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Abstract. Intense, localized bursts of VLF emissions were mea  auroral electrons via their small parallel wave numbers (k) and
sured on the University of California at Berkeley Alaska ‘@Ben energize the cold ion population viatheir much larger perpen-
auroral sounding rocket. A wavelength determination for theseular wave numbers (k; >> k) and electric fields. However even
waves was obtained using cross-spectral analysis on high timetiheshortest wavelength VLF emissions that can be produced eas-
olution electric field measurements from dipole antennas andlgrby resonant growth from typica inverted-V electron popula
onboard burst memory system. The observation of an antennatians have perpendicular wavelengths on the order of 100's of
in the cross-spectral response reveals very short wavelength emesers; thus the collapse model has been proposed as a mecha-
sions with wavelengths less than 5.5 meters. The applicability ofssn to bridge the gap between the wavelengths of VLF waves
collapse theory for these emissions is put in question since tlgeserated by the auroral beam and the wavelengths necessary for
examples are not well correlated with electron density depletidghese waves to heat ionospheric ions, which typically need wave-
In addition, these waves do not appear to be associated with agagths of less than a few meters for efficient energization.
ticular type of electron distribution which may have been responsiin this letter we show measurements of extremely short wave-
ble for their generation. The presence of electromagnetic modderigth VLF emissions obtained from a University of California at
the VLF frequency range in the vicinity of many of these elect®erkeley auroral sounding rocket flown in 1993. The short wave-
static bursts, along with continual electron density turbulenceesfgth character of these emissions, less than 5.5 mfipeés
1-5%, may provide evidence for a linear mode coupling mecbatained using a null in the coherency spectrum coupled with a
nism in which electrostatic VLF waves are produced by the scduiaracteristic phase angle shift of the emissions in cross spectral
tering of incident electromagnetic whistlers from electron densityalysis of the electric field time series data. Simultaneous mea-
irregularities. surements of the electron density fluctuations by a separate Lang-
muir probe reveal no consistent electron density depletions
associated with these events. However, the electron density mea-
Introduction surements do show turbulent fluctuations on the order of 1-5%
throughout the flight, as well as the presence of circularly polar-
Observations of intense, localized packets of Very Low Figed, presumably electromagnetic emissions in the VLF range in
quency (VLF) bursts have been made by numerous sounding reglse proximity to the intense VLF bursts. Linear mode coupling
ets in the auroral ionospher®afo et al., 1992; Ergun et al., of incident electromagnetic modes scattering off of electron den-
1993]. In general, VLF waves are either electrostatic emissigfig perturbations into electrostatic VLF waves is one possibility
propagating near the cold plasma resonance cone from the Ipgalhas been investigated numericallyBeyt & Ngo [1990], and

lower hybrid frequencyfif)) up to the electron plasma or cyclotrop a model that appears least contradictory to our observations.
frequencies, or electromagnetic emissions over the same fre-

guency range with wavelengths on the order of kilometers. Under . . .
auroral conditions these waves appear as broadband noise if-¥Rerimental Observationsand Analysis

electric field fromfy, ~2-7 kHz extending up to 500 kHz - 1MHz.  The UCB Alaska ‘93 auroral sounding rocket was launched
The observation of intense bursts of VLF waves riganith a april 2, 1993 from the Poker Flat rocket range into an evening
localized time series signature and short wavelengths of less $iaBral substorm. The payload consisted of a set of voltage probes
20 meters has stimulated a renewed interest in these emissiop$@s optained 3-D AC and DC electric field measurements as
candidates for non-linear wave collapse and as a possible m&gBf-as jon and electron electrostatic analyzers for measuring par-
nism for the phenomenon of ion heating in the auroral ioN0sphgge distributions. The electric field data presented here is from
Vago et al. [1992] andLabelle et al. [1986] have measured Transge onboard High Speed Burst Memory (HSBM), which used a
versely Accelerated lons (TAI's) in conjunction with “spikeletsirigger threshold criteria to select high amplitude bursts of electric
high-amplitude lower hybrid waves which have coupled to #igqs in the VLF frequency range for storage in a high time reso-
ambient electron plasma via the ponderomotive force and haygn memory buffer. The HSBM provided ~2% coverage of VLF
collapsed into shorter wavelengths through a modulational ingfgrts, yielding 20 millisecond long snapshots of time series elec-

bility, creating an electron density depletion in the procegs field data out of every second of real time sampled at 100 kHz
[Chang, 1993]. Electron density depletions associated with WaygSanalog-to-digital converters.

in the VLF regime have been reported on both the FREJA SPacesigure 1 shows two of the rocket probes used for the wave-
craft [Pécseli et al.1995] as well as on the TOPAZ Il auroral  |ength analysis. The vehicle is spin-aligned with the major axis
sounding rocket in the work by Vago et al _ along the geomagnetic field with a spin period of ~1.28 seconds;
Short wavelength VL F waves near the lower hybrid frequency  qyring the measurements described here the vehicle velocity per-
are of great interest because of the possibility that they arerespon-  pendicular to the geomagnetic fieddwas ~1.3 km/sec and had an
sible for ion heating, creating large fluxes of upwellingionswhich  anti-parallel component of ~1.5 km/sec. Electrostatic VLF emis-
may make a significant contribution to the magnetospheric plasma  gjons near the lower hybrid frequency will propagate with group

population. VLF waves are an attractive candidate for ion heating  yelocities nearly alon@ and phase velocities and electric fields
because these emissions may gain energy from precipitating
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also represents the electric field aong the V-V, direction, how-
ever it is obtained using a shorter dipole that is displaced a dis- Figure 2. Electron d_ensity fluctuations, RMS electric field, and
tance d/2 from the dipole used for the Ea, measurement. Cross an HSBM capture of intense VLF wave power near T=410.09 sec.
spectral analysis can then be applied to the Ez4 and E4 signalsto  never more than fluctuations of 1%. Figure 3 shows the cross
measure the coherence and phase delay between the two dipole spectrum and FFT of the HSBM event shown in Figure 2. The top
measurements. plot in Figure 3 shows the coherency, which is close to ~1 over a
The technique of cross spectral analysis has been reviewed by  broad frequency range between 2.5 and 40 kHz. Below 2.5 kHz
Labelle & Kintner [1989] and applied experimentally on the and above 40kHz, low amplitude, random uncorrelated noise
TOPAZ 11l sounding rocket data in the work by Vago et al. Fast seems to dominate the signal as shown by the low coherency at
Fourier transforms (FFT's) of the electric field measuremegts Ehese frequencies. The phase angle plot shows a smoothly increas-
and E can be obtained yielding complex Fourier spe8i#w) ing phase delay between thg &d &, signals with decreasing
and $4(w). The normalized cross spectra of these two signalgrégjuencies, going from near 0° at 40 kHz to >80° just above
then formed using 5 kHz, and the FFT shows a peak in the spectra above the lower
hybrid frequency (4-5 kHz) with a maximum near 7 kHz. For a
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flight. Note that bursts of VLF wave power are recorded durlE
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re3. Cross spectral analysis of a VLF burst from HSBM dat

410.096 seconds into the Alaska ‘93 flight.



comparison, spectra during low-amplitude (<10 mV/m) back- Alaska '93 Electrons
ground VLF hiss a few seconds later has a steep cut-off near (g) o900 [vasa 40004 ‘ ‘ ‘ ]
4.5kHz (>40 dB drop in power in less than 1 kHz), and a phase | Apr 02 10:09 OT (A 0 ]
angle of ~0° frorf;;, to ~30 kHz where the power drops off. F | 1
An initially puzzling yet consistent feature of the cross spectre 1000 w E
of the T=410.09 sec HSBM event as well as many others durin Hil } i
the T=400 to 500 second interval is the observation of a prc 100 i “ E
nounced dip in the coherency spectrum between 3-5 kHz. Withi W i
the same range of frequencies there is a sudden discontinuity Bt i iy uwmmummw%aﬂlmﬂ ]
the phase angle measurement, as it jumps from approximately 9 Alaska '93 HSBM Coherence
to -90° and then continues to smoothly rise to ~0° before thp) 20
coherency of the signal is lost. Accompanying both the dip in thi
coherence spectra and the discontinuity in the phase angle me
surement is a small dip in the power spectra shown in the FFT
the B, signal at the same frequency. None of these feature
appeared in the cross-spectra of the low-amplitude backgrour
VLF. The dip in the power spectrum of thesEsignal for the
bursty VLF waves provides the first clue for the origin of this par- S |
ticular feature of the spectrum. TheyEignal will possess a null 400 420 440 460 480 500
in the power spectrum whenever the wavelength of the emission Flight Time (sec)
equal to the probe-to-probe separation of thedipole ( = 2d). Figure 4. (a) Electron spectrogram and (b) VLF wave coherence

Additionally, it can be showrDelory, 1996] that the antenna nuIggegtr?ﬁc-le—hslorgorgi%?;zl #S&d 3r_lén|2|_|nzg ir?c1‘rrc§qsuetrr:gybi(r)1t(§(i)cr2teosf ;r;]e
for this critical wavelength is accompanle_d by a sudden phase arﬂ?%nna null in the & probe due to VLF wavelengths of <5.5 m.
of 180° of the measured signal. Assuming from the phase angle
measurements that the wavelengths are slowly decreasing (phREzessed wavelengths less than or equal to 5.5 meters.
angle increasing) with lower frequencies, there will be a frequency! "€ period from T=400 to 500 seconds in the flight is the only
where the wavelength of the emission is equal to thedipole Interval with a clear antenna null signature in the coherency spec-
length but still longer than the,Eipole length, thus only thegf tra. There is little correlation between the short-wavelength VLF
signal sees a power loss coupled with a sudden 180° phase 2H#s in this time interval and electron activity as can be seen
while the E signal does not. The cross-spectral phase angle fpm Figure 4(a). As described in the introduction, continual elec-
tine plots increasing phase from 0° to 180° ah80° back to 0° tron density turbulence was recorded, with 1-5% variations occur-
depending on the sign ok[d, with a phase wrap occurrﬂ@g over time scales ranging from 20 to 100 msecs. A direct
between 180° and-180°. Simulations Delory, 1996] using a Correlation between electron density depletions and the intense
model spectral profile that increased the phase angles Wik bursts was not evident in the data (see Figure 2), which was
decreasing frequencies demonstrate identical effects as seen fPfRglicated by the presence of general background density turbu-
data in Figure 3. The jump in phase between theaRid E sig- lence as well as several payload-spin dependent features. While
nals always happens near 90° because these dipoles are sep8Pfi§cCf the VLF bursts in the T=400 to 500 second interval were
by a distancel/2. When the wavelength of the observed emissigfsociated with density depletions of a few percent, there were an
is equal to the & dipole length of 8, a separation distancea® €dual number occurring during a density enhancement or with no
between the dipoles represents 1/4 of a wavelength which trdfgSity change at all. Immediately surrounding many of the
lates to 90° in the relative phase measurement. The instantangf§ wavelength, electrostatic bursts of VLF waves were circu-
addition of 180° of phase whén= 2d then carries the phase medarly polarized VLF emissions with a near zero phase angle mea-
surement from 90° to 180°, then the phase wraps from 18084ggment and extremely high coherence (~0.99 - 1.0). These
-180°, and continues t690°. Wavelengths shorter then thg, E €Missions were almost certainly electromagnetic, although there
probe separation then bring the phase measurement-fe@h Were no AC magnetic field measurements in the VLF range to
toward 0°. absolutely confirm this assertion. Initial data from the FAST satel-
Thus a dip in the wave coherence for these VLF wave burée, however, has shown both electromagnetic as well as electro-
coupled with a phase angle discontinuity and a correspon&h”gic VLF bursts in the auroral region using simultaneous electric
bite-out in the FFT spectra of the longer baseline electric field §§9 magnetic field measurements. In addition to the electromag-
nal By, represent the presence of short wavelength emissions Wic VLF waves there is the possibility of the presence of Hydro-
wavelengths comparable to or less than 5.5 m. A summary pldi&} Bernstein modes in the electrostatic emissions, given that a
the wave coherence, obtained from a compilation of discrete biyiigal H' ion Larmor radius was ~1-2m assuming a 0.1-0.3 eV
memory captures, is shown in Figure 4 along with the electfBfiPerature, which is on the same order as the measured wave-
spectra recorded from T=390 to 510 seconds into the flight. 1fgths of 5.5 m. However these emissions usually manifest them-
coherency spectrogram in Figure 4(b) shows a horizontal ba_%res Wlth multiple harmonl_cs, and the coherence dip/phase angle
where the coherency drops, extending from ~400 to 480 secdhigeontinuity was a clearly singular feature of the spectra for all of
between 3-5 kHz. This dip in the coherency spectrum on the siig-examples of the short-wavelength VLF bursts.
mary plot is the same phenomena as the single dip near 5 kHz
shown in the detailed cross-sp_ectrqm of the single VLF burst gq?ﬂter pretation and Theory
at T=410.09 seconds shown in Figure 3. The Alaska ‘93 flight

recorded approximately ~80 seconds of VLF burst activity thatThe observation of continual electron density turbulence
throughout the flight may suggest a viable explanation for the cre-
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ation of these short-wavelength VLF emissions. Scattering of elec-
tromagnetic waves off of the measured density perturbations could
be responsible for the generation of much shorter wavel ength elec-
trostatic modes with wavelengths on the same scale as the scale
size of the density turbulence. Bell & Ngo [1990] showed that
electron density changes as small as a few percent could effec-
tively linearly couple electromagnetic whistlers into electrostatic
and electromagnetic modes in aurora plasma conditions. Under
this model, the amplitude of the resulting electrostatic VLF bursts
could be as high as 30 dB above the input amplitude of the electro-
magnetic whistler, assuming that the density striations are
field-aligned and the whistlers scatter with a grazing incidence.
Bamber et al. [1995] have measured this process experimentally in
alaboratory using plasma conditions scaled to auroral parameters.
The electromagnetic VLF emissions were ubiquitous throughout
the flight and many were in very close proximity (within
5-10 msec) to some of the short-wavelength, electrostatic VLF
bursts which had alinear rather than a circular polarization. Many
of these examples were accompanied by sudden changes in the
electron density of ~1-5%. As is evident from Figure 4(a) there
were no good correlations between the short-wavelength VLF
wave bursts and the energetic electron activity, nor were there con-
sistent electron density depletions during many of these events.
The simultaneous features that were obvious in the data consisted
of the short-wavelength VLF bursts, electron density turbulence,
and much longer wavelength, presumably electromagnetic VLF
waves. The electromagnetic VLF component is capable of travel-
ing far from its source region and thus no particular correlation
with the electrons is expected. This model relies on some
pre-existing mechanism for producing electron density turbulence
which enables the scattering of the incoming electromagnetic VLF
waves into electrostatic emissions.

There are several ambiguities in the application of the wave
collapse models to our observations. The maximum density deple-

and in the phase-angle spectra shown in Figure 3.

Conclusion

Using an antenna null effect in the cross spectral analysis of
intense, transient VLF emissions, we have isolated a short-wave-
length component of VLF electric field bursts with wavelengths
less than 5.5 meters. Of the possibilities considered, the scattering
of electromagnetic VLF waves from the continua density turbu-
lence observed throughout the flight is the only mechanism that
does not directly contradict our data as a means for producing
short-wavelength, electrostatic VLF bursts. We base this conclu-
sion on the simultaneous observations of electron density fluctua-
tions, short-wavelength VLF bursts, and long-wavelength
electromagnetic emissions in the VLF range. Other possihilities,
namely caviton formation within electron density enhancements
as well as depletions, require further examination given our data
set. Finally, we do not find that these short wavelength examples
of VLF bursts are associated with significant ion heating.
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wave polarization analysisis necessary and will be the subject of a

future work. For our results, awave collapse scenario is applicable
only if (1) the initial electron density depletions are pre-existing
before the creation of the VLF bursts, (2) the VLF waves may col-
lapse in the vicinity of electron enhancements as well as deple-
tions of afew percent, and (3) the collapse scenario produces VLF
bursts with a coherent dispersion relation, with a definite wave
number for each frequency. Such adispersion relation for the mea-
sured VLF bursts is implicit in the observed antenna null effects
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