheric regions to be close to the ionospheric reen-
try locations of the whistlers.

Recent work has often shown arrival bearings of ducted
whistlers at Palmer Station to be similar to arrival bearings of
signal paths perturbed in association with those whistlers. This
implies that ducted whistlers play the major role in the precip-
itation of lightning-associated precipitation bursts. An example
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