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This paper discusses X-ray measurements associated with the dumping of electrons
from the magnetic field, made with balloons and rockets. It is shown that in the normal
auroral zone the X-ray bursts occur throughout the 24-hour period, have peak intensities
corresponding to electron fluxes of 10° to 107/em?-sec, and have integrated fluxes over a 24-
hour period of 101°/em2. In the auroral zone the X-ray bursts arising from 30-kv or higher
electrons are not correlated with visible aurorae. Direct rocket measurements of bright
aurorae in the auroral zone confirm this by showing the absence of appreciable electron
fluxes above 20 kv. ' At lower latitudes, however, the X-rays are well-correlated with visible
aurorae, have peak burst intensities of 10? electrons/em?-sec greater than 30 kv, and are also
strongly correlated with negative bays in the local magnetic field. The Van Allen outer
radiation belt electrons provide a suitable reservoir for explaining many characteristics ot
the X-rays because of the latitude distribution and energy of the trapped radiation. Acceler-
ation, deceleration, and redistribution processes are suggested which may result in the

precipitation of these electrons to form the X-rays.

1. Introduction

In the last several years a considerable number of
measurements have been made of bremsstrahlung
detected at balloon altitudes and originating from
energetic electrons incident on the high atmosphere.
Because these measurements may have an important
relationship to the processes in the ionosphere, the
magnetic field of the earth and its trapped radiation,
and the sun, certain features which are emerging in
the analysis of these data seem worthy of discussion.

It appears that the electrons responsible for balloon
X-ray events have an energy spectrum much like
the Van Allen outer zone electrons, and that the peak
intensity of the bursts at different latitudes follows
the intensity of outer zone trapped electrons pro-
jected to the surface of the earth along lines of force.
It is possible that low-latitude aurorae may be
largely due to these electrons, but it now seems
certain that the classical polar aurora is not so asso-
ciated, and that it consists almost entirely of very
low energy electrons. These low energy particles
are precipitated into the auroral zone from a region
in the magnetic field at 6 to 10 earth radii. This
region and the low energy particles which populate
it (not measured by previous satellites or probes)
may be the seat of the ring currents assumed respon-
sible for the main phase of magnetic storms, and for
the alteration of the Stérmer cutoff energies for
cosmic rays.

We shall not be concerned here with the origin of
the polar aurora, but rather will examine the evidence
for the energetic X-ray electrons, and consider
mechanisms by which they may be precipitated by

I This work was supported by the Office of Naval Research, the National Aero-
nautics and Space Administration, and the National Science Foundation.

2 A portion of this material was presented at the URSI Symposium on Physical
Processes in the Earth’s Plasma Environment, May 1,1961, at Washington, D.C.

acceleration, deceleration, or scattering of the outer
radiation belt electrons.

The balloon measurements come from the work of
three groups: Anderson and co-workers at the State
University of lowa, Brown and co-workers at the
University of California, and Winckler and co-
workers at the University of Minnesota. Balloon
measurements have been carried out at three loca-
tions, namely Ft. Churchill, Manitoba, Canada;
Fairbanks, Alaska; and Minneapolis, Minnesota.
[n addition, the detection of bremsstrahlung radia-
tion by Van Allen and co-workers with rockoon
flights above the atmosphere in 1954 and 1955 and
recent rocket measurements in visible auroraec by
Mellwain and in high latitude X-ray events by Davis
have very important bearing on the interpretation
of these data.

The X-rays have come to be known as auroral
X-rays, although this is certainly not correct in cer-
tain respects, as will be discussed below. Although
the geographical coverage of the data is meager and
the balloon observations, compared with other geo-
physical observations, are infrequent, these measure-
ments have the great advantage over many geo-
physical data that they are a well-defined physical
quantity and lead to specific knowledge about the
spectrum, energy, and time variations of the electrons
incident on the top of the atmosphere. With such
knowledge about the properties of the incident elec-
trons on the atmosphere, the real problems begin
concerning their origin, their mechanism of discharge
from the magnetic field, their relationship to the Van
Allen belts, changes in the magnetic field, and solar
influences.

A close association exists between the balloon X-
ray events and the increase of density of ionospheric
D-layer electrons. This results in the increased
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absorption of radio waves in this region as shown by
riometers. The complete analysis of this problem 1s
complex and we shall attempt only to give some
typical data in this paper.

In an examination of the X-ray data it is apparent
that the measurements in the auroral zone have dif-
ferent time behavior and associations than the X-ray
measurements at lower latitude, and that these dif-
ferences seem to have a relationship to the properties
of trapped radiation measured by earth satellites
and rockets in the magnetic field of the earth. We
will therefore divide our discussion between the
characteristics of the X-rays seen in the auroral zone
and those seen at Jower latitudes.

In the balloon measurements, the X-rays are de-
tected with steel and aluminum ion chambers, var-
ious types of Geiger counter configurations, and scin-
tillation counters. HKach of these instruments has a
definite sensitivity for photons of various energies
which can be quite well determined. The scintilla-
tion counters are the most sensitive, and the alumi-
num ionization chambers and thin wall Geiger
counters, especially those shielded from background
cosmic radiation, also have a relatively high sen-
sitivity. Single Geiger counters can detect the
stronger events, but are hampered by absorption in
the counter walls and the large background in the
atmosphere of charged particles from the cosmic
radiation. The measurements are commonly made
at an atmospheric height of 30 to 40 km, which cor-
responds to about 5 to 10 g/em? of air between the
balloon and the source of the bremsstrahlung. The
bremsstrahlung is produced in a layer where the
primary electrons come to rest at a height of about
80 to 100 km. Between that height and the balloon
the photons are absorbed in an energy-dependent
manner, mainly by the photoelectric process, but

attenuation and degradation also occur by Thompson
and Compton-type scattering.

2. Low Latitude X-Ray Bursts

We shall begin with a discussion of the X-rays as
observed at Minneapolis, Minn., at a latitude of
about 55° geomagnetic. The Minneapolis observa-
tions of X-rays always occur during considerable
disturbances of the earth’s magnetic field and,
wherever visual observations can be made, are
found to accompany strong aurorae at the zenith at
the time of the observation of the bremsstrahlung.
This was true in the very first case so measured, on
July 1, 1957, when the aurora was well observed
visually. Subsequent cases were also observed
visually and with all-sky cameras located at nearby
points. One of the most striking cases was the
great storm of September 23, 1957. We show, in
figures 1 and 2, the balloon X-ray bursts measured
by the IGY-type steel ionization chamber and the
brass Geiger counter, both relatively insensitive
instruments, and, for comparison, all-sky camera
records from Choteau, Mont. The timing of the
X-ray-produced rate increases with strong features
of the visual aurora is within approximately 1 min.
In this case a very long rayed arc stretching across
much of the northwestern United States was present
[Winckler, 1960]. This means that the origin of
the X-rays was within 450 km of the zenith where
the auroral forms were observed. Thus it cannot
be stated with exact certainty that the electrons
producing the bremsstrahlung were a part of the
individual rayed structures, as these are generally
less than 1 km in lateral extent. However, the
limit given above is consistent with the absorption
of X-rays in the atmosphere so that X-rays from
greater distances than 50 km would not be detected.
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Ficure 1.—Ton chamber (bottom), single counter (top), and photon counter (upper left, separate curve) response
during the intense auroral storm of September 22-23, 1957.

The balloon was launched about midnight CST during a lull in auroral activity, which had been very high in the earlier evening.
s follows: A—Flaming auroral rays reaching zenith from all points of compass.
(B-C) (0735 UT)—Arcs extending in narrow bands across zenith and extending almost to horizon in east and west directions.
Intense red patches at 30° elevation in west.
Strong flaming in west.

Red color reappeared at 0945 UT. Following G, general intensity decreased with flaming rays.

auroral phenomena
creasing overhead.

C—Extremely strong ray buildup from all directions.
rays. Nored. Activity decreased. F—Strongraysinnorthwest.
north, and east, with corona.
elevation in east with intense red color.

Red color.

Visible against predawn sky light.

The letters refer to observed
B—Curtains in north but activity generally de-
North dark. No

D—Red patches intense again after decrease. E—Flaming
General activity increasing. G—Majorray buildup in west.
H—Very strong ray structure at 30°

Red color.
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Ficure 2.

Awroral all-sky camera records from Choteau, Montana, on September 23, 1957 .

The intense rayed band which moves across the station in these pictures is associated in time with the great X- ray burst observed at Minneapolis and is undoubt-
edly a part of the same auroral feature, which existed over a considerable range of longitudes at this time,

It thus appears that the electrons are localized in a
region near the rayed or active structures of the low
latitude aurorae. The cases of auroral-associated
X-ray bursts measured at Minneapolis have been
summarized for the IGY in a recent paper [Winckler,
1960]. Many other observations were made during
1959 and 1960. Some of these have been studied
and reported in the literature [Winckler, Bhavsar,
1960; Winckler, Bhavsar, Peterson, 1961]. In some
of the very strongest storms the X-rays were accom-
panied by solar cosmic ray particles. In such cases
the photons could be measured only with special
instruments such as scintillation counters which
would respond selectively to the X-rays and not to
the cosmic ray particles.

A recent study has been made covering the period
August 23, 1959 to August 29, 1960 [May, 1961].
During this period cases of X-ray bursts were studied

and correlated with the total magnetic field of the
earth measured with a rubidium vapor magnetometer
at Minneapolis. A summary of these events is given
in table 1. The tabulation shows the duration of
the event, the intensity of the X-rays measured in
terms of the response of the standardized ion chamber
the estimated mean energy, and the total flux of
electrons striking the top of the atmosphere which
corresponds to the observed photons at balloon
heights. Figures 3, 4, and 5 are examples of the
X-ray bursts observed during this period compared
with the total field magnetometer. These figures
show very clearly the strong association between
negative excursions from normal of the magnetic
field and the precipitation of electrons on the high
atmosphere. Examination of the records also shows
the nighttime character of the events. In the 1-yr
period from August 1959 to August 1960, 8,050 hrs
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TasrLe 1. Summary of X-ray events between 22 August 1959 and 1 August 1960
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Ficure 3. Rates of balloon detectors al high altitude (wpper) and local total field magnetometer (lower).
The balloon arrived at ceiling in the middle of the first negative excursion of the magnetometer. After the balloon arrived at ceiling, the X-ray burst shows a very

detailed correlation with the negative excursions of the magnetic field. There is a positive excursion of the magnetic field before the auroralevents. Note absence of
response on telescope, showing that the event is due to photons. (From T.C. May [1961].)
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Ficure 4. A large X-ray event observed at high altitude during the April 1960 magnetic storm.

Note appearance of X-rays during negative phase. (From T.C. May [1961].)
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Ficure 5.
The negative excursions of the magnetometer correlate with the X

rays does not increase.
cles which are coming from the sun.

(From T.C. May [1961].)

of magnetic records were taken at Minneapolis.
Considering all events in which the magnetometer
excursion was greater than 100 v negative, the total
number of hours is 134. Eightvy-three pm((nl of
these were in the 12 hrs centered at loeal midnight.
Of the 134 disturbed hours, 38.5 hr were covered by
balloons floating at ceiling altitude at Minneapolis,
with instruments in proper operation. X-ray bursts
were observed 64 percent of the time.  On the other
hand, 447 hrs of balloon flight at ceiling with instru-
ments operating properly were obtained during quiet
periods with the magnetic field deviating less than
160 v negative and X-rays were observed only 1
percent of the time.

A strong correlation has been shown to exist be-
tween magnetic bays and aurorae [Bless, Gartlein,
Kimball, and Sprague, 1959]. This association,
coupled with visual observations which have been
made [rom time to time,
dence that the whole phenomenon at y=»55° occurs
simultancously, namely, the presence of visible
aurora, strong negative excursions of the magnetic
field, and the precipitation of electrons from the
magnetic field into the atmosphere. The magnetic
storms which produce aurorae at 55° geomagnetic
latitude at the zenith are mainly the large storms
ol the period of solar maximum. The aurora, X-
rays, and other associated events occur during the
main phase of such storms. Since the storm time
magnetic field has a systematic worldwide character,
and is not dependent on local time, the effects
mentioned above which are highly concentrated in
the dark hours may be considered to be nighttime
intensifications of the phenomena which occur during
the main phase. It is well known that the main
phase contains many local large variations which
differ from one longitude to another. Apparently
the local time effect refers to these superposed devi-
ations during the main phase which are not world-
wide in character.

1y burst very well.
The negative excursion of the magnetometer is therefore a loct al effect (magnetic bay); that is, it does not affect the magnetic cutoff of the parti-

provides convineing evi- |

This X-ray event 1s superimposed on a high energy solar cosmaic ray event

Note that when the field goes negative, the intensity of the solar cosmic

Figure 6 shows a further measurement, this time
with a scintillation counter, of X-ray bursts at
Minneapolis accompanying a series ol magnetic bays
during a storm on July 16, 1960. Several interesting
features are shown by the scintillation counter which
are not detected by the ion chambers. First, the
very short time scale of the X-ray fluctuations is
shown, as bursts are observed down to the Limit of
time resolution of the scintillation counter which lies
in the range of a few seconds.  Such rapid fluctua-
tion can only be due to the irregular manner in which
the electrons are precipitated on the atmosphere.
Second, the steeply rising photon intensity, as
measurements are made at lower and lower energies,
is also apparent by comparing the low energy and
high energy channels in ficure 6.

[t is well, at this point, to consider the problem
of inferring from the observed bremsstrahlung
intensity and spectrum at balloon heights the flux
and spectrum of the electrons incident on the top of
the atmosphere. This interpretation involves
knowledge of the processes in the “thick target”
conversion of electrons to bremsstrahlung in the
atmosphere, the processes ol absorption of this thick
target spectrum as the photons proceed down to
balloon altitudes, and the relative sensitivity of the
instruments in the different regions of the brems-
strahlung spectra. Possible solutions of this inter-
pretive problem have been obtained by careful cal-
culation of all the various steps in the process from
theoretical and empirical information. Since such
a procedure is complex and is frequently criticized,
a direct experimental check on the entire process has
also been carried out by the specially constructed
laboratory X-ray generator shown in figure 7. This
machine 1s a small accelerator working in the range
20 to 100 kv, and a known current of electrons can
be made to bombard an aluminum target on the
end of the accelerating tube. Experimental appa-
ratus can be placed below this target. In this way
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Ficure 6. Scintillation counter record of an X-ray event

measured at Minneapolis.

Note the concentration of photons in the low energy channels and the corre-
spondence to negative excursions of the total field magnetometer.

the theoretically expected bremsstrahlung response
of the ion chambers and counters was compared
directly with the measured values [May, 1961].
The theoretical data for the thick target brems-
strahlung spectra in air were obtained from the
work of Casper (State University of lowa, private
communication). These curves give the photon
spectrum radiated by monoenergetic electrons which
slow down and lose energy mainly by ionization in
the atmosphere, and at each energy in the sJowing
down process radiate the appropriate quanta due to
the bremsstrahlung process. Correction was made
for the aluminum-to-air dependence of brems-
strahlung production in the electron target and the
response of the ion chambers and counters was
calculated from the known atomic processes involved
in the absorption of the X-rays of various energies.
In this way the ionization chamber pulsing rate and
the Geiger counter counting rate were computed for
a normalized flux of electrons of each energy.

ELECTRON BEAM
_L,‘
L |

EVACUATED CHAMBER -2

ALUMINUM TARGET

41.5cm

70 orv ek assorser sasem?

Y

— ION CHAMBER

Ficure 7. Laboratory simulation of atmospheric
X-ray processes.

The unit shown is the standard balloon monitoring unit but measurements
have also been made using scintillation counters,

These calculated results agree extremely well with
the laboratory measurements where the entire situa-
tion was simulated with the X-ray accelerator. A
block of dry ice was used to simulate the atmosphere
above the balloon. A comparison at two typical en-
ergies is given in table 2, between the theoretical and
experimental results. The standard monitoring in-
struments like the ionization chamber and Geiger
counter can, of course, only give a mean energy for
any measured spectrum. Various trial spectra for
the electrons incident on the atmosphere can be put
into the process and the ratios of the response of
the instruments can be determined. This can then
be compared with the measured ratio for estimating
the probable type of spectrum and the electron flux.
Such results are summarized in the columns of table 1.
From the scintillation counter, on the other hand,
spectral information is obtained about the photons.
Then the trial electron spectra, when converted to
photons, can be compared with the experimental
curves much more precisely. In principle, for brems-
strahlung observations it is impossible to infer in a
completely unambiguous manner the electron spec-
trum from the observed photon spectrum in the
atmosphere. However, the method of “trial” elec-
tron spectra gives useful results and is consistent
with the present state of knowledge of the entire
subject. Such a calculation has been carried out for
the aurora of May 12, 1959 by Bhavsar [1961].
Typical results of this are given in figure 8. An
electron spectrum represented by the following
power law relation fits the observed values at the
lower energies:

NC>E)=0.66X 10 £~

with /7 in kilovolts, the spectrum representing an
average over an 80-min burst. This power law
spectrum Is similar to that estimated for the outer
zone of the Van Allen trapped radiation [Vernov and
Chudakov, 1960]. At higher energies the observed
photon spectrum flattens more than can be produced
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TABLE 2.

Electron energy
(kev)

INTEGRAL AURORAL X-RAY INTENSITY AT PRODUCTION LEVEL (TOP OF ATMOSPHERE ) N (> E)/SeC/cM2

Experiments and calculated chamber response to

d-¢ X-ray machine

| Experimental response !
| (pulses/electron) |

Calculated response
(pulses/electron)

2.1X10-13
9.7X10-8

2.2X10-13
9. 5X10-13

AT AURORAL PEAK 0835 U.T.

by a simple power law electron spectrum. The scin-
tillation counter results of Bhavsar on the aurora of
May 12, 1959 show that a photon flux of 600/cm?-sec
greater than 22 kv was measured at balloon heights
of about 30 km or 10 g/cm? depth. The peak inten-
sity of electrons precipitated on the top of the atmos-
phere of £>22 kv energy was 10%cm? sec.

AVERAGE FOR THE PERIOD
0805 U.T. TO 0925 UT.

1051 "
C X OBSERVED C X OBSERVED
- CALCULATED DUE TO - CALCULATED DUE TO
L ELECTRON SPECTRA L ELECTRON SPECTRA
N A—(4267)E"3 L A—(439.9)E-3
B—(6.43) E~S B—(0.663)E~5
1o x C— (0.0044)E~7 €-(0.0005)E~’
IOB:_—'
08—
F
10 :— A
=
[o]] 1 1 lllllll | s]e): 1 4111111 L1111
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AURORAL X-RAY ENERGY E IN Kev

Ficure 8.

Trial spectra for dumped electrons during the May 1959

geomagnetic storm (Bhavsar [1961]).

Electron energies for the spectral formula at top of figure are in Mev. Observations are the crosses and dashed curves.
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average number over an 80-min period which covered
the intense part of the aurora >22 kv incident on
the top of the atmosphere was 10%/cm?*  The num-
bers given in table 1 from the work of May [1961],
which have been derived assuming a power law
spectrum with an exponent which gives the observed
ratio of the counting rates of the instruments, give
values between 10°/em? and 2> 10"/em? averaged
over a typical electron burst of approximately 100
min duration. The spectra averaged over a period
of bursts is probably the most satisfactory to use for
further comparison. May [1961] has pointed out
that the detailed structure of a burst shows varia-
tions in the spectra in a random manner as shown
by large fluctuations in the ratio of the ion chamber
and counters responding to the X-rays.

The X-ray bursts observed at geomagnetic latitude
55° at Minneapolis may be summarized as follows.

(1) The bursts occur during strong bays or during
the main phase of vigorous magnetic storms.

(2) Where visible auroral observations may be
made, the X-ray bursts are correlated very well with
aurorae at the zenith, particularly rayed structures.
The time comparison is within the limit of accuracy
of the measurements and may be as short as 1 min.

(3) The X-ray bursts, the magnetic disturbances,
and the aurora in general center during the night
hours local time.

(4) The flux of electrons producing the X-ray
bursts varies between 10° and 10 electrons/cm?
during typical burst times of approximately 1 hr.
The peak intensity may reach 10°/em®sec in strong
aurorae.

(5) The electron spectra which best fit the observed
photons at balloon height are very steep and can be
represented by a power law spectrum with exponent
of 4 or 5 for the differential energy of the electrons.

3. Auroral Zone X-ray Bursts

Numerous observations have now been made, in
the auroral zone of latitudes, of X-rays similar to
those described above, at Fairbanks, Alaska, and Ft.
Churchill, Manitoba. The earliest observation of
what apparently is the same type of radiation now
observed with balloons in the :mroml zone was made
by Van Allen [1957] using the “rockoon” sounding
rocket technique. The rockoons frequently showed
the presence above the atmosphere of much enhanced
soft radiation. Van Allen identified this radiation
as bremsstrahlung in a range of energy similar to
the auroral X-rays. An example of such enhanced
radiation above the atmosphere is given in figure 9
(from Van Allen’s paper). The rockoon shots over
a range of latitudes localized this sporadic radiation
in the normal auroral region. However, the radia-
tion was frequently not present on rocket soundings
even in the auroral zone. The rockoon observations
show that even at the time of sunspot minimum the
bremsstrahlung high in the atmosphere could be
observed. The typical fluxes observed by Van
Allen and co-workers for the soft radiation above
the atmosphere were found to be 10% to 10% electrons/
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Frcure 9. Time history and altitudes of a sounding rocket
(rockoon) fired near the auroral zone (Van Allen [1957]).

This constitutes the first observation of what is probably an auroral zone X-ray
event of the type detected many times with balloons.

cm?sec for £>10 kv, and the energy somewhat
lower than is accessible to balloons. Van Allen
called the bremsstrahlung “auroral radiation’ but
the direct association with visible aurorae was never
made, due to daytime rockoon firings or cloudy
skies. Later findings indicate that this rockoon
soft radiation is probabl\ not associated directly
with aurorae.

The first observation of X-rays in the auroral zone
with balloons was made by Anderson [1958] in Au-
gust of 1957 at Ft. Churchill, geomagnetic latitude
69°.  The soft radiation occurred during a consider-
able magnetic disturbance but was not definitely
correlated with visible aurorae. Some variations
were observed corresponding with changes in the
earth’s magnetic field; however, Anderson later ap-
plied scintillation detectors to the X-ray measure-
ments in the auroral zone and has obtained many
examples of bursts from which energy spectra could
be derived. A good example of such bursts is shown
in figure 10 dunng the August 17 to 18, 1959 geo-
magnetic disturbance. Ihese measurements are of
importance because the very elliptical orbit earth
satellite Explorer VI was transmitting at this time
and there was an opportunity to compare the inten-
sity of the trapped radiation on lines of force connect-
ing the satellite with the atmosphere at Ft. Churchill.
This will be discussed below.

Figure 10 shows several features of the auroral
zone bursts which seem to be typical. One of these
is the appearance of the X-rays during both the day
and night. The second is the results of the rates at
different energy ranges which show that the spec-
trum is similar to that measured at lower latitudes

0 V0O N0 3

TIME IN MINUTES
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Ficure 10.

Counting rate of the scintillation detector due to enerqy losses greater than 25 lev

during a very long balloon flight over Churchill.

At no time during this flight did a thin wall Geiger counter telescope depart from the cosmic ray rate,

the X-rays. (From Anderson and Enemark [1960].)

described earlier.  Detailed analvsis [Anderson and
Enemark, 1960] shows a very steep spectrum which
can possibly be fitted by a power law but sometimes
shows a flattening out at high energies. In a way
similar to the lower latitude measurements, the in-
dividual bursts are of very short duration and ap-
preciable variations in a time of about 1 sec can be
found. Anderson has also shown that the auroral
zone energetic X-rays are not coincident in time with
visible aurorae. Figure 11 [Anderson and Enemark,
1960] compares the X-ray bursts with all-sky camera
photographs which show that at the time of active
forms at the zenith the X-rays were absent, but that
the bursts occeurred prior to the beginning of active
forms. The well-known midnight maxima of aurorae
in the auroral zone compared with the round-the-
clock occurrence of the energetic X-ray bursts also
show the lack of association.

Recent rocket experiments by Mellwain [1960]
show dramatically the difference in energy of the
particles causing the visible aurora in the auroral
zone from energies measured in balloon X-rays. In
figure 12 we reproduce two figures from Mellwain’s

619483—62——2

showing that very few electrons could have accompanied

paper which show the very high energy flux measured
i a bright aurora in the form of elecirons of 6 kv or
less, and at the same time no detectable effect on a
Geiger counter of the type used in balloons. Al-
though the Geiger counters at balloon height show,
in general, small effects because of their low sensitiv-
ity, the rocket counter which went directly through
the intense part of the aurora nevertheless is very
significant in showing the absence of any bremsstrah-
lung above 20 kv. With fluxes as high as 5,000
ergs/cm?sec, which corresponds to electron fluxes
10 to 10%/em?sec, the flux of electrons >20 kv
must have been less than 10°/em*sec.  Davis, Berg,
and Meredith [1960] have also measured the flux of
electrons and ions associated with aurora using rocket
techniques at Fort Churchill in 1958.  Davis’ rocket
firings did not penetrate directly through the intense
region of an aurora, but detected electron fluxes in
the range 8 kv < I <100 kv of 0.5 to 2.5 erg/cm?
sec-ster.  These fluxes occurred in diffuse surfaces
and post-breakup rayed structures of intensity I.
Davis has also measured directly with rockets the
electrons associated with auroral zone X-ray events
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Freure 11.

Balloon X-ray record and all-sky camera photos.

The balloon was directly under the visible aurora, but the X-ray bursts in this case preceded the active forms of the aurora and were not time coincident as at

lower latitudes.

of the type detected with balloons. These measure-
ments give important information about the pre-
cipitation process from the magnetic field and will be
discussed later.

Some statistics concerning the X-rays and the
electron spectra producing them from the work of
Anderson from the Ft. Churchill observations, are
as follows:

Electron spectra N(>E)=1.1X10° ¢~%%#) Maxi-
mum of
Electron flux >25 kv =4 10° em~2sec™!) burst
Auroral zone X-rays present 409, of time.
X-rays not closely correlated with magnetic con-
ditions.
Daily flux into atmosphere ~10/cm?2.

All of the balloon groups have reported at high
latitude strong correlation between the X-ray bursts
detected by the balloon instruments and the iono-
spheric absorption of radio waves, for example, by
riometer measurements. “Auroral” absorption of
extragalactic radio waves is frequently mentioned in
the literature. However, the ionospheric effects
with which we are interested are of a different type,
are separated from the aurora, and are produced by
relatively high energy electrons. In many cases the
absorption follows in great detail the intensity of the
X-rays observed at balloon heights. Figures 13 and
14 show comparisons of the Ft. Churchill riometer
(courtesy T. R. Hartz, Canadian Defence Research
Board, Ottawa) and balloon ion chambers flown by
the Minnesota group during the summer of 1960.
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Ficure 12. Total energy (upper) and Geiger counter rate
(lower) during a rocket trajectory at Ft. Churchill which passed
directly through a bright visible aurora. (From Mecllwain
[1960).)

Note the absence of any effect in the Geiger tube. The electrons were con-
centrated at approximately 6 kev.
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Ficure 13.

The ion chamber characteristics are described by May [1961].
meter absorption is several decibels.

The peak rio-
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An example of a riometer event not seen
by the balloon instruments.

Ficure 15.

It is believed that the local character of the event, and the difference in location
of the balloon and riometer antenna pattern, produced this lack of correlation.

These cases show that the absorption event begins
when the X-rays first appear, that the detailed ion
chamber peaks are reflected in the riometer absorp-
tion increases, and that the high intensity bursts
of X-rays correspond to large absorption. Figure
15 shows a case in which riometer absorption was
detected but no disturbances at balloon height were
observed. We believe that this poor correlation is
due to the latitude and longitude drift of the balloon
which carried it away from the region covered by
the riometer antenna and that the precipitation was
local enough in nature so that the correlation was
destroyed. The auroral absorption seen on riometers
has been discussed by Chapman and Little [1957].
In this paper the authors noted that the greatest
absorption occurred during the pulsating period of
the aurora and suggested that this absorption may
have been connected with the X-rays discovered at
balloon altitudes. We have made the argument
[Winckler, Peterson, Hoffman, and Arnoldy, 1959]
that, since the primary electrons carry 10° to 10*
times the energy carried by the X-rays, the absorp-
tion was likely caused by the primary electrons
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themselves even though they do not penetrate very
much into the D-layer of the ionosphere. However,
the riometer absorption probably does not occur
above heights of 70 km. If this is true, it is difficult
to see how the primary electrons can penetrate this
far into the atmosphere and cause the absorption.
Recently, Brown, Hartz, Landmark, Leinbach,
and Ortner [1961] have shown the widespread cor-
relation between a balloon X-ray burst detected by
balloons at Fairbanks, Alaska, at the time of sudden
commencement of a magnetic storm and riometers
distributed over the auroral region including sta-
tions in Norway and Sweden. The correlated
absorption increase of several decibels occurred
during auroral activity at many of the stations but
was detectable because it was a sharp, isolated absorp-
tion maximum lasting only a few minutes. The
precipitation of the electrons occurred only in a ring
or a series of patches around the auroral zone and
not over the complete polar cap. A few cases are
available in which such X-ray events were studied
by balloons at several locations simultaneously, for
example the July 16-18, 1960 event. It is evident
that more correlation is obtained between balloons at
high latitudes near the auroral zone than between
the auroral zone and southerly latitudes at Minne-
apolis. In fact, in most instances during X-ray
bursts observed at Churchill, no correlation at all
is obtained with bursts at Minneapolis. Similarly,
there are good cases on record in which the precipi-
tation of strong X-ray bursts at Minneapolis i3 not
accompanied by any detectable effect at higher lati-
tude. For example, on September 3, 1960, a strong
X-ray burst was recorded at 0111 UT only at Minne-
apolis [Winckler, Bhavsar, Masley, and May, 1961].
Estimates have been made of the electron fluxes in
the auroral zone causing the bursts there and in gen-
eral these estimates show a smaller flux than at
lower latitudes. For example, the event studied by
Brown, Hartz, Landmark, Leinbach, and Ortner
[1961] deseribed above corresponds to a flux of 2 to
6107 electrons/ecm?sec with energies >50 kv. The
total integrated electron intensity was 3 to 9>10°
electrons with energy >50 kv per cm? Brown
[1961] finds that at Fairbanks, Alaska, during June
and July 1960, the auroral zone X-rays are detect-
able with Geiger counters apppoximately 10 percent
of the time at pressure altitudes in the range 10 to
15mb. The daily flux of electrons with energies > 50
kv is about 610" particles/em? On August 16,
1959, Anderson and Enemark [1960] found a peak
flux of primary electrons >25 kv of 4X10° on a
vigorous event. The maximum photon flux ac-
companying such bursts was 40 photons/cm?sec
above 22 kv. However, Anderson also concludes
that the influx of electrons occurs a much greater
proportion of the time in the auroral zone than at
Minneapolis. These estimates show that an aver-
age flux of 10 photons/ecm?sec may be present as
much as 40 percent of the time and that these meas-
urements are conservative. Thus, although the
peak intensities are much lower as can be seen by
comparing these figures with the fluxes mentioned

above at the latitude of Minneapolis, the larger num-
ber of the bursts of all sizes still brings the total
number of electrons precipitated to quite a high
value. Anderson estimates that the daily flux of
electrons above 25 kv energy lost in the atmosphere
over the auroral zone is of the order of 10/cm?
Similar observations were obtained by the Minne-
sota group in flights made at Ft. Churchill during
the summer of 1960 when the sporadic X-ray bursts
were observed on many occasions. The correlation

with the riometer shown in figures 13 and 14 are
examples of these bursts. The mean energies are

similar to bursts observed at Minneapolis with the
same instruments, but in general, the intensities are
less.

In summary, the characteristics of the X-rays
observed in the auroral zone are that thev occur a
considerable fraction of the time at low intensity,
that enhanced intensity occurs during geomagneti-
‘ally disturbed periods, that the peak intensity of the
bursts is much lower than at lower latitudes, that
the bursts are not closely associated with visible
aurorae, and that in the auroral zone at certain times
widespread close time correlations are observed in the
precipitation of the electrons but that sometimes also
the precipitation at high latitude and that at inter-
mediate latitude are apparently not correlated in
time in any detail.

The discovery of the trapped radiation belts
around the earth has resulted in a fresh and very
promising approach for understanding the phe-
nomena of the aurora. It is the opinion of the
writer that the precipitation of the electrons produc-
ing the balloon X-ray events may have a similar
close connection with the trapped radiation. In
this case the possibility of discovering relationships
is even better than for the visual aurora, since the
energy range of the electrons producing the balloon
X-rays is similar to that of the trapped electrons
which have been measured with counting devices in
satellites and space probes. The presence of a large
reservoir of radiation contained in the magnetic
field a short distance above the atmosphere may
provide a source for the electrons seen entering the
atmosphere, and a search should be made for suitable
perturbation mechanisms by which the trapped
electrons may be discharged into the atmosphere at
a time of magnetic disturbances.

It should first be pointed out that the general
appearance of the energy spectrum of the precipitated
electrons deduced from the balloon observations
is similar to the spectrum of electrons in the outer
zone of the Van Allen regions which has been ob-
tained from rocket and satellite measurements. The
differential spectrum deduced from the balloon
measurements has the form CE=®.  According to
Vernov and Chudakov [1960], the spectrum in the
high intensity region of the outer radiation zone can
be represented by a similar spectrum CE=°. Of
course, this similarity of spectra is no proof in itself
that the precipitated electrons actually are a part of
the trapped reservoir. However, there are other
relationships which support this view. We show in
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figure 16 a profile of the outer radiation zone along a
rodius in the equatorial plane. These data were
obtained from the satellite Explorer VI with the

University of  Minnesota Geiger counter unit
[Arnoldy, Hoffman, and Winckler, 1960a]. The

two curves are for two periods representing the first
week of Explorer VI during a quiet period, and the
higher curve during an enhanced period following a
strong geomagnetic disturbance. Also shown in
figure 16 are the dipole lines of force which show the
connection with the earth’s surface in geomagnetic
latitude. We see that a line of force intercepting
Ft. Churchill or Fairbanks, Alaska, reaches the
equator between 40,000 and 50,000 km from earth
center. In this region there is an appreciable
intensity of trapped electrons of 50-kv mean energy.
During the quiet period, August 7 to 14, 1959, as
shown in the lower curve in figure 16, the intensity
on the Ft. Churchill Jine of force, however, was near
the cosmic ray background which, in this ficure, was
about two counts per second. About an order of
magnitude more counting rate was observed during
the enhanced period from August 24 to 30. If we
consider a line of force which connects with the
latitude of Minneapolis at abeut 55°, we find that
this connects in the radiation belt just at the region
of most mtense trapped radiation in the equatorial
plane. During the history of Explorer VI, the outer

zone exhibited a complicated structure, frequently
having two maxima which are well illustrated in
figure 16. It was observed that the outer of these
two maxima was the most strongly modulated by
the geomagnetic disturbances. In this region of the
radiation belts the intensity is some 1,000 times
greater than in the region connecting with the
surface in the auroral zone. It appears to be not
mere chance that the peak intensity of the X-ray
bursts observed at Minneapolis 1s considerably
larger than the peak intensity ol bursts observed in
the auroral zone region, and that this fact implies
that the trapped radiation may, in fact, constitute
the resevvoir from which the balloon X-ray events
are produced.

Another interesting feature of the outer radiation
belt is shown in figure 17. This figure derived by
Van Allen and co-workers (private communication)
from the satellite Explorer VII shows the location
ol the maximum of the outer radiation belt at heights
of about 100 km. The satellite passed through the
lower edge of the trapping region at 1,000 km and
the position at this altitude is then projected down-
ward along a local magnetic line of force to the
altitude of 100 km where discharged radiation would
enter the dense atmosphere. Kach point repre-
sents a value so obtained at 100 km from a pass of
the satellite.  The curved lines on the map labeled
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Frcure 16.

Profile of the outer Van Allen region along a radius in the magnetic equatorial plane

measured by the Geiger counter on Explorer V1.

The lower curve refers to about one week’s observations before a strong magnetic storm and the upper curve to observations following the storm.
zone connected region shows the appearance of trapped electrons from August 24 to August 30.
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The outer zone maximum at 100 km from Ecplorer VII (Van

Allen, private communication) measured at 100 km and projected downward

along field lines.

Note that Minneapolis lies directly under this maximum zone.

with Z numbers from 2 to 8 represent guiding center
shells and the L value refers to the radius in the
equatorial plane where this shell crosses. We see
that the outer zone locus conforms well to the shape
of this pattern of shells derived from the well-known
properties of the electrons trapped in the geomagnet-
ic field. It should be noted also that the center of
this region is about 1°in latitude north of Minneap-
olis and is located between 56 and 57° geomagnetic.
Figures 16 and 17 are quite consistent in their impli-
cations although they were measured over consider-
ably different periods of time. The balloon measure-
ments of auroral zone X-rays made by Anderson on
August 17 and 18, 1959, shown in figure 10, are
especially significant as Explorer VI was making
passes through the magnetic shell connecting to
Ft. Churchill, the balloon location. This region of
the radiation belts normally gave only cosmic ray
background rates on the Anton type 302 counter in
Explorer VI [Arnoldy, Hoffman, and Winckler,
1960a]. On August 17 a significant intensity of
trapped electrons appeared in this region giving a
rate in space from bremsstrahlung of about 20 to 40
¢/s and showing much structure between 48,000 and
32,000 km. The intensity in this far edge of the

outer zone remained high until September 4. This
is shown also in figure 16 (enhanced curve). The

X-ray bursts at Ft. Churchill during this time were
exceptionally intense for auroral zone bursts.

Early in this storm on August 16 the Anton 302
counting rate in the main outer zone showed a sub-
stantial decrease [Arnoldy, Hoffman, and Winckler,

1960a]. This was interpreted as a dumping process.
The loss of energetic radiation was contained in
lines of force reaching to the latitude of Minneapolis,
where a strong aurora was observed. Aurorae of this
type, with corona and rayed structure at the zenith,
invariably accompany X-ray bursts in cases where
balloon observations are available. The dumping,
however, must accompany redistribution and energy
changes of the trapped radiation. Sufficient radia-
tion apparently disappeared from the trapping region
on this occasion to have accounted for a strong
balloon X-ray event.

An explanation of the X-ray phenomena in terms
of the trapped radiation and processes in the geo-
magnetic field, of course, excludes the possibility
that the balloon X-ray electrons are injected directly
from solar streams. So far, only one conclusive case
exists in which it can be shown that such solar
injection does not occur. This was during the history
of the deep space probe Pioneer V [Arnoldy, Hoffman,
and Winckler, 1960b] when it was shown that by
comparison with the earth satellite Explorer VII
[Van Allen and Ching Lin, 1960] Jarge changes in
the outer radiation belt occurred when the electron
flux in deep space was negligibly small. We will
assume that the observation on this one event on
March 31, 1960 is typical of other cases and, in fact,
that it is unreasonable in any case that the 50-kv
electrons would be able to find their way from the sun
and be injected into the earth’s field in a manner
sufficient to produce the observed trapped radiation.
In fact, the whole auroral phenomenon and the X-ray
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observations become much easier of understanding
if one assumes that they are caused by particles which
constitute the trapped radiation surrounding the
carth. For example, the continual precipitation of
small fluxes of X-rays in the auroral zone occurs from
a part of the earth’s field which is at a large distance,
where the field is weak and solar plasma streams can
frequently and easily perturb the field. On the other
hand, the precipitation of electrons from the hesrt
of the outer zone, which is at a much smaller distance
from the earth’s center, can only occur during violent
magnetic distrubances, but then one might expect
much larger peak fluxes of electrons and X-rays.
It has been clearly demonstrated in the first section
of this paper that this is the manner in which the
balloon X-rays are actually observed to occur.

However, the process of the precipitation of elec-
trons from the magnetosphere into the dense atmos-
phere at 100 km cannot be merely a simple ejection
from a static reservoir. In order to bring electrons
out of the field, acceleration, deceleration, and
redistribution of the entire spectrum of electrons
present in the trapped radiation must occur. /
crude spectrum of electrons which may participate
in these processes during perturbation of the field is
given in figure 18. These densities are those esti-
mated for the upper ionosphere, whistler phenomena,
visible aurorae, and the trapped radiation studied
with counters in satellites. The portion of the
spectrum measured in the balloon X-ray and satellite
experiments lies mainly between 10 and 100 kv.

If an X-ray observation shows a certain flux of
electrons entering the atmosphere at the foot of a
Jine of force, then these electrons at some point along
their guiding center trajectory must enter the
“dumping” cone of pitch-angle directions. This
cone of directions is defined by

sin’y,, 1

B B,

where ¢, is the angle to the local field direction at
a point on the line of force of field intensity B, B, is
the field intensity on the same line of force at a height
h where the electrons are removed by atmospheric
scattering. This height may lie between 100 and
300 km, and ¥=90° in this region. At the equator
on a trajectory or shell connecting to Minneapolis
the dumping cone half-angle collapses to about 7°.
Under “quiescent” conditions the dumping cone
should be empty of particles. Any process which
injects particles into the dumping cone at any posi-
tion along a line of force may cause precipitation.
Such processes might be betatron type acceleration
or deceleration, scattering by hydromagnetic waves,
or perturbation by VLE electromagnetic waves
especially if the frequency is near the gyrofrequency
of the electrons. Multiple coulomb scattering, even
during periods when the scale height of the atmos-
phere increases during storms, cannot be a primary
mechanism for producing the intense, rapid and
sporadic balloon X-rays. On a line of force con-
necting to the auroral zone the dumping cone col-
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Fraure 18.  Estimate of relative concentration of electrons
of various energies trapped in the geomagnetic field.

lapses to a much smaller angle, approximately 3° at
the equator.

Thus both the volume in velocity space and the
surrounding flux of electrons which may enter this
volume are larger for Minneapolis than for the
auroral zone.

Electrons in the dumping cone were observed in
a striking manner by the rocket observations of
Davis, Berg, and Meredith [1960].  Figure 19 repro-
duces preliminary electron distributions at 100 km
above Ft. Churchill on June 6, 1960, at 1110 UT.
It can be seen that as the intensity of electrons
increases, the angular distribution changes from
a flat form with maximum intensity at ¥=70° to
a form with direction between ¢ =0 and ¢=70 filled
in by trajectories.

Since the dynamics of the outer Van Allen belt
presents such a complex problem, in this paper
only certain requirements to be met by a “dumping”’
mechanism will be stated, and some suggestions
made for mechanisms to accomplish this.

The requirements are:

(1) The frequent discharge into the auroral zone
atmosphere of eclectrons from a region or shell
crossing the geomagnetic equator at 6 to 7 earth
radii.  The discharge must occur in both the sunlit
and dark hemispheres. It may be intensified at
times of magnetic disturbances but must also occur
during “quiet” periods as shown by surface mag-
netometers.

(2) At times (e.g., at a sudden commencement)
the auroral zone dumping must occur simultaneously
over a wide range of longitudes. At other times
the dumping may be local.

(3) The integrated 24-hr flux of electrons dumped
from the far reaches of the geomagnetic field may
equal or exceed the total trapped flux in that region.
Thus the store of electrons in a lower energy region
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Frcure 19. Angular distribution of electrons showing dump-
ing during an intensity increase observed near 100 km altitude
at Ft. Churchill by Davis (private communication) in 1960.

Note that the intensity increase shows much more strongly for directions along
the magnetic field. These electrons are emerging from the “dumping cone’ near
the atmosphere. Time of firing: 1110 UT on June 6, 1960.
shown in figure 18 must be utilized through a local
acceleration mechanism. Direct injection from solar
clouds does not seem likely.

(4) The dumping mechanism must operate selec-
tively for the high latitude, high energy electrons so
that strong time correlations with the dumping of
low energy visible auroral radiation are not obtained.

(5) In the case of strong low latitude auroral and
magnetic storms, dumping must occur from the
heart of the outer zone at about 3.5 earth radii. In
this case it is probable that all energies of auroral
particles including balloon X-ray electrons appear
in the atmosphere simultaneously.

(6) Low latitude dumping must be time-correlated
with local negative magnetic bays.

(7) The peak dumped electron flux at approxi-
mately 50 kv must at times reach 10° electrons/
em*sec at low latitudes. In the auroral zone the
peak flux must be 10°/em?-sec.

Several classes of phenomena may be considered
with dumping as one of the consequences. Slow
changes in the magnetic field with characteristic
times from many minutes to days may involve major

distortions of the dipole field. In such cases beta-
tron processes may alter the energy spectrum and
redistribute the trapped radiation. During betatron
processes the invariants of motion in a fixed field
may not be preserved and redistribution of the
radial profile of trapped radiation may result. Thus
it 1s conceivable that either acceleration or decelera-
tion accompanied by migration of electrons radially
inward or outward may occur and cause injection
imto the dumping cone. The mixing of tubes of
force has been suggested by Gold (presented to
URSI meeting May 1, 1961, Washington, D.C.) as
a means for redistributing the low energy trapped
radiation. The effect on high energy trapped elec-
trons is not known, but may be small. This kind
of mechanism may be able to provide a selective
dumping of auroral particles and X-ray electrons at
high latitudes.

Rapid changes in the magnetic field in the fre-
quency range of 1 ¢/s to 50 ke/s seem a very promising

mechanism.  Powerful scattering may occur if hy-
dromagnetic or VLF frequencies approach the
cyclotron frequency of the trapped electrons.  Meas-

urements of micropulsations during magnetic storms
have been made by many observers. Recently
K. A. Anderson (private communication) has shown
that the auroral zone X-rays occur in close time
correlation with periodic micropulsations in the 1
¢/s range. VLE emissions observed by Gallet
(private communication) also seem correlated in a
general way with the appearance of electron precipi-
tation, particularly the type of emission known as
narrow band hiss. Such emissions may occur near
the cyclotron frequency for electrons at large distance
in the geomagnetic field.

Recently Akasofu and Chapman [1961] have pro-
posed a neutral line theory to account for specific
features of the visual aurora. They have not
applied their ideas to the dumping of energetic
electrons. The lack of correlation between auroral
zone X-rays and auroral zone visual aurorae presents
some difficulties for understanding the energetic
electron phenomena on the basis of their ideas.

The lowering of mirror points by solar stream
distortion of the geomagnetic field has been proposed
by Kern and Vestine [1961] to account for the night-
time polar electrojet. Because the X-ray production
has no strong nighttime dependence in the auroral
zone this mechanism may not be applicable. How-
ever, the preferential nighttime dumping at Minne-
apolis must in some indirect way be related to such
an asymmetry with respect to the solar direction.
Other mechanisms involving electrostatic forces
specifically for dumping auroral particles have been
suggested by Chamberlain [1961] and Kern [1961].
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