








































































































































































































































































































































































































































































































G5-3 

ESTIMATING IONOSPHERIC TOTAL ELECTRON CON­
TENT USING GPS MEASUREMENTS IN A CONICAL DO­
MAIN 

Lawrence Sparks, Attila Komjathy, Anthony Mannucci 
Jet Propulsion Laboratory 

The presence of the ionosphere slows the propagation of Global Position­
ing System (GPS) signals. From GPS measurements of ionospheric delay, the 
integrated electron density along raypaths between satellites and receivers can 
be inferred. Modeling ionospheric total electron content (TEC) is an inher­
ently four-dimensional problem: each GPS slant delay measurement depends 
upon the position and orientation of its raypath. Defining the ionospheric 
pierce point (IPP) of a raypath to be the point where the raypath intersects 
a reference ionospheric height, we can, for example, treat slant TEC measure­
ments as functions of four parameters: the sublatitude and sublongitude of 
the IPP and the raypath azimuth and elevation angles at the IPP. This paper 
presents a method by which this four-dimensional problem can be broken into 
a set of two-dimensional problems. 

The key to our approach is to restrict each fit of GPS measurements 
to a spatial domain encompassing signals from only one satellite or, alterna­
tively, only one receiver, i.e., the measurements form a cone whose vertex is 
the position of the satellite or receiver. Fit parameters are retrieved for a cone 
assuming linear deviations of the electron density from local spherical symme­
try. Maps of vertical TEC over a specified region may be generated by first 
solving for fit parameters associated with multiple cones, each with a different 
receiver or satellite at its vertex. The fit for any individual cone is strictly 
a two-dimensional problem; only when multiple cones are fit simultaneously 
does the four-dimensional nature of the problem reemerge. 

We present results comparing the accuracy of the conical domain ap­
proach with that achieved using the standard thin-shell model. The accuracy 
of each approach is assessed using a missing-measurement analysis, i.e., the 
value of a measurement excluded from the fit is compared to the value pre­
dicted by the model. We assess accuracy using data sets from both quiet days 
and days when the ionosphere is disturbed. Furthermore, we assess the depen­
dence of accuracy on latitude by comparing results based upon data sets from 
networks of dual-frequency GPS receivers in Brazil and the United States. 
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STUDYING HIGH LATITUDE IONOSPHERIC ACTIVITY 
WITH GPS AND WAAS 

Anthea J. Costerl, Susan Skone2 , Valerie Hoyle2 

, Catherine Laurin3 

1 MIT Haystack Observatory, Off Route 40, Westford, MA 01886 
2University of Calgary, Dept. of Geomatics Engineering, 2500 
University Drive NW, Calgary, Alberta T2N 1N4 Canada 
3MIT Lincoln Laboratory, Millstone Radar, Off Route 40, West­
ford, MA 01886 

The high latitude ionosphere is associated with the presence of small­
scale irregularities in the electron density, frequently associated with scintil­
lations, and with regions of spatial and temporal decorrelations in the back­
ground ionosphere, making this region hard to model. One of the sources for 
these effects in the high latitudes is the phenomenon known as storm enhanced 
density (SED). SED has been studied in detail with incoherent scatter data, 
satellite data, and TEC data collected from multiple GPS receivers located 
across the US and Canada. Analysis of the GPS TEC data shows that during 
geomagnetic disturbances ionospheric plasma is transported from lower lati­
tudes to higher latitudes, redistributing plasma across latitude and local time. 
SED can be described as a narrow plume of greatly enhanced TEC values ( 100 
TEC units). A typical SEC plume would extend from the New England coast 
across the Great Lakes region and into central Canada. This paper looks at 
the relationship of SED plumes in Canada to the observed scintillation levels 
and the WAAS ionosphere model. We focus on the tongue of ionization that 
forms across the polar cap as the TEC plume enters the polar region, and show 
its interconnection with the SED plume of plasmaspheric material observed 
over the continental US and into Canada. Polar tongues of ionization formed 
in this way constitute a strong source of high-latitude space weather effects 
and radio scintillation. 

We study these high latitude effects using data collected from the Cana­
dian GPS Network for Ionosphere Monitoring (CANGIM) operated by the 
University of Calgary. Three reference sites - in Yellowknife, Athabaska and 
Calgary - currently cover approximately 1500 km in the North-South direc­
tion, allowing observation of both the auroral and sub-auroral regions. The 
CANGIM sites are equipped with NovAtel Modulated Precision Clock (MPC) 
receivers. These units contain dual frequency Euro4 cards with an internal 
integrated PC and precise oscillator. The CANGIM receivers have special­
ized firmware which provides scintillation parameters extracted from 50 Hz 
L1 phase observations, in addition to raw GPS code and phase observations, 
rates of change of total electron content (TEC), absolute TEC values, and 
WAAS messages. Approximately one year's worth of data from the CANGIM 
network has been compiled and has been used for this study. 
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THE IGS GLOBAL TEC MAPS: PRESENT AND FUTURE 

Komjathy, A.1, Hernandez-Paj ares , M.2 

1 Jet Propulsion Laboratory, Pasadena, CA 91109, USA 
2Technical Univ. Catalonia, gAGEjUPC, Barcelona, Spain 

The International GPS Service's (IGS) Ionospheric Working Group was 
established in 1998 with the main focus on producing reliable global total 
electron content (TEe) maps. The corresponding vertical ionospheric delay 
maps, obtained from the combination of those independently computed by 
individual analysis centers (e.g., CODE, EMR, ESA, JPL and UPC), appear 
to achieve a quality similar to or better than the individual analysis centers' 
maps. We achieved this important milestone at the end of 2002, thanks to the 
various improvements in the combination strategies and the more advanced 
TEC computation algorithms of the analysis centers. As a consequence of the 
efforts, the IGS global TEC maps became an official product in the April 2003 
IGS Governing Board meeting. 

The first part of the presentation will focus on demonstrating the per­
formance of the IGS global TEC maps during the year 2003. Comparisons 
with TOPEX and JASON vertical TEC measurements will be provided. Fur­
thermore, we will show examples of describing the effects of the ionospheric 
products on accurate geodetic positioning. The double differences of the iono­
spheric observables (Le., differences between pairs of satellites and stations) 
will be investigated based on different baselines lengths. 

In the second part of this talk, we will discuss the status of other ongoing 
activities, such as the generation of rapid IGS global TEC maps (with an 
intended latency of less than 48 hours); other validation efforts using external 
sources of data, such as ENVISAT and DORIS, and additional improvements 
in the combination strategy and TEC map resolution, to only mention a few. 
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ESTIMATION OF SPATIAL AND TEMPORAL IONO­
SPHERIC EFFECTS ON KOREAN GEODETIC GPS NET­
WORKS 

Lim, S.S., Hahn, J.H. 
Inha University, Inha University 

The Korean Geodetic GPS Networks (KGGN) provide users with 
medium and long distance baseline GPS measurements. Among many GPS 
stations, eight stations with medium baselines are selected to obtain a two­
dimensional image of ionospheric electron density by applying the computer­
ized tomography. In this paper, both spatial and temporal ionospheric den­
sity map in terms of vertical total electron content (VTEC) over the Korean 
peninsular has been produced and analyzed. In doing so, large variations in 
the ionospheric delay becomes an obstacle to determine the integer ambiguity 
of the phase measurements. For this, integer ambiguities and cycle slips in the 
phase measurments are effectively resolved by employing a newly developed 
fast search engine, and then the ionospheric VTEC maps are derived by using 
the double differenced dual-frequency pseudoranges and carrier-phase cycles 
from these GPS networks. For each satellite and each epoch, the VTEC is 
computed and interpolated with the spline method and the inverse distance 
weighted method. The spline method provides the VTEC with wider range, 
compared to the inverse distance weighted method. 

Based on daily and monthly variations of ionospheric effects on the net­
works, a new ionospheric delay estimator is obtained. This model is compared 
with classical Klobuchar's model and the International Reference Ionosphere 
model which is available from the National Space Science Data Center. Also, 
this model has been used for single frequency and/or stand-alone GPS users 
in the region to improve their accuracy. Several field tests are performed and 
it was capable of recovering the ionospheric delay at decimeter-level accuracy 
in real time. 
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LIGHTNING AND TLES: WHAT WE KNOW, WHAT WE 
DONT AND EMERGING OBSERVATIONAL TOOLS 

Lyons, W.A.\ Cummer, S.A.2, Stanley, M.A.3 
IFMA Research, Inc., Fort Collins, CO 
2Duke University, Durham, NC 
3Los Alamos National Laboratory, Los Alamos, NM 

The discovery of sprites in 1989, and a host of other lightning-related 
transient luminous events (TLEs) in the stratosphere and mesosphere, has 
placed renewed emphasis on the characterization of lightning discharges. This 
review details how TLE research has spurred a new appreciation of the great 
range of values in the key metrics used to describe lightning events. For 
many years, visual observations, simple photography, video, spectroscopy and 
electric field measurements dominated lightning measurement systems. The 
advent of the National Lightning Detection Network (NLDN) allowed detec­
tion, location, and estimation of the peak currents and polarity of CG strokes. 
It soon became apparent that not only were there significant geographic vari­
ations in lightning flash density, but in other key parameters as well, includ­
ing polarity, peak current and stroke multiplicity. Satellite-borne sensors, 
including TRMM and OTD, have mapped the marked differences between 
continental and maritime lightning regimes worldwide. Space Shuttle imagery 
visibly portrayed the complexity of lightning discharges in storm systems, of­
ten revealing exceptionally large and long-lasting illuminated regions. More 
recently (MEIDEX), the Shuttle has mapped both lightning and TLEs from 
space. ELF remote sensing utilizes intense transients associated with the TLE 
parent lightning to underscore the apparent necessity (though not necessarily 
sufficiency) of large change moment change values for sprite production, val­
ues much larger than quoted in text books of decades past. Three-dimensional 
lightning mapping arrays, such as New Mexico Techs LMA, reveal the horizon­
tal and vertical extent of the cloud from which charge is removed in CG flashes. 
Orders of magnitude differences in the charge removal volume may be found 
when comparing flashes. LMA data, when combined with ELF charge moment 
change data, provide an estimate of the charge lowered in CGs. But many 
questions remain about the details of the lightning discharges which induce 
sprites, and in particular, the role of the continuing current. A unique set of 
high speed (1000 fps) images of CG discharges reveal complex patterns of op­
tically detectable continuing currents. Often lasting hundreds of milliseconds, 
and occurring with both CG polarities, this new technology further illustrates 
the great diversity within lightning discharges. Possible approaches for using 
new high speed imaging techniques to investigate sprite parent +CGs, espe­
cially in combination with ELF-derived estimates of the current-moment, will 
be discussed. 
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SPRITES/TLES RESEARCHES IN TAIWAN* 

Su, H.TJ, Hsu, R.R.1 , Chen, A.BJ ,Lee, L.C.2 

INational Cheng Kung University 
2N ational Space Program Office 

Researches on upper atmospheric transient luminous events (TLEs) at 
the National Cheng Kung University, Taiwan started around 1999, when the 
first two authors participated in the Sprites 99 campaign leaded by Prof. S.B. 
Mende of UC-Berkeley carried out at Kitt Peak National Observatory. In the 
ensuing years, we have staged ground campaigns in Taiwan to look for sprites 
and other TLEs in this region. So far, we have successfully confirmed the 
existence of sprites over Asian continent and South China Sea in 2001, and 
found several gigantic jets in 2002. For the observed land sprites in 2001, 
90 percent of them were either carrots and columniforms and 64 percent of 
sprites occurred in cluster. For the oceanic sprites, 89 percent of them are 
carrots, whereas only 22 percent were in groups. The gigantic jets estab­
lished a direct optical link between a thunder-cloud (altitude ,16 km) and 
the ionosphere at 90 km elevation. Extremely-low-frequency radio waves in 
four events were detected, while likely there is no cloud-to-ground lightning 
to trigger these events. Our result indicates possibly that the extremely-low­
frequency waves were generated by negative cloud-to-ionosphere discharges, 
which would reduce the electrical potential between ionosphere and ground. 
On the instruments, we have also added electric and magnetic elf antenna 
to our array of TLE monitoring tools in 2002 and 2003. With the launch of 
ROCSAT-2 satellite in November of 2003, we will have a set of instrument 
named ISUAL, which consist of a optical imager, a six-channel spectropho­
tometer, and a dual band array photometer, to monitor TLEs from space. In 
this talk, the current TLE research topics and instruments at the NCKU will 
be presented. 

*Work supported in part by National Space Program Office under grant 
numbers 92-NSPO(B)-ISUAL-FA09-01 and 93-NSPO(B)-ISUAL-FA09-01. 
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MODELING OF AIR HEATING AND IONIZATION IN GIGAN­
TIC JETS 

V. P. Pasko 
CSSL Laboratory, The Pennsylvania State University, University 
Park, PA 16802, USA 

Recent observations of gigantic jet events emanating from thundercloud 
tops, exhibiting some lightning like features near the cloud tops, and then 
propagating upward through the altitude range typically occupied by sprites 
[pasko et al., Nature, 416, 152, 2002; Su et al., Nature, 423, 974, 2003] rep­
resent an opportunity to study a transition from lightning-like structures at 
thundercloud altitudes to large scale filamentary sprite-like structures at the 
lower ionospheric altitudes. It is likely that this new type of transient luminous 
events originates from a streamer zone of conventional lightning leaders and 
represents a final jump stage of the leader process, when the streamer zone 
of a leader makes contact with the opposite electrode (Le., ionosphere) [Pasko 
and George, JGR, 107, doi:1O.1029/2002JA009473, 2002]. The understanding 
of streamer-to-Ieader transition and scaling of this transition as a function of 
atmospheric pressure therefore represents a first neccessary step toward un­
derstanding of complex dynamics of optical features observed in these events. 
In this talk we will present results of modeling studies, which allow investi­
gation of effective time scales of the initial stage of air heating in streamer 
channels up to 5000 OK at which the thermal ionization becomes important. 
The model is zero-dimensional and accounts for time dynamics of air heating 
and ionization at a fixed point inside of the streamer channel. The model is 
derived from previous studies conducted for similar purposes at ground pres­
sure [Lowke, J. Phys. D: Appl. Phys., 25, 202, 1992; Naidis, J. Phys. D: 
Appl. Phys., 32, 2649, 1999; Vidal et al., IEEE Trans. Plasma Sci., 30, 1339, 
2002]. In the first part of the talk for calibration purposes we will present 
comparisons of our model and available laboratory data on time scales of air 
heating in streamer channels at ground and near ground pressures [Larsson, 
J. Phys. D: Appl. Phys., 31, 1998] following approach described in [Naidis, 
1999]. In the second part we will present results corresponding to a range of 
air pressures, electric fields and electron densities representative of conditions 
in streamer channels in gigantic jets. The obtained transition times indicate 
that the re-brightening events observed by Pasko et al. [2002] and trailing jet 
events observed by Su et al. [2003], which terminate at altitudes around 50-60 
km, likely correspond to the final section of an upward leader, which was not 
able to complete the next step due to a dramatic increase in air heating time 
scales above 50 km. 
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ROLE OF NEUTRAL DENSITY AND CONDUCTIVITY PER­
TURBATIONS IN DETERMINING SPRITE INITIATION LO­
CATIONS 

Sao Sabbas, F.T.l, Sentman, D.D.2, Otto, A.2 
INational Institute for Space Research - INPE, Brazil 
2University of Alaska Fairbanks, USA 

Multiple sprites are often observed to occur simultaneously, laterally 
displaced from the underlying causative cloud-to-ground (CG) lightning dis­
charge. The causes of this lateral displacement are presently not understood. 
This paper investigates the role of neutral density and conductivity perturba­
tions in determining the locations of sprite initiation. The work was motivated 
by two previous studies: (1) A detailed statistical study of the temporal-spatial 
relationships between sprites and the associated CG was performed for July 
22, 1996, showing that the distribution of sprite offsets relative to the under­
lying lightning had a mean of 40 km [Sao Sabbas et al., 2003]. (2) A follow 
up study for the same observations investigating the relationship of the sprites 
and lightning to convective activity in the underlying thunderstorm, showing 
that the maximum sprite and -CG production of the system were simultane­
ously reached at the time of maximum contiguous cloud cover of the coldest 
region, corresponding to the period of greatest convective activity of the sys­
tem [Sao Sabbas and Sentman, 2003]. Thunderstorm convective activity is a 
potential source of gravity waves and mesospheric turbulence, which create 
an inhomogeneous neutral density background. For this paper computer sim­
ulations of the temporal-spatial evolution of lightning-induced electric fields 
in an inhomogeneous mesospheric neutral density, and therefore conductivity, 
were performed. The perturbations modeled in the simulations spanned the 
amplitude range 10% to 40% of the ambient background neutral density, with 
characteristic scale sizes of 2 km and 5 km, respectively. The results indi­
cate that neutral density spatial structure facilitates electrical breakdown in 
isolated regions of density depletions at sprite initiation altitudes. These spa­
tially distributed breakdown regions provide the seed electrons necessary for 
sprite generation, and may account for the observed sprite offsets. Further­
more, neutral density depletions may play critical role in setting the overall 
sprite activity level above a thunderstorm. 
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OPTICAL OBSERVATIONS OF CONJUGATE SPRITES AS 
EVIDENCE FOR GEOMAGNETICALLY TRAPPED RELA­
TIVISTIC ELECTRON BEAMS 

Robert A. Marshall, Umran S. Inan 
Stanford University 

Theoretical studies have predicted that large positive cloud-to-ground 
discharges can trigger a runaway avalanche process of relativistic electrons, 
forming a geomagnetically trapped electron beam. The beam undergoes pitch 
angle and energy scattering during its traverse, and a small percentage of 
electrons remain in the loss cone and precipitate in the magnetically conjugate 
atmosphere. In particular, N2 IP and N2+ IN optical emissions are expected 
to be observable. The remaining beam electrons are predicted to constitute 
a significant source of radiation belt electrons. In July and August 2003, an 
attempt was made to detect these optical emissions, called conjugate sprites, 
and thus evidence of geomagnetically trapped electron beams, and correlate 
them to sprite observations in Europe near L ('oJ 1.8. In the northern region, two 
remote-controlled low-light CCD cameras were installed at the Observatoire 
Midi-Pyrenes (OMP) in France to observe sprites in southern France and 
northern Spain. Additionally, VLF receivers were installed in Europe to detect 
causative sferics and ionospheric disturbances associated with sprites. In the 
southern region, the Wide-angle Array for Sprite Photometry (WASP) was 
set up to observe conjugate sprites near Sutherland, South Africa, with a 
field-of-view magnetically conjugate to the northern observing region. A VLF 
receiver was also set up at SAAO to detect ionospheric disturbances of VLF 
transmitter paths caused by relativistic electron beams. The team at OMP has 
observed over 100 sprites. Further analysis is required to determine whether 
conjugate sprites have been observed. We present initial analysis of optical 
data recorded at SAAO as well as charge-moment analysis of causative sferics 
to determine the likelihood of the conjugate events. 
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COMPARISON OF PHOTOMETRIC MEASUREMENTS AND 
CHARGE MOMENT ESTIMATIONS IN TWO SPRITE­
PRODUCING STORMS 

Gerken, E.A.1, Inan, U.S.2 

ICorneU University 
2STAR Laboratory, Stanford University 

Hundreds of sprites have been observed by the Stanford University tele­
scopic imager [Gerken et al., 2002]. This imaging system includes a telescopic 
(",1°) photometer and a wide field of view (",3.3° by 6.6°) photometer. Elec­
tromagnetic signatures of causative lightning discharges, known as sferics, are 
recorded simultaneously using crossed-loop magnetic antennas and ELF /VLF 
receivers located at Stanford and in Colorado. The photometer tubes are 
Hamamatsu HC-124-01 PMTs and have photocathodes that are sensitive to 
photons between 185 nm and 800 nm wavelength. The wide FOV PMT is 
longpass filtered with a cutoff of ",650 nm in order to provide a better signal­
to-noise ratio for the observation of excitation in sprites, namely the N2 first 
positive band around 700 nm. The electrical signal output from a single PMT 
is low-pass filtered to frequencies below 25 kHz. Results of a two-storm case 
study suggest that storm properties such as the spatial extent and flash rate 
can playa significant role in determining the properties of sprites. In one rel­
atively small storm on July 2, 2000, 276 sprites were observed between 04:00-
07:00 UT. These sprites were largely confined to 70-85 km altitude, were rela­
tively faint and diffuse, were typically associated with very high peak currents 
and short time duration, and exhibited little or no associated ELF genera­
tion. The second storm, on July 4, 2000, had a much larger spatial extent and 
27 sprites were observed between 04:00-07:00 UT in a wide range of shapes 
and time scales spanning 40-90 km altitude. These sprites were produced by 
20-120 kA CG's, had complex optical signatures, and were frequently associ­
ated with observed ELF radiation. These observations lead to the hypothesis 
that relatively small storms mainly produce sprites in the form of diffuse glow 
whereas larger storms with higher cloud tops can initiate streamer discharges 
leading to more spectacular sprites. Examination of optical decay time con­
stants suggests that it may be possible to distinguish between diffuse glow and 
streamer mechanisms on the basis of photometric measurements. 
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INTERACTION OF SPRITE STREAMERS WITH THE 
LOWER IONOSPHERE 

N. Liu, V. P. Pasko 
CSSL Laboratory, The Pennsylvania State University, University 
Park, PA 16802, USA 

Sprites are large luminous discharges, which appear in the altitude range 
of ",40 to 90 km above large thunderstorms [e.g., Sentman et al., GRL, 22, 
1205, 1995]. Recent telescopic imaging of sprites revealed that sprites com­
monly consist of large numbers of needle-shaped filaments of ionization, called 
streamers [e.g., Gerken and Inan, JASTP, 65, 567, 2003]. Also recently, it has 
been demonstrated that sprites often exhibit a sharp altitude transition be­
tween their upper region, which has appearance of a diffuse glow, and the lower 
highly structured region dominated by streamers [e.g., Pasko and Stenbaek­
Nielsen, GRL, 29, 1O.1029/2001GL014241, 2002; Gerken and Inan, 2003, and 
references cited therein]. A new two-dimensional model has recently been de­
veloped at Penn State for studies of sprite streamers [Liu et al., Eos. Trans. 
AGU, FoB Meet. Suppl., 83, F137, 2002]. The model accounts for effects 
of photoionization on dynamics of streamers in air at different pressures and 
allows studies of streamers initiated by single electron avalanches in large ap­
plied electric fields exceeding the conventional breakdown threshold defined 
by the equality of the ionization and dissociative attachment coefficients in air 
[Raizer, Gas Discharge Physics, 1991, p. 135]. The physical mechanisms of 
initiation of sprite streamers are poorly understood at present [Moudryet al., 
JASTP, 65, 509-518, 2003], especially in those sprites, which are created by 
relatively weak lightning discharges not capable of generating electric fields ex­
ceeding the conventional breakdown threshold at the mesospheric/lower iono­
spheric altitudes [Hu et al., GRL, 29, 1O.1029/2001GL014593, 2002]. It has 
recently been speculated that an enhancement of the electric field at the bot­
tom of sprite halo may create favorable conditions for subsequent streamer 
breakdown [Barrington-Leigh et al., JGR, 107, 1065, 2001]. In this talk we 
will discuss the vertical structuring of optical luminosity in sprites and exist­
ing mechanisms of initiation of sprite streamers, including a possible role of 
sprite halo in this process. We will also provide related results of numerical 
simulations of interaction of sprite streamers with the lower ionosphere in the 
streamer-to-diffuse glow transition region of sprites using a modified version 
of Liu et al. [2002] model. 
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SPRITE LIGHT IN A BOTTLE 

Earle Williams l , Michael Valente2, Robert Golka3 

1 Massachusetts Institute of Technology, Parsons Laboratory 48-
211, Cambridge, MA 02139 
2East Coast Induction, Inc., Brockton, MA 02305-2039 
3Golka Associates, P.O. Box 676, Brockton, MA 02303-0676 

A large (diameter 2 ft; length 6 ft) air-filled glow discharge tube op­
erating at pressures typical of the atmospheric altitude range 50-80 km is 
being used to interpret ground-based observations of red sprites. The larger­
than-usual tube size has been used with the aim of minimizing wall and elec­
trode effects on the internal glow discharge. Absolute radiance measurements 
(watts/m2/sr/nm) in a band from 380-780 nm have been obtained with a 
PR-650 photometer (Photo Research). The absolute radiances are converted 
to Rayleighs (R) for quantitative comparison with published field observa­
tions. Current and voltage measurements during DC excitation have been 
used to compute volume power dissipation (watts/m3). Consistent with mea­
surements on sprites, the dominant spectral features in the positive column of 
the discharge tube are the first positive (N21P) bands from molecular nitrogen, 
and are remarkably well matched with published observations of spectra on 
red sprites (e.g., Hampton et al, 1996). Similar spectra (and similar luminous 
efficiencies of order one percent) are obtained over three orders of magnitude of 
power dissipation and current density in the tube. Traditional glow discharge 
tube measurements reported in the literature have been carried out with cur­
rent densities of order 10 amp/m2 and with dissipation rates of kilowatts/m3. 
When the present tube is operated under these conditions, the measured radi­
ances are in the gigaRayleigh range. To duplicate the smaller radiance values 
(100 kR-several MR) in telescopic imagery of sprites (Gerken et al, 2000), the 
tube must be operated up the negative differential resistance characteristic to 
higher voltage ( 1 kilovolt), lower current density ( 10-2 amp/m), and lower 
power dissipation (watts/m3). The laboratory measurements relating radi­
ance in Rayleighs and the tube current density can then be used in conjunction 
with calibrated telescope imagery to infer the current in observed sprite fil­
aments. On this basis, a sprite filament 100 meters in diameter (Gerken et 
al, 2000) is inferred to carry a current of the order of 100 amperes. Further 
analysis on the tube luminous efficiency and the plasma electron density and 
electrical conductivity, over a wide range of pressure and current density, will 
be discussed. 
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FULL-WAVE SOLUTION OF PROPAGATION OF TRAN­
SIENT SIGNALS IN WAVE-GUIDES 

Ferencz, O. E. 
Space Research Group, Eotvos University, Geophys. Dept. 

The investigation of (short) impulse propagation in wave-guides is im­
portant research topic. The known solutions are based upon the well-known 
monochromatic approaches, examining the different frequencies separately or 
building the model and the theory on a fundamentally monochromatic start­
ing point (e.g. permittivity tensor, which is defined originally by assuming an 
exp(jwt) type solution form). 

In this paper a new theoretical model and solving method will be pre­
sented for a square cross-sectioned wave-guide filled by vacuum or magnetised 
anisotropic plasma, excited by an arbitrarily formed transient electromagnetic 
signal (Dirac, or real, even short impulse). This method avoids the application 
of the former assumptions regarding the sinusoidal waveforms. The theoretical 
basis of the solving method can be found in [1] for transient plane waves. The 
obtained closed-formed solution leads back to the ones known for monochro­
matic excitation, by using a sinusoidal excitation with a given frequency. The 
generally directed exciting current density is 

J1 = he . I + Jty . ] + Jlz . k 
1 Jt 1= o(t) . o(x) . B1(y) . B2(Z) 

(1) 
(2) 

where Bl(Y) and B2(Z) are envelope functions containing the boundary con­
ditions 

(3) 

Applying the presented solving method for Dirac excitation, the transfer func­
tion of the wave-guide filled by vacuum or magnetized plasma can be described. 
This result opens the way for investigation of real (short) impulse propaga­
tion in wave-guides and the transient propagation phenomena. As a possible 
application of the new result, a geophysical example will be presented for the 
Earth-ionosphere wave-guide. By the application of this solution it became 
possible to monitor the bottom of the ionosphere continuously. It is not nec­
essary to use the averaging of many observed spherics for the estimation of 
the height of the D layer, because the new model makes it possible to use each 
individual observed spheric separately. The distance of the lightning source 
can be estimated from the dispersion fitting of the measured and calculated 
signals. The direction of incidence is well determinable from the ratio of H., 
and Hy components. 

Reference: [1] Ferencz es., Ferencz O.E., Hamar D. and Lichtenberger 
J: Whistler Phenomena, Short Impulse Propagation; Kluwer Academic Pub­
lishers, Astrophysics and Space Science Library, Dordrecht, 2001. 
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CURRENT AND CHARGE MOMENT IN SPRITE­
PRODUCING AND NON-SPRITE-PRODUCING LIGHTNING 

Cummer, S.A.!, Lyons, W.A.2 
lElectrical and Computer Engineering Department, Duke Univer­
sity, Durham, NC 27708 USA 
2FMA Research, Inc., Fort Collins, CO 80254 USA 

Ongoing measurements have shown that the relationship between light­
ning and sprites is be complicated. Lightning discharges with large charge 
moment changes, which create relatively strong electric fields at mesospheric 
altitudes, do preferentially generate sprites. However, it is known experimen­
tally that exceptionally few sprites are created by negative cloud-to-ground 
(CG) lightning, despite measurements showing similar occurrence rates be­
tween large +CG and -CG lightning in many circumstances [e.g., Huang et 
al., JGR, 1999]. This polarity asymmetry is not well-understood. Moreover, 
a preliminary analysis of charge moment changes in many North American 
sprite-producing discharges during the summer of 2000 has indicated that 
similar discharges sometimes do and sometimes do not make sprites [Hu and 
Cummer, GRL, 2002], suggesting at a minimum some day-to-day variability 
in the ability of lightning to generate sprites. We will present a systematic 
study of the lightning in individual thunderstorms to determine the differ­
ences between lightning that does and does not generate sprites. Local video 
and remote extremely low frequency (ELF) magnetic field measurements were 
made during the Severe Thunderstorm Electrification and Precipitation Study 
(STEPS) in the summer of 2000. These measurements are a relatively com­
plete set of sprite occurrences and lightning charge moment changes spanning 
many days and individual storms. Specific issues that will be addressed in­
clude a comparison in individual storms of charge moment changes in positive 
cloud-to-ground (CG) lightning that did and did not generate sprites, and 
a determination of the distribution and limits of charge moment changes in 
negative CG lightning throughout the entire campaign period. An improved 
understanding of why some lightning discharges do generate sprites and oth­
ers do not should expand our knowledge of sprites processes and their global 
implications. 
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THE APPLICATION OF PLASMA CONCEPTS TO RADAR 
METEOR ISSUES 

John D Mathews 
Penn State University 

Recent observations of head-echoes, anomalous trail-echoes, and 
"classical"trail-echoes at frequencies ranging from HF through about 1 GHz 
has raised radio science issues concerning the origins of the observed radar 
scattering cross-sections. In particular, the role of under- versus over-dense 
(relative to plasma frequency) scattering has been widely discussed. We review 
the relationship between dielectric permittivity and the concept of "plasma 
frequency" and how standard concepts such as scattering, reflection, multiple­
scattering, phase velocity, and group velocity arise in "plasmas" without DC B­
fields. In particular, the need for "Fresnel areas" -the analog for Fresnel-zones 
along a meteor trail-is demonstrated in terms of building a multi-scattering 
outcome that comprises reflection of a wave of frequency below the plasma fre­
quency. The volume-and total enclosed electrons-from which forward scat­
tering, observed from a point within a plasma, develops determines the incum­
bent phase and group speeds. This volume can be made progressively smaller 
for equal effects as the number of enclosed electrons increases. A small-volume 
plasma can only exhibit over-dense scattering behavior if the local plasma fre­
quency is well above the frequency of the incident wave. This limit under­
scores the transition from plasma to metal behaviors. When this condition 
is violated-that is, when coherent multiple-scattering does not occur-then 
net scattering can be simply determined by coherently adding the scatter­
ing contributions from individual electrons in what is essentially under-dense 
scattering that includes the possibility of incoherent scattering if a suitable 
description of electron location and motion is included. Possible over-dense 
scattering from meteor trails is also discussed from the point of view of the 
development of multiple scattering and the validity of plasma frequency as a 
measure of the scattering properties of trails. 
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LARGE, SHOCK-LIKE LUMINOUS STRUCTURES OB­
SERVED IN LEONID METEORS 

Stenbaek-Nielsen, H.C. 
Geophysical Institute, Univ of Alaska 

A 1000 frames per second intensified CCD camera with a 6.4x6.4 degree 
field of view was used to record Leonid meteors during the November 2001 
and 2002 meteor showers. The 2001 observations were made from Poker Flat 
research range, Alaska, while the 2003 observations were from the NASA DC-8 
flying over the Atlantic as part of the 2002 Leonid Multi-instrument Aircraft 
Campaign. A total of 63 meteors were recorded in 2002 and 4 in 2001 (the 
weather in 2001 was not cooperating). Of these 43 have tracks consistent with 
the known Leonid radiant and hence are likely Leonids. The altitudes of the 
tracks ranged from 142 km to 89 km as determined assuming an entry veloc­
ity and that this velocity is not affected by ablation. The height-luminosity 
curves varied considerably between events, and there were a number of sudden 
brightness changes in individual events possibly indicating breakup of the me­
teor body. A bright (estimated mag -3) Leonid in the 2001 shower displayed a 
spectacular, shock-like luminous front around the meteor with a scale size of 
several 100 m. The structure started to develop at an altitude of 111 km and 
was fully developed at an altitude of 105 km. This single observation was very 
surprising, and hence, a major goal for the 2002 mission was to confirm the 
2001 observation. While no similarly spectacular event was recorded, there 
were two meteors with indications of a shock-like structures, but observations 
were only made at altitudes below that of the 2001 event. The cause of the 
shock-like structure is uncertain. The size is too large for a classical fluid 
shock. Possible plasma and photo-chemical processes are being investigated. 
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THE APPLICATION OF AN AUTOMATED SEARCHING 
ROUTINE TO SPORADIC METEOR OBSERVATIONS 

Briczinski, S.J., Mathews, J.D. 
The Pennsylvania State University, Communications and Space 
Sciences Laboratory 

The micrometeor observations performed using the 430 MHz Arecibo 
Observatory radar have proven to be crucial for the understanding of mete­
oric effects on the aeronomy of the upper atmosphere. Previous techniques 
using the Arecibo radar have required manual confirmation of each event, fol­
lowed by direct measurements of the parameters (i.e. altitudes, velocities and 
deceleratons). Observations of sporadic (non-shower) meteors during Febru­
ary of 2001 have been analyzed with an FFT periodic search algorithm that 
automatically detects meteor events between altitudes of 85 and 125 km. We 
present the new technique used to detect meteors as well as the measured 
parameters obtained from this method. The results of the new automated 
technique are compared with previous results. This new technique shows an 
improvement over traditional searching routines by increasing the event rate by 
as much as 30 percent. In some cases meteor events are observed that appear 
to catastrophically destruct within the beam. These events appear to undergo 
minor ablation of their volatile components before annihilation-the terminal 
event-that occurs in under 1 ms. As with essentially all observed meteoroids, 
the meteoroids that disappear in a terminal event appear to experience linear 
decelerations before their abrupt disappearance. This non-ablative mass de­
position process may play an important role in the composition of the upper 
atmosphere as it apparently produces sub-micron sized particles. We present 
the meteor parameters obtained from an automatic FFT meteor searching 
routine and consider the terminal-event destruction of meteoroids and resul­
tant mass deposition as an important factor in the aeronomy of the meteor 
zone. We also present the first results on the altitude, speed, and mass distri­
butions of terminal event meteoroids yielding some clues on the physics of the 
terminal-event. 
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USING METEOR CASE STUDIES TO DETERMINE HEAD 
ECHO AND 

Lars Dyrud, Sigrid Close, Meers Oppenheim 
Center for Space Physics, Boston University 

Recent observations demonstrate that sensitive radars, such as Altair, 
Arecibo, EISCAT, Jicamarca and MU, are capable of detecting non-traditional 
meteor phenomena. These large aperture radars detect plasma generated from 
direct meteor entry (head echos) which are often followed by non-specular trail 
reflections over an extended range. We present case studies of simultaneous 
head echos and non-specular trails that present us with the unique opportunity 
of determining some of the radio scattering properties of both head echos and 
non-specular trails. An understanding of head echo and non-specular trail 
scattering properties is critical for using these radar phenomena to derive the 
properties of the meteor that generated them. 

The case studies we present are examples where head echo reflections 
and trail radio scatter were generated from a single meteor but the reflections 
do not necessarily occur at the same altitude. Such examples include cases 
where non-specular trail scatter occurs at lower altitudes than the head echo. 
These examples allow us to analyze two aspects of head scattering properties. 
The first is that the head echo SNR decreases rapidly - falling to noise levels 
over the course of only a few range gates. Without the trail echo one would 
likely determine that the meteoroid has been completely ablated at the alti­
tude where the head echo disappears. Yet, the trail scatter below this point 
indicates that the meteor plasma has merely rapidly fallen beneath the head 
echo scattering threshold, not disappeared. Second, using models of both me­
teor ablation and head scattering we can use these cases to derive the minimum 
line density required for a head reflection at various altitudes. 

These cases also allow us to understand the how non-specular trails and 
head echos vary when generated by meteors of different velocities as discussed 
in Dyrud et al. [GRL, 2002]. 
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MICRO METEOR OBSERVATIONS WITH THE ARECIBO 
AND JICAMARCA RADARS 

Janches, D.l, Nolan, M.C.1, Chau, J.L.2 
, Woodman, R.F.2, Mathews, J.D.3, Meisel, D.D.4 
1 Arecibo Observatory 
2Radio Observatorio de Jicamarca, Instituto Geofisico del Peru 
3Communication and Space Sciences Lab, Department of Electri­
cal Engineering, Penn State University 
4Department of Physics and Astronomy, SUNY-Geneseo 

We present and discuss statistical results from recent observations of 
meteor-head echoes obtained with the high power-aperture Jicamarca 50 MHz 
and Arecibo 430 MHz dual-beam radars. These radars detect decelerating 
micron size particles for which precise altitude; instantaneous Doppler veloc­
ity (rms errors of the order of 10-100 m/sec) and (constant) deceleration are 
obtained. This provides a tool for the study of a mass-region of the interplan­
etary dust distribution and its influence to the mesopause that was previously 
inaccessible to ground-based instruments and helps bridge the gap between 
spacecraft dust measurements and traditional meteor radar capabilities. The 
meteor rate detected inside the Arecibo 305 m-diameter radar beam (",4 0 
events per minute at sunrise) and the distribution of meteor radians obtained 
with interferometric techniques at Jicamarca show that the micrometeor in­
flux comes from the Apex (direction of the Earths motion around the Sun). 
This flux is present every day and is not due to shower activity. We find the 
meteor flux rate as well as the geocentric velocity distribution to be strongly 
dependent on the topocentric declination implying a function with radiant 
ecliptic latitude. In addition, we present estimations of the total micrometeor 
dynamical mass (Le. derived from meteor decelerations) flux from both radars 
derived from these observations, resulting in '" 2000 tons of meteoric material 
deposited over the whole earth each year in the 80-120 km altitude region. 
Preliminary results also show that the mass flux peaks in June (Le. a function 
of ecliptic longitude) along with mesosphere metallic densities derived from 
lidar observations. 
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RECENT UHF METEOR HEAD ECHO OBSERVATIONS AT 
MILLSTONE HILL 

Erickson, P. J.\ Frazier, K.2, Durand, D.3 ,Coster, A. J. 1 

1 Atmospheric Sciences Group, MIT Haystack Observatory, West­
ford, MA 01886 
2Cornell University, Ithaca, NY 14853 
3MIT Lincoln Laboratory, Lincoln Space Surveillance Complex, 
Lexington, MA 02420-9108 

We present recent observations of short duration meteor head echoes 
at UHF frequencies utilizing the Millstone Hill 440 MHz incoherent scatter 
radar. Millstone Hill's 2.5 megawatt transmitter combined with 46 meter 
steerable and 68 meter fixed zenith antennas allows observation of incoming 
micrometeoroids as they ablate in the 95 - 115 km altitude range, with typical 
radar cross section (RCS) values of 10-4 - 10-5m 2 and masses of 70 micro­
grams. Using the MIDAS-W Software Radar system, we are able to examine 
voltage-level information from each returned radar echo, and the transmitted 
waveform repetition rate allows multiple observations during a single microm­
eteor event. We further analyze MIDAS-W voltage level data using a robust 
meteor processor code developed by Lincoln Laboratory for use with ALTAIR 
multi-frequency observations. The code performs automatic meteor identifi­
cation, assembly of individual echoes into single meteor streaks, and analysis 
of range rate information and correlation statistics to determine line of sight 
velocity and meteor track coherence. 

We focus on initial observations of several sporadic meteor shower 
datasets from 2002 and 2003. In particular, significant numbers of observed 
meteor head echoes have unexpected range signatures with multiple peaks, 
although mean altitudes, range rates, and time durations are consistent with 
statistical averages produced with other radars and with earlier Millstone Hill 
work. We review experimental work designed to examine this phenomenon 
more closely using multiple interleaved waveforms. Finally, we present sum­
mary statistics for recent sporadic observations and discuss future plans for 
greatly enhanced dynamically adjustable observational programs which are 
made possible by the architectural flexibility of Software Radar platforms. 
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METEOR HEAD ECHOE MEASUREMENTS AT SONDRE­
STROM 

Heinselman, C.J.1 , Jordan, C.2, Jorgensen, J.1 
lSRI International 
2MIT 

The Sondrestrom incoherent scatter radar (ISR) regularly characterizes 
the high-latitude ionosphere in terms of the bulk plasma parameters electron 
number density (Ne), electron temperature (Te), ion temperature (Ti), ion ve­
locity (Vi), and ion composition. Its primary purpose is to enable ionospheric 
and upper atmospheric research of the solar UV produced photoionization, 
the auroral impact ionization, and the ionized component of the products of 
meteoroid ablation (sporadic E). Because of several advancements in the data 
acquisition software, it can now also routinely and simultaneously measure 
the signals scattered from the ionization around the heads of ablating mete­
oroids. Analysis of the temporal evolution of the returns also, in conjunction 
with background atmospheric parameters provided by empirical models such 
as MSIS, allows the extraction of a number of characteristics of the ablating 
meteoroid material. This capability now exists at all incoherent scatter radars. 
What makes Sondrestrom somewhat unique is the relatively high frequency 
at which it operates and, as a result, its relatively small k-vector. 

Recent measurements with the Sondrestrom ISR suggest a number of 
differences between the characteristics of meteor head echoes made with that 
instrument and those made with other ISRs. In particular, the altitude distri­
butions appear to be somewhat lower and the velocity distributions somewhat 
broader. It appears that both of these effects might be explained in terms of 
a simple model of meteoroid ablation, ionization, and scattering of RF waves. 
In this report, we will discuss a simple modeling effort and interpret our ex­
perimental results in terms of that model. We find that the trends suggested 
by the model are reasonable, but that significant disparities remain between 
the quantitative model predictions and the actual measurements. 
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DETERMINING METEOROID PLASMA DENSITIES, 
MASSES AND ORBITS USING ALTAIR TWO-FREQUENCY 
HEAD ECHO DATA 

Close, S.13, Hunt, S.13, Brown, p.2 
, Drew, K.2, Durand, D.l, Oppenheim, M.3 
, Dyrud, L.3, Coster, A.1 
1 MIT Lincoln Laboratory 
2University of Western Ontario 
3Boston University 

This presentation contains the results from a multi-level analysis applied 
to ALTAIR head echo data that were collected simultaneously at VHF and 
UHF during the Leonid 1998 and 1999 showers. Specifically, we have 1) devel­
oped a spherical full-wave scattering model, 2) applied our scattering model 
to ALTAIR data to determine meteoroid plasma densities and masses, and 3) 
utilized the 3D position and velocity measurements to determine meteoroid 
orbits, radii and densities. We then correlate all of the meteoroid parameters 
in order to categorize the meteoroid population detected by ALTAIR. 

We model meteor head echoes as spherically distributed plasmas with 
densities that decrease with distance from the meteoroid and radii that scale 
with the atmospheric mean-free-path. We then solve for the interaction of a 
radar wave with head echo plasma without assumptions relating to wavelength 
or plasma density, which is referred to as the full-wave scattering method. 
The measured ALTAIR RCS are input into this full-wave model in order 
to determine plasma density and meteoroid mass. Concurrently, we utilize 
the measured 3D velocity and 3D deceleration data to determine meteoroid 
radius*density products and orbital parameters. Finally, we combine all of 
these results to fully characterize the meteoroids. Our results indicate that 
the maximum head echo plasma density associated with a single meteoroid 
increases as altitude decreases, and also that head echo detection altitude is 
strongly dependent upon meteoroid mass and velocity. We also find that a 
small percentage of our detected meteoroids have eccentricities greater than 
one, and that these interstellar meteoroids tend to have fairly low masses and 
create head echoes at very high altitudes. 
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AEROSOL CHARGING IN THE MESOSPHERE 

M. Horanyil2, S. Robertson2, Z. Sternovsky2 ,B. Smileyl 

lLASP, U. of Colorado 
2Department of Physics, U. of Colorado 

Small grains immersed in low density plasmas and UV radiation can 
significantly alter the density, energy distribution and the composition of their 
plasma environments, by continuously collecting and releasing electrons and 
ions. 

Noctilucent clouds (NLCs) and polar mesospheric summer echoes (PM­
SEs) are good candidates, where plasma depletion due to the presence of small 
aerosol particles is thought to explain unusually large radar echoes. 

We will briefly summarize the most important charging processes that 
apply in the Mesosphere, and discuss the need for possible extensions of the 
traditional orbit limited charging calculations to account for electron-neutral 
and ion-neutral collisions in this partially ionized plasma environment. We will 
consider electron and ion collection currents and UV induced photoelectron 
production during average conditions. During high auroral activity periods, 
high energy electron beams can reach down to 80-85 km altitude region, al­
tering the background plasma conditions and the expected charge state of the 
aerosols. 

We will discuss how charging can influence the condensation and coag­
ulation processes that control the growth rates of the aerosols. We discuss 
the possible build up of large scale electric fields due to differential settling 
of various sized and/or composition dust particles and its possible effects on 
forming vertically structured aerosol layers. We will also consider high aerosol 
density regions, where grain-grain interaction might become important and 
possibly lead to collective behavior. 

The theoretical models will be compared with available in situ and re­
mote observations and suggestions will be made for further in situ observations 
and laboratory experiments. In addition, we will close by describing a dust 
experiment on-board the upcoming Aeronomy of Ice in the Mesosphere (AIM) 
SMEX mission, that will monitor the dust influx in the Mesosphere. 
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ROCKET-BORNE PROBES FOR CHARGED IONOSPHERIC 
AEROSOL PARTICLES 

Robertson, S. \ Horanyi, M.12, Smiley, B.12 , Sternovsky, Z.l 

IDepartment of Physics, University of Colorado, Boulder, CO 
80309-0390 
2Laboratory for Atmospheric and Space Physics, University of 
Colorado, Boulder, CO 80309-0392 

A series of rocket-borne probes are described for detecting charged 
aerosol particles in the ionosphere. The probes are flat charge-collecting sur­
faces on the skin of rockets. The collection surfaces have behind them per­
manent magnets that shield the probe from electrons. Some of the probes 
have been electrically biased to repel light, positive ions. The current that 
is recorded is thus from heavier charged aerosol particles. This heavy charge 
carrier current is converted to a charge number density. 

A probe launched from White Sands in November 1998 detected a nar­
row layer at 86 km consistent with sporadic E layer of metallic ions. Two 
launches were made from the Andoya Rocket Range (Norway) during the MI­
DAS SOLSTICE campaign in the summer of 2001. Layers of positively and 
negatively charged aerosol particles were detected on both flights, but inad­
vertent positive ion collection complicated the analysis. The final experiment 
using only magnetic shielding was launched aboard the Hygrosonde 2 into non­
NLC conditions in January 2002 from Esrange, Sweden, carrying an array of 
five probes with differing magnetic field strengths. This flight allowed com­
parisons revealing the degree of positive ion rejection. Subsequent payloads 
included a probe with a positive bias potential to improve positive ion rejec­
tion. Three launches were made from Andoya during the MIDAS MacWAVE 
campaign in July 2003 with this dual-probe package. Within PMSE, the 
probes measured an aerosol particle distribution, clearly resolving small pos­
itive, small negative, and large negative particles. Data are currently being 
analyzed from three launches made from Svalbard in June and July of 2003. 

A new probe is being developed in which electric fields alone deflect 
charged particles to determine their mass. This probe takes advantage of the 
reduced density behind the shock front to increase the mean free path within 
the instrument so that a vacuum pump is not required. 
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TRANSPORT IN IONOSPHERIC DUSTY PLASMASiBRi, 

Gelinas, L.J. l , Lynch, K.A.2, Collins, R.3 , Kelley, M.C.l 

lCornell University 
2Dartmouth College 
3University of Alaska Fairbanks 

Evidence from recent rocket launches indicates that there may be a con­
nection between charged, nanometer-sized dust particles and neutral atomic 
metals in the Earth's mesosphere. An earlier rocket flight had also indicated 
that this may be possible (Gelinas et al., 1998). The rocket launches being con­
sidered here occurred in March 2002 at the Poker Flat Research Range. The 
goal of the experiment was to characterize the relationship between charged 
dust, plasma, and atomic neutral metals (sodium and iron) with multiple 
launches over the course of one night. Neutral metal densities were monitored 
by ground-based sodium and iron lidars. Charged dust and plasma profiles 
were determined by three separate in-situ measurements on the night of March 
15,2002. 

A surprising correlation of the charged dust layer profile and the neutral 
iron profile was observed in the 80-95 km altitude range. A negatively charged, 
100/cc charged dust layer was observed in this altitude range. Anti-correlation 
between the charged dust layer and the atomic sodium was also observed. The 
in-situ plasma profile was not well-correlated with the neutral metals at lower 
altitudes, though some features in the charged dust profile appear to be related 
to the local plasma density. The strong correlations in the neutral iron and 
charged dust data lead us to consider whether the two are related by chemistry 
or by transport. The mesospheric and ionospheric conditions on the night of 
the launch were quiet and well-behaved, with no auroral activity. In this 
paper we consider the dust charging rate and transport of the various species, 
as determined by the multiple launches on the night in question. The goal 
is to determine to what extent the behavior of the charged dust, plasma and 
neutral metals can be accounted for by simple transport and charging, and 
whether this dust population may influence mesospheric chemistry. 
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NONLINEAR DEVELOPMENT OF A LOW-FREQUENCY 
HALL CURRENT INSTABILITY IN A DUSTY PLASMA 

Scales, W.\ Chen, C.\ Wang, J.2 

1 Department of Electrical and Computer Engineering, Virginia 
Tech, Blacksburg, Virginia 
2Department of Aerospace and Ocean Engineering, Virginia Tech, 
Blacksburg, Virginia 

The nonlinear evolution of dust waves generated by a low-frequency Hall 
current instability in a collisional dusty plasma is investigated with theory and 
nonlinear numerical simulations. The instability is driven by an electron jjJ x B 
current and is an analog of the well-known Farley-Buneman instability in the 
dust acoustic type wave regime.This instability is believed to have broad appli­
cations to irregularity production in regions where dust is present in the earth's 
ionosphere such as noctilucent clouds and meteor trails. A two-dimensional 
hybrid simulation model has been developed to study the nonlinear evolution 
of plasma irregularities produced by this mechanism. A three species plasma 
is considered which consists of fluid electrons and ions and collisional dust 
which is modeled with the Particle-In-Cell PIC method. A two-dimensional 
plane is considered that is perpendicular to the background magnetic field. 
At early times during the evolution, the results of linear plasma instability 
theory agree well with the nonlinear simulations. However, at later times, 
the numerical results clearly show that the nonlinear effects are crucial in ulti­
mately determining the characteristics of the steady state. The results indicate 
that the instability nonlinearly saturates with dust heating and the produc­
tion of secondary waves that propagate in a direction perpendicular to the 
primary dust acoustic type waves. Results of the investigation also indicate 
that dust-neutral collisions increase the amplitude of the unstable dust waves 
after nonlinear saturation which is contradictory to the predictions of linear 
plasma instability theory. Possible mechanisms for the production of the sec­
ondary waves as well as implications of these waves are discussed. Predictions 
of radar signatures produced by these irregularities are also made. 
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COMPLEX (DUSTY) PLASMAS UNDER MICRO GRAVITY 
CONDITIONS ON THE INTERNATIONAL SPACE STATION 

Thomas, H.M.I, Morfill, G.E.I, Nefedov, A.P.2 
, Fortov, V.E.2, Annaratone, B.M.\ Ivlev, A. 1 

,Klumov, B.I, Konopka, U. l , Kretschmer, M.l 
, Rothermel, H.l, Yaroshenko, V.l, Molotkov, V.1.2 
, Petrov, O.F.2, Lipaev, A.1.2, Ivanov, A.3 ,Rubin-Zuzic, M.4 
lCentre for Interdisciplinary Plasma Science, Max-Planck Institut 
fr extraterrestrische Physik, D-85741 Garching, Germany 
21nstitute for High Energy Densities, IzhorskayaI3/19, Moscow, 
127412, Russia 
3RSC Energia, Korolev, Russia 
4Department of Physics, Faculty of Science, University of Troms, 
9037 Troms, Norway 

The plasma crystal experiment PKE-Nefedov, the first basic science ex­
periment on the International Space Station (ISS), was installed in February 
2001. It is designed for long-term investigations of complex (dusty) plasmas 
under microgravity conditions. Since the first experiments in March 2001 we 
continuously performed experiments? about three missions with three exper­
iments of 90 minutes per year. 

Complex plasmas are of special interest, because they can form liquid 
and crystalline states and are observable at the kinetic level. In experiments on 
Earth the microparticles are usually suspended against gravity in strong elec­
tric fields. This creates asymmetries, stresses and pseudo-equilibrium states 
with sufficient free energy to readily become unstable. Under microgravity 
conditions the microparticles move into the bulk of the plasma, experiencing 
much weaker volume forces than on Earth. This allows investigations of the 
thermodynamics of strongly coupled plasma states under substantially stress­
free conditions. 

In this presentation we will give an overview of the structure and dy­
namics of complex plasmas under microgravity conditions. Special topics will 
be highlighted, like (1) the formation and closure of the void in the centre 
of the complex plasma, a special feature observed under different experimen­
tal conditions and one of the major topics of recent theoretical research, (2) 
wave propagation through a complex plasma cloud, formed by external excita­
tion, (3) the coalescence of two complex plasma droplets, showing interesting 
plasma boundary effects and (4) the investigation of the decharging of a com­
plex plasma after the plasma is switched off - a measurement, which can only 
be performed under micro gravity conditions. The experiments are compared 
with theoretical estimates and numerical simulations. 

Acknowledgements: This microgravity research was funded by DLR 
(FKZ 50WB9852), Rosavia-Cosmos and RKK-Energia. 
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ELECTROSTATIC DISCHARGING OF DUST IN LOW­
PRESSURE ATMOSPHERES 

Krauss, C.E.1, Horanyi, M.12, Robertson, S.2 
1 Laboratory for Atmospheric and Space Physics, University of 
Colorado, Boulder, CO 80309 
2Department of Physics, University of Colorado, Boulder, CO 
80309 

Dust devils and large dust storms provide an environment in which the 
natural interactions within a dusty plasma can be studied. The turbulent mo­
tions of particles within a dust cloud cause individual dust particles to collide. 
This contact allows charge to be transferred between the grains. Wind driven 
dust studies (Stow, 1969) show that when particles with identical composi­
tions collide, the particle with the larger radius in the collision preferentially 
becomes positively charged. The upwinds within a dust cloud can then carry 
the lighter, negatively-charged particles to higher altitudes. The stratification 
of particle sizes causes an electric dipole to form. If the electric potential 
within the cloud exceeds the breakdown voltage of the surrounding atmo­
sphere, a discharge occurs. 

We have conducted laboratory experiments to examine the creation of 
electric fields and the subsequent discharges due to vertical charge separation 
in a low-pressure Earth atmosphere and a simulated Martian environment. 
The range of pressures and the amount of mass loading required to produce 
discharges have been examined. When a regolith simulant is vertically dropped 
in a low-pressure atmosphere, electrical discharges are both visually and elec­
tronically detected. Measurements of the frequency and intensity of these 
discharges show that they can occur under conditions expected on the Mar­
tian surface. 

Additionally, we have created a simple theoretical model to examine the 
creation of discharges in a dust storm. The effects of pressure, dust density, 
and particle size are presented. These model results are compared to our 
laboratory experiments. 

This work is supported by NASA Space Science GSRP, NGT5-50345. 
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FIRST REPORT ON MEASUREMENTS OF MICROPARTI­
CLE TRANSPORT USING STEREOSCOPIC PARTICLE IM­
AGE VELOCIMETRY 

Edward Thomas, Jr., Jeremiah Williams, Jennifer Silver 

Physics Department, Auburn University 

A dusty (or complex) plasma is a four-component system composed of 
ions, electrons, neutral particles and charged microparticles. The presence of 
the microparticles (i.e., dust) component alters the plasma environment, giv­
ing rise to a wide variety of new plasma phenomena. Observations in dusty 
plasmas range from the identification of strongly coupled states, e.g., plasma 
crystals [H. Thomas and G. Morfill, Nature, 379, 29 (1996)] and plasma clus­
ters [M. Klindworth, et. al., Phys. Rev. B, 61, 8404 (2000)], to measurements 
of new dust-driven collective modes, e.g., dust acoustic waves [A. Barkan, et. 
al, Phys. Plasmas, 2, 3563 (1995)]. 

Over the past several years, the Auburn Plasma Sciences Laboratory 
(PSL) has applied particle image velocimetry (PIV) [E. Thomas, Phys. Plas­
mas, 6, 2672 (1999)] techniques to make real-time measurements of particle 
transport in dusty plasmas. In PIV, a pair of laser pulses expanded into a 
sheet by a cylindrical lens and separated by a time interval dt are used to 
illuminate the microparticles. A CCD camera oriented perpendicularly to the 
light sheet and synchronized to the firing of the laser pulses is used to capture 
the light scatted by the particles. From the displacement of the microparticles 
between the two images, the two-dimensional motion of the particles in the 
plane of the light sheet can be reconstructed. In spite of the new insights into 
microparticle transport and dusty plasma particle dynamics that have been 
obtained using 2D-PIV techniques, it is clear that information on the third 
dimension of motion is required to fully understand this complex system. 

The PSL has recently acquired and installed a stereoscopic PIV (3D­
PIV) diagnostic tool for dusty plasma investigations. It employs a synchro­
nized dual-laser, dual-camera system for measuring particle transport in three 
dimensions. This talk will present the first results of dusty plasma measure­
ments using 3D-PIV. 

This work is supported by National Science Foundation awards PHY-
0096254 and PHY-0216421. 
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ROTATION WAVES AND STRONG TURBULENCE IN A 
MULTI-COMPONENT PLASMA * 

Ganguli ,G.l, Rudakov, L.2 
IPlasma Physics Division, Naval Research Laboratory, Washing­
ton DC 20375 
2Berkeley Scholars Inc., P.O. Box, 852, Springfield VA 22150 

We show that in a three-component plasma, e.g., electrons, ions, and 
negatively charged dust, such that nd «ni '" ne, the light components (elec­
trons and ions) can rotate rigidly with a frequency, Or = ZndOi/ne, where 
~,e,d are ion, electron, and dust densities, Z is the dust charge state, and Oi 
is the ion gyro-frequency. The origin of this rotation is shown to be due to 
ni =1= ne, so that there is a current perpendicular to the magnetic field due to 
ion and electron E x B drift, which induces an electric field in the direction 
of the current. Hence the plasma is subject to electric forces simultaneously 
in the two orthogonal directions perpendicular to the magnetic field resulting 
in a rotation. A new low-frequency resonance at W = Or appears in the MHD 
limit and affects the dispersion character of the electromagnetic waves. The 
magnetosonic dispersion relation [w2 = 0; + k2(Vl + C~), where VA and Cs 
are the Alfven and ion sound speeds] is modified and becomes isomorphic to 
the electrostatic Langmuir wave dispersion relation. We find that the inter­
action of the fast rotation time-scale with the slow magnetosonic time-scale 
can be achieved via ponderomotive force and this could lead to a nonlinear 
Schrodinger equation for the magnetosonic branch. We also find that it is 
possible to develop nonlinear structures at very large MHD scales with scale­
size L '" VA/OrO'" (C/Wpi) (ne/Znd) (ni/ne)1/2, where wpi is the ion plasma 
frequency, which could be comparable to astrophysical dimensions. Linear 
stability and nonlinear structures that could arise in the frequency regime 
W '" Or will be discussed along with some space and laboratory applications. 

*Work supported by NASA and ONR. 
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OBSERVATION OF MICROPARTICLE GYRO MOTION IN A 
MAGNETIZED DC GLOW DISCHARGE DUSTY PLASMA * 

W. E. Amatucci1, D. N. Walker1, G. Gatling2 ,E. E. Scime3 

1 Plasma Physics Division, Naval Research Laboratory, Washing­
ton, DC 20375 
2 Advanced Technology Division, SFA Incorporated, Largo, MD 
20774 
3Department of Physics, West Virginia University, Morgantown, 
WV 26506 

Laboratory observations of the motion of charged microparticles have 
been made in an argon dc glow discharge plasma created within a strong dc 
magnetic field. The experimental configuration consists of an anode-cathode 
pair centered between a pair of neodymium iron boride permanent magnets. 
The cylindrical axis of the resulting plasma column is directed vertically (i.e., 
along the direction of the gravitational force). Depending upon the orientation 
of the magnets, the magnetic field can be directed either upward or downward, 
with a field strength of approximately 2.5 kG. A pair of Helmholtz magnetic 
field coils external to the vacuum chamber allows the magnetic field to be 
varied by approximately ±75G in the experimental region. 

Alumina microparticles (,..., 1.2/tm) placed directly on the grounded cath­
ode provide the source of charged dust in the plasma. Individual dust grains 
suspended in the plasma can be observed to move in an oscillatory fashion in 
a plane perpendicular to the direction of the magnetic field. Measurements 
of the oscillation frequency, orbital radius, and rotation direction have been 
made. By using an additional field produced by the Helmholtz coils, the scal­
ing of the oscillation frequency with magnetic field strength was tested. The 
frequency is found to scale linearly with magnetic field strength and the slope 
of the data is found to be consistent with independent determinations of the 
charge-to-mass ratio. The scaling of orbital radius with tangential velocity has 
been tested by analyzing the motion of individual particles within a group of 
orbiting dust grains. These data show that the radius scales linearly with ve­
locity and the reciprocal of the slope is consistent with the measurement of the 
oscillation frequency. The measurements are consistent with the gyromotion 
of magnetized dust grains under the ambient plasma conditions. The data are 
shown to provide an effective method for the noninvasive determination of the 
dust grain charge. 

*Work supported by ONR. 
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DRlFT INSTABILITIES IN COLLISIONAL DUSTY PLASMAS: 
APPLICATIONS TO SPACE AND THE LABORATORY 

Rosenberg, M. 
Dept. of Physics, University of San Diego, San Diego, CA 92110 

Charged dust or aerosols may occur in certain regions of the Earth's 
ionosphere, including for example, polar mesosphere summer echo (PMSE) 
regions or dusty meteor trails. In such regions, the plasma is weakly ionized, 
there is a background magnetic field, and there can be electric fields. If, in 
addition, there are local spatial gradients in the dust charge density which lead 
to associated electron and/or ion density gradients, there arises the possibility 
of drift instabilities driven by diamagnetic and E x B drifts. In this talk, 
some recent work on drift instabilities in collisional dusty plasmas will be 
summarized. Though the focus will be on instabilities that may be relevant 
to dusty plasmas in the Earth's ionosphere, conditions for observing such 
instabilities in laboratory dusty plasmas will also be explored. 

First, we consider the effect of charged dust on the gradient drift in­
stability with frequency » the dust plasma frequency. This was previously 
considered with application to dusty regions of the mesosphere (M. Rosen­
berg and P. K. Shukla, Planet. Space Sci., 51, 1, 2003). Here we explore 
applications to magnetized dusty plasmas in the laboratory. 

Next, we consider drift instabilities in a much lower frequency regime 
associated with the dust dynamics. A dust-acoustic drift instability was pre­
viously considered with application to dusty meteor trails (M. Rosenberg and 
P. K. Shukla, J. Geophys. Res., 107, 1492, 2002). Here, we extend that work 
to consider the effect of magnetized ions. We discuss applications to possible 
dusty plasmas in space shuttle exhaust plumes (P. A. Bernhardt et al., J. Geo­
phys. Res., 100, 23811, 1995) and to laboratory dusty plasmas with strong 
magnetic fields. 
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STRONG PULSED ELECTROMAGNETIC INTERACTIONS 
WITH SPACE PLASMAS 

Alfred Y. Wong 
Dept of Physics and Astronomy, UCLA 

The concentration of electromagnetic energy into pulses of high peak 
power( oscillating electric field pressure of the order of plasma pressure )is de­
scribed in order to achieve enhanced interactions with space plasmas. This 
concept is realizable with present heating facilities without increase in av­
erage power. Laboratory experiments (1) using high power pulses at UHF, 
microwave and laser frequencies have demonstrated that the pressure from 
self-consistent oscillating field can become comparable to the plasma pressure. 
Such strong excitation is expected to impact both the high and low frequency 
response of the ionosphere, e.g. in the reflection of high frequency waves and 
the generation of low frequency waves. It was found that the self-consistent 
electric field of these ES waves rises linearly with time with a coefficient that is 
proportional to the peak power. The energy of electrons accelerated by these 
plasma waves also increases as a function of the peak power of incident EM 
waves. This pulsed excitation allows the heating of a local volume rapidly 
in a time scale faster than the heat transport rate at the boundary. The 
local electron temperature can undergo a rapid increase and a correspond­
ing large change in the conductivity. The excitation of low frequency EM 
wave (ULF /ELF /VLF) might be more efficient by concentrating the avail­
able ground-based energy into pulses of high frequency EM waves. In the F 
region the short pulse excitation will generate intense plasma waves propagat­
ing along the earths magnetic field lines. These waves will scatter field-aligned 
electrons and might cause changes in the electrojet in the E region, thereby 
affecting the excitation of low frequency EM waves. By sweeping the fre­
quency of the excitation EM wave (2), a field-aligned current can be driven 
and sustained by wave-particle interactions. The ponderomotive force from 
this pulsed excitation is expected to produce an ambipolar potential and ion 
energy i..i.. KTe. Both laboratory and theoretical analyses support the use of 
pulsed power for greater efficiency of utilizing HF heating facilities. The use of 
pulsed excitation combined with arrays of antennas spaced at large distances 
might result in active sensing of space plasmas with improved temporal and 
spatial resolutions. This research is supported by the International Foundation 
for Science, Health and Environment. l.B.S. Bauer, A.Y. Wong, V.K. Decyk 
and G. Rosenthal, Experimental Observation of Superstrong Electron Plasma 
Waves and Wave Breaking, Phys. Rev. Lett v. 68, 3706 (1992); Wong, A.Y., 
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RAY-TRACING AND IN-SITU OBSERVATIONS OF Z-MODE 
WAVES DURING AN HF HEATING EXPERIMENT AT 
ARECIBO 

Mishin, E. V.l, Starks, M.2, Gelinas, L. J.3 ,Kelley, M. C.3 

1 Boston College Institute for Scientific Research, Chestnut Hill, 
MA, USA 
2 Air Force Research Laboratory, Space Vehicles Directorate, 
Hanscom AFB, MA, USA 
3Cornell University, Ithaca, NY, USA 

On March 11, 1998 the Langmuir Thrbulence sounding rocket was 
launched through the Arecibo heater beam during an experiment to mea­
sure electric fields and plasma densities in the heater interaction region. The 
rocket data has provided evidence of Z mode waves a few km above the 0 
mode reflection height Ho (Gelinas et aI, JGR, 2003, accepted). As the rocket 
trajectory was to the north of Arecibo, the classical 0 -+ Z conversion at the 
Spitze angle cannot contribute to the observed perturbations near the Z mode 
reflection height Hz. 

On the other hand, Z mode waves can be generated between the upper 
hybrid resonance height HUH and Ho due to resonant scattering of the heat­
ing wave on small-scale field-aligned density irregularities (FAIs) generated by 
heater waves. Ray paths of the generated Z mode waves are computed using 
the Power Tracing Code, operated by the Space Weather Center of Excellence 
in the Air Force Research Laboratory's Space Vehicles Directorate. The den­
sity profile is chosen to be the Chapman layer fitted to the observed profile. 
Z mode waves are injected in the magnetic meridian plane between HUH and 
0, Ho with different angles off vertical. The ray-tracing results show that the 
region occupied by Z mode waves is rather wide with a dominant portion to 
the north of the heater. This may explain the observations near Hz. 

These results give credence to the theory that Z mode wave interac­
tions with field-aligned striations may be, in part, responsible for some of the 
features of the reflected HF spectrum observed in heating experiments. 
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MEASURING WHISTLER MODE SIGNALS IN THE MAG­
NETOSPHERE ORIGINATING FROM GROUND-BASED VLF 
TRANSMITTERS USING THE IMAGE/RPI SATELLITE 

Sales, G., paznukhov, V., Song, P. , Reinisch, B., Khmyrov, G. 

Center for Atmospheric Research, 600 Suffolk St, Lowell MA 01854 

Whistler-mode signals propagating upward through the ionosphere from 
ground-based VLF transmitters were measured in the magnetosphere using the 
RPI receiver onboard the IMAGE satellite. These observations were limited 
to times when the satellite was on L-shells between 1.5 and 5 and where the 
distances along the magnetic field from the ground to the satellite varied from 
approximately 1 Re to 6 Re. In the Dynamic Spectrum mode, RPI steps 
across the VLF band in frequency steps that varies between 300 and 400 Hz 
every 3 to 4 minutes. When the satellite footprint, that is, where the magnetic 
field line through the satellite intersects the ground is in the vicinity of the 
transmitter, then signals leaking out of the ionosphere-ground waveguide are 
received at the satellite via a whistler mode. The spatial and temporal distri­
bution of these received signals from the strongest transmitters (500 kW to 1 
MW),in the band from 18 to 28 kHz, are presented as a function of latitude 
and longitude over a two year period (2001-2002). The latitude/longitudinal 
region on the ground from where VLF signals were observed was significantly 
smaller during the daytime compared to when the region around the VLF 
transmitter is in darkness. We also present the range and azimuthal charac­
teristics along the ground of the received VLF signal amplitude from several 
of the VLF transmitting stations. Saturation effects caused by the strong 
VLF transmitters during the routine RPI operation, made it necessary to up 
load special mprograms where the receivers are set to lower gain in order to 
determine the actual field strengths associated with these whistler modes. 

Detail comparisons are made with the VLF ray tracing results (B. Small 
and M. Starks) using modeled ionosphere-magnetosphere electron densities 
and VLF waveguide and ionospheric penetration losses. 

275 



H2-4 

RELATING MAGNETOSPHERIC UPPER­
HYBRID BAND ENHANCEMENTS ON PASSIVE DYNAMIC 
SPECTRA TO CHARACTERISTIC PLASMA FREQUENCIES 
DETERMINED FROM ACTIVE RPI SOUNDING ON IMAGE 

Benson, R. F.\ Webb, P. A.2, Green, J. L.l , Reinisch, B. W.3 

INASA/Goddard Space Flight Center, Greenbelt, Maryland 
2USRA/Goddard Space Flight Center, Greenbelt, Maryland 
3University of Massachusetts, Lowell, Lowell, Massachusetts 

Plasma emissions in the frequency region between the greater of the 
electron plasma frequency fpe or the electron cyclotron frequency f ce and the 
upper-hybrid frequency fuh, which is related to fpe and fee by the expression 
{~h = f;e + !';e, have been observed in the ionosphere during rocket exper­
iments since the mid 1960's. These Z-mode emissions are often referred to 
as the upper-hybrid band. Observations of similar emissions in the magneto­
sphere by Imp 6 have been interpreted in terms of providing a diagnostic tool 
for determining the electron density Ne since fpe (kHz)2 :::::: SO.6Ne (cm-3) (S. 
R. Mosier et al., J. Geophys. Res., 78, 1673-1679, 1973; Shaw and Gurnett, 
J. Geophys. Res., 80, 4259-4271, 1975). When fpe > fee, the resulting mag­
netospheric emission line is often called the "plasma line" or, more often, the 
"upper-hybrid" line. In the ionosphere, however, a comparison of active and 
passive ISIS-2 topside-sounder records indicated that emissions at fuh were 
not as common as those at fpe and that the peak emission was more often 
between fpe and fuh (R. F. Benson, AGU Monograph, 80,267-274, 1993). 

Here we present active/passive comparisons of these emissions in the 
magnetosphere based on data from the Radio Plasma Imager (RPI) on the 
Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) satellite. 
Plasma resonances and wave cutoffs stimulated by RPI active soundings dur­
ing several plasmapause crossings, and one case with extended operations near 
the L = 4 field line, were used to make accurate (within a few percent) de­
terminations of fpe and fuh. These values were then related to the observed 
emission enhancements in the same frequency region as observed on the dy­
namic spectra obtained during passive RPI operations (interspersed among the 
active soundings). Comparisons were made between the plasma resonance fpe 
and fuh determinations, interpolated to the time of an intermediate dynamic 
spectrum enhancement, and the leading and trailing edges of the enhancement 
as well as the peak value over a range of ambient fpe/ fee values (approximately 
1 to 4). Most of the comparisons indicated that the peak was between fpe and 
fuh' The leading and trailing edges of the enhancement often, though not 
always, coincided with the interpolated values for fpe and fuh, respectively. 
Some of the results appeared to be significantly influenced by interpolation 
uncertainties introduced by Ne gradients. 
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ARTIFICIAL DISTURBANCES OF THE IONOSPHERE OVER 
THE MILLSTONE HILL RADAR DURING DEDICATED 
BURNS OF THE SPACE SHUTTLE OMS ENGINES 

Bernhardt, P.A.l, Erickson, P.J.2, Lind, F.D.2 ,Reinisch, B3 

IPlasma Physics Division, Naval Research Laboratory, Washing­
ton, DC 20375 
2 Atmospheric Sciences Group, MIT Haystack Observatory, West­
ford, Massachusetts 01886 
3Center for Atmospheric Research, University of Massachusetts 
Lowell, Lowell, MA 01854 

The Shuttle Ionospheric Modification with Pulsed Localized Exhaust 
(SIMPLEX) series of experiments has been conducted by the Naval Research 
Laboratory for the past 6 years. The experiments use the Space Shuttle 
OMS engines to inject exhaust over ground radar sites. The radar detects the 
changes in the ionosphere with incoherent scatter. SIMPLEX I was conducted 
over the Jicamarca Radio Observatory in Peru during STS-86 [Bernhardt et 
al., 2001). This experiment monitored the recovery of ionosphere by field 
aligned transport of plasma. The SIMPLEX II experiment was conducted 
over the Arecibo Observatory in Puerto Rico during STS-93 [Bernhardt et 
al., 2003). For SIMPLEX II, the ion-beams from the exhaust produced non­
thermal spectra with the incoherent scatter radar. The SIMPLEX III and 
IV experiments over the Millstone Hill radar in Massachusetts are reported 
here. The experiments used 10 second burns of the dual Orbital Maneuver 
Subsystem (OMS) engines to produce the injection of high speed molecules in 
the ionosphere near 380 km altitude. Charge exchange between the high speed 
exhaust molecules and the ambient oxygen ions yield molecular ion beams that 
disturb the natural state of the ionosphere. Radar scatter measurements are 
used to measure the ion velocity distributions that result from the ion beam in­
teractions. Ground based observations with the University of Lowell Digisonde 
recorded the ionospheric density depressions resulting from recombination of 
the molecular ions with electrons. Prompt signatures of a non-equilibrium ion 
distribution in the OMS engine plume are seen in the data taken during Space 
Shuttle Flights STS-108 and STS-110 show. The presence of the stimulation 
of plasma turbulence is seen in the short-time measurements with the ISR for 
about 30 seconds duration and large scale irregularities are detected by the 
Digisonde for up to 20 minutes after the engine burn. The SIMPLEX experi­
ments provide localized simulations of naturally occurring disturbances in the 
ionosphere that can be studied under controlled conditions. The experiment 
conditions are similar to the strong convection seen with high-latitude plasma 
during gamogenetically disturbed times. 
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IRREGULARITY FORMATION AT CACHIMBO ON THE 
MAGNETIC EQUATOR AFTER SUNSET DURING THE 
COPEX CAMPAIGN IN BRAZIL 

Sales, Gl , Reinisch, Bl, Abdu, M.2 ,Batista, 1.2 

lUniversity of Massachusetts Lowell, Center for Atmopsheric Re­
search, 600 Suffolk St Lowell MA 01854 USA 
2Instituto Nacional de Pesquisas Espaciais, feAve dos Astronautas 
1758, 12202-970 Sao Jose dos Campos, SP BRAZIL 

Three digital ionospheric sounders operated continuously on a five­
minute schedule during the COPEX campaign that lasted from October 3 
through December 9, 2002. Using these soundings it was possible to closely 
follow the earliest stages of irregularity formation at Cachimbo, the sounder 
lying very close to the magnetic equator. The other two sounders, one at Boa 
Vista (BV), Brazil and the other at Campo Grande (CG), Brazil were located 
north and south of Cachimbo, respectively, at the foot of the geomagnetic 
field line passing over the magnetic equator (Cachimbo) at 600 km. Besides 
producing routine ionograms and electron density profiles, the sounders were 
operated in the drift mode in between the ionograms and measured the hor­
izontal and vertical drift velocity variations during the campaign. Particular 
emphasis is place here on the changes in the ionospheric structure beginning 
at around 2100 UT. F-Iayer sunset during the COPEX campaign at Cachimbo 
varied from 2135 to 2145 UT and the pre-reversal peak vertical velocity oc­
curred on the average around 2110 UT. The peak vertical velocity varied from 
30 to 80 mls with a median value of 52 m/s. On most days (61 out of 68 
days of operation), spread-F appeared, where the earliest onset time was 2215 
UT with a median onset time of 2250 UT. With the closely spaced ionograms 
it was possible to identify a precursor to the onset of bottom-side spread-F. 
On all nights, before the onset of spread-F, a bottom side deformation of the 
F-Iayer appeared as satellite traces, sometimes at several locations. This rip­
pling of the layer has been modeled and using orthogonality condition to locate 
reflections, the results agree with the ionosonde observations. These ripples 
spaced several 100s of kilometers apart and growing and drifting are the likely 
precursors of the equatorial bubbles. An intensive examination of sporadic-E 
occurrence at the outlying sites (BV and CG) at the foot of the magnetic 
field line during the F-Iayer rise and spread-F formation periods showed no 
correlation with the foEs values. 
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THE OBSERVATION OF ULF WAVES IN SUPERDARN DATA 

Ponomarenko, P. V.2, Menk, F. W.12, Waters, C. L.12 
,Fraser, B. J.12 

1CRC for Satellite Systems, University of Newcastle NSW 2308, 
Australia 
2School of Mathematical and Physical Sciences, University of New­
castle NSW 2308, Australia 

Measurements of ionospheric ExB drifts obtained with HF radars from 
the SuperDARN (Super Dual Auroral Radar) Network sometimes show sig­
natures of ultra-low frequency (ULF) waves. We will show a new data display 
technique that facilitates the detection of ULF waves in both ground and sea 
scatter returns. The detection of low velocity wave-like variations in Super­
DARN data is greatly improved by removing low frequency trends and using 
a compressed dynamic range. Data is from the SuperDARN TIGER radar in 
Tasmania, Australia, where the FOV covers lower magnetic and geographic 
latitudes than most other SuperDARN radars, in particular the sub-auroral 
regions where a variety of ULF wave features may be observed. Analysis of 
43 days of data revealed an abundance of ULF wave signatures in the rnHz 
frequency range. These were observed for 4-5 hrs/day on average. Statistical 
study of high time resolution data confirmed that ULF wave signatures occur 
on an everyday basis with ground scatter accounting for about 60% of the 
wave events. About half of these events exhibit high coherence across large 
spatial distances and are associated with ULF pulsations recorded by a ground 
magnetometer at Macquarie Island. These are typically low wave number Pc5 
waves which exhibit high coherence over large azimuthal distances. Other 
wave-like features observed were more local and are likely to be associated 
with different types of ULF wave sources and modes. These include band­
limited daytime Pc3-4 pulsations which probably represent upstream waves, 
and nighttime Pc4 oscillations which may be signatures of local field line res­
onances. Overall the results show that SuperDARN radars may be used to 
routinely monitor ULF waves in the high latitude ionosphere. 
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FULLY KINETIC SIMULATIONS AND LINEAR THEORY OF 
THERMALLY MODIFIEDjBRl.E-REGION INSTABILITIES 

Oppenheim, M. M., Dimant, Y. 
Boston University 

We present new results of our continuing efforts to simulate and under­
stand turbulent E-region plasma driven by a strong ambient DC electric field. 
Such processes, including the Farley-Buneman (FB) and gradient drift insta­
bilities, have been studied experimentally and theoretically for four decades. 
In the last decade, two new thermally driven instabilities have been described 
along with some supporting observational evidence. In this talk, we will show 
the significant role played by ion thermal effects in fully kinetic, 2-D, simu­
lations. Further, we will discuss the linear theory of thermal waves based on 
simplified kinetic and fluid models. These models predict that ion thermal ef­
fects play an important role at higher altitudes, electron thermal effects should 
prove important in the lower Ejupper D region. Our new results show that 
the ion and electron thermal driving mechanisms strongly modify the linear 
behavior of the FB instability in a homogeneous plasma. 

Taking advantage of modern, massively parallel, supercomputers, we can 
represent both electron and ion dynamics using a fully kinetic PIC algorithm. 
This allows us to correctly simulate electron and ion temperature variations 
and other kinetic effects. The resulting simulations demonstrate that thermal 
effects become especially pronounced when driven by a large DC electric field, 
well above the threshold of the FB instability. Even at more moderate driving 
electric fields, the 2-D, saturated, turbulent, waves show some modifications 
due to thermal effects. Therefore, thermal effects should have consequences 
for the saturated behavior of the waves and, hence, for radar and rocket ob­
servations and electrojet conductivities. 
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MODELING OF SPACECRAFT EXHAUST JET - IONO­
SPHERIC PLASMA INTERACTION 

V.G. Spitsyn 
Cybernetic Centre, Tomsk Polytechnic University, 84, Sovetskaya 
street, Tomsk, 634034, Russia 

We consider the disturbances of ionospheric plasma, created of space­
craft moving on the altitudes 100 300 km from the earth surface. The stochas­
tic method of modeling of ionospheric plasma interaction with spacecraft ex­
haust jet is applied (V.G. Spitsyn, Modeling of radiowave scattering on the 
ionospheric plasma disturbances, created of space vehicle, Tomsk: Publishing 
House STT, 2002). The process of ion ionospheric plasma diffusion in the 
exhaust jet of spacecraft is analyzed (V.G. Spitsyn, IEEE AP-S International 
Symposium, 2, 750, 2002). The results of computation are shown that the 
maximum of relative number of ionospheric ions disturbances is disposed in 
the area of near boundary of jet and consist of the value 5. The effect of ion 
accumulation in this area is explained of ions braking in the gas jet. The size of 
space disturbance is increased with decreasing of ratio of mass ionospheric ion 
to mass of exhaust jet neutral particle. This result is take place because the 
light ions in duration of more long time keep the energy under collisions with 
massive neutral particles. The increasing of concentration of exhaust jet neu­
tral particle is reduced to increasing of collisions number of ions with exhaust 
jet neutral particles and to the augmentation of maximum value of relative 
disturbance of ion concentration. The influence of earth magnetic field on the 
forming of disturbances of charged particles concentration created by shock 
wave is substantially on the altitudes 130 300 km from the earth surface. 
The assessments of amplitudes disturbances of electron concentration and the 
typical sizes of areas of low and high electron concentration are produced. 
The models of disturbances of ionospheric plasma by spacecraft exhaust jet in 
dependence of altitude from earth surface are offered. 
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RECENT ADVANCES IN THE PLASMA IMPEDANCE 
PROBE MEASUREMENT TECHNIQUE 

Chad G. Carlsonl, Charles M. Swenson\ Chad Fish2 

, Jeff D. Wardl 

1 Department of Electrical and Computer Engineering, Utah State 
University 
2Space Dynamics Laboratory, Utah State University 

The electrical impedance of an antenna exposed to the space environ­
ment is dependent upon the parameters of the space plasma in which it is 
immersed. This property was first observed by J. E. Jackson (J. Geophys. 
Res., 64(8), 1074-1075, 1959). For nearly four decades, Utah State University 
(USU) has been developing instruments based upon this effect for in situ mea­
surements of plasma parameters on sounding rocket and satellite platforms. 
The latest USU designed instrument is the plasma impedance probe (PIP). 
The PIP is an integrated suite of instruments for observing relative and abso­
lute electron densities, magnetic field strength, and electron-neutral collision 
frequency. The suite consists of a plasma frequency probe, a swept impedance 
probe, a Q probe, an experimental ion impedance probe, and a DC Lang­
muir probe. The first four instrument diagnostics are based on the impedance 
characteristics of an antenna immersed in plasma. This antenna impedance 
measurement technique has a significant advantage over Langmuir methods in 
that it is insensitive to vehicle potential and probe surface contamination. 

Recently, four USU PIP instruments were flown as a part of NASAs 
Sequential Rocket Study of Descending Layers in the E-Region (E-Winds) 
from Wallops Island, Virginia. Spaced over a period of approximately 4 hours, 
the mission investigated the dynamics of descending intermediate layers in the 
nighttime D and E-regions. The four PIP instruments were thoroughly tested 
and calibrated to ensure accuracy. Preliminary flight data shows a considerable 
amount of sensitivity in all of the instruments that should allow for absolute 
electron density measurement in the 1 to 10 per cc range and comparable 
accuracy in electron neutral collision frequency. Additionally, data collected 
from the impedance probe measurements demonstrates plasma dynamics that 
are not evident in the DC Langmuir probe measurements, possibly due to 
vehicle charging or probe contamination. Two nearly identical instruments 
with swept Langmuir probes are scheduled to be launched from Kwajalein 
atoll in 2004 to study equatorial spread-F anomalies. These flights will provide 
further validation of the instrument, its sensitivity, and vehicle-instrument 
interactions. This paper presents a review of the instrumentation techniques, 
calibration techniques and results, and initial flight results. 
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REVIEW OF RECENT ROCKET OBSERVATIONS OF HIGH 
FREQUENCY PLASMA WAVES 

LaBelle, J., Samara, M. 
Dartmouth College 

Three recent NASA-sponsored sounding rocket experiments included 
electric field waveform receivers covering frequencies up to 5 MHz: Sound­
ing the Ion Energization Region and Resolving Ambiguities (SIERRA), Rocket 
Auroral Correlator Experiment (RACE), and High Bandwidth Auroral Rocket 
(HIBAR). All were launched from Poker Flat Research Range in 2002 or 2003. 
Initial data analysis reveals at least two significant results: First, the SIERRA 
exeperiment detected structured whistler mode signals at 100-500 kHz, the 
kilometric wavelength range, lasting over 200 s, corresponding to more than 
200 km in spatial extent along the rocket trajectory belwo 750 km altitude. 
The whistler mode signals do not appear locally generated since no electron 
signatures coincide with them. Previous experiments in this altitude range 
detected hints of such signals lasting at most a few seconds. These structured 
whistler mode signals may originate as X- or O-mode AKR generated at high 
altitudes and converted to whistler mode, or they may be generated directly 
in the whistler mode. Second, the HIBAR experiment encountered source 
regions of the electromagnetic electron cyclotron harmonic waves known as 
" auroral roar." These source regions are characterized by intense upper hybrid 
waves where the upper hybrid frequency matches twice the electron cyclotron 
frequency. The measured upper hybrid wave amplitudes allow the wave con­
version efficiency to be estimated. The waves exhibit banded structure which 
may support recent theoretical work explaining the fine structure of auroral 
roar as signatures of eigenmodes of upper hybrid waves generated in an inho­
mogeneous ionosphere. These recent results, and others, will be reviewed in 
the context of previous experimental and theoretical work. 

286 



H3-7 

PLASMA WAVE MAPS OF THE MAGNETOSPHERE 

J. L. Green!, S. Boardsen2, S. Fungl 

, L. Garcia3, B. W. Reinisch4 

lNASA Goddard Space Flight Center, Greenbelt, MD 
2L3 Communications, Largo, MD 
3Raytheon, ITSS, Landover, MD 
4Center for Atmospheric Research, UMass Lowell, MA 

The Earth's magnetosphere supports a rich variety of plasma waves. 
Two of the most important aspects about plasma waves in space are their 
source locations and emission mechanisms. Three decades of space plasma 
wave research have shown that it is sometimes difficult to pinpoint plasma 
wave source regions. Rarely do we know the exact site of wave generation, 
yet this is the region where knowledge of a complete particle distribution is 
needed to identify the free energy source and the wave generation mechanism. 
Part of particle-wave comparison problems stem from the fact that there are 
many types of plasma waves and these waves can propagate to large distances 
from their source regions. We now have the opportunity to globally analyze 
plasma waves in a quantitative and systematic fashion. Very high quality 
plasma wave measurements from a variety of instruments are now in the NASA 
National Space Science Data Center archive. When properly combined into 
a 3-D database, plasma wave measurements from missions such as Hawkeye, 
Dynamics Explorer-l, Polar, and IMAGE, can be used to construct wave maps 
that would statistically yield important source region information that may be 
impossible to recognize previously. Plasma wave maps will allow us to look for 
" hot spots" in the wave intensities, thereby identifying either the source regions 
or sites of plasma wave amplification. In addition, plasma wave maps can easily 
characterize an emissions radiation pattern allowing for the identification of 
a source location. Examples of wave maps from magnetospheric emissions 
such as plasmaspheric hiss, non-thermal continuum, and auroral kilometric 
radiation will be discussed. 
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THE NONLINEAR COUPLING OF ALFVN AND LOWER HY­
BRID WAVES IN SPACE PLASMA 

George V. Khazanov 
National Space Science and Technology Center, NASA Marshall 
Space Flight Center 

Space plasmas support a wide variety of waves, and wave-particle in­
teractions as well as wave-wave interactions which are of crucial importance 
to magnetospheric and ionospheric plasma behavior. The excitation of lower 
hybrid waves (LHW s), in particular, is a widely discussed mechanism of inter­
action between plasma species in space and is one of the unresolved questions 
of magnetospheric multi-ion plasmas. It is demonstrated that large-amplitude 
Alfvn waves may generate LHW s in the auroral zone and ring current region 
and in some cases (particularly in the inner magnetosphere) this serves as the 
Alfvn wave saturation mechanism. We present several examples of observa­
tional data which illustrate that the proposed mechanism is a plausible can­
didate to explain certain classes of LHW generation events in the ionosphere 
and magnetosphere and demonstrate electron and ion energization involving 
these processes. We discuss the morphology, dynamics, and level of LHW 
activity generated by electromagnetic ion cyclotron (EMIC) waves during the 
May 2-7, 1998 storm period on the global scale. The LHWs were calculated 
based on a newly developed self-consistent model (Khazanov et. al., 2002) 
that couples the system of two kinetic equations: one equation describes the 
ring current (RC) ion dynamic, and another equation describes the evolution 
of EMIC waves. It is found that the LHWs are excited by helium ions due 
to their mass dependent drift in the electric field of EMIC waves. The level 
of LHW activity is calculated assuming that the induced scattering process is 
the main saturation mechanism for these waves. The calculated LHWs electric 
fields are consistent with the observational data. 
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INJECTION OF VLF WAVES USING ELECTRIC DIPOLE AN­
TENNAS IN THE MAGNETOSPHERE 

Chevalier, T.W., Bell, T.F., Inan, U.S. 
Stanford Univeristy 

The ion sheath surrounding an electric dipole antenna in plasma signifi­
cantly impacts terminal and radiation properties at VLF (Very Low Frequen­
cies). In addition, the refractive index in the plasmasphere can become very 
large compared to free space. These two factors make it very difficult in deter­
mining the radiation pattern and impedance of antennas operating within this 
type of environment. In this paper we have developed both a warm and cold 
plasma model, which includes both electrostatic and electromagnetic effects 
in order to calculate the properties of electric dipole antennas operating in the 
earths inner radiation belts. 

In this paper we consider having peak-to-peak operating voltages of up 
to 10,000 Volts. Thus, the sheath region will have length scales anywhere 
from a debye length up to a few meters. In this region, thermal and bulk 
motions of the particle are affected by the presence of strong electrostatic fields. 
Immediately outside of the sheath, up to a few hundred meters, particle motion 
is heavily influenced by the electromagnetic fields generated by the antenna. 
Because of this, a warm plasma treatment is needed in these two regions. The 
warm plasma model uses the first three moments of the Boltzmann equation for 
electrons and one species of ions (hydrogen) in addition to Maxwells equations 
to form a fully electromagnetic two fluid model. From this model, properties 
of the antenna such as impedance and current distribution can be found. 

Outside of this warm plasma region, particle energization is negligible 
and electrostatic waves are virtually non-existent. Therefore a cold plasma 
treatment is appropriate. Using the currents at the edge of the simulation 
space calculated with the warm plasma model as sources in the cold plasma 
region, the antenna pattern can be calculated. This model solves Maxwells 
equations along with a simplified momentum equation, which neglects the bulk 
motion of particles. 

Simulation results are presented along with comparisons with predictions 
of warm and cold plasma theory. 
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NASCAP2K SIMULATION OF A VLF ANTENNA PLASMA 
SHEATH IN THE PLASMASPHERE 

David L. Cookel ,Myron J. Mandell2 

1 AF Res. Lab I VSBX, Hanscom AFB, MA, 01731 
2SAIC, San Diego CA 

NASCAP2K is a 3D spacecraft plasma interaction code being developed 
by SIAC for the Air Force Research Laboratory and NASAs Space Environ­
ment Effects (SEE) program. It supersedes the older codes charging inter­
action codes, NASCAP IGEO, NASCAP ILEO, POLAR, and DynaPAC. In 
addition to the steady state algorithms used for most spacecraft charging cal­
culations, NASCAP2K can also be used as a Particle-In-Cell simulation to 
capture plasma dynamic effects, such as the dynamic sheath surrounding a 
low frequency antenna. NASCAP2K has a number of advanced features that 
make it uniquely suitable for this application including: 3D nonlinear finite 
elements for strictly continuous electric fields, smooth object geometry that 
can represent both the antenna and spacecraft, multiple nested grids that can 
resolve fine object features while spanning the problem space with a reasonable 
number of grid nodes, a variable time step orbit averaged particle mover that 
allows for a smooth transition from steady state simulation to finite times 
steps, and a charge stabilized implicit Poisson solution that provides stable 
solutions in regions where the grid size significantly exceeds the local Debye 
length. Although our investigation is just beginning, preliminary results in­
dicate that although the dynamic sheath is rich in structure, the overall size 
of the sheath, current collection, and thus charging is similar to steady state 
estimates. In addition to the 3D NASCAP2K models, we have conducted 1D 
simulations that indicate that a square pulse rather than a sinusoidal wave 
form can drive ringing oscillations at the electron plasma frequency. Because 
NASCAP2K can model the spacecraft and its charging, it can also provide 
guidance concerning the placement and sizing of plasma diagnostics by com­
puting the expected fluxes and direction of the charged particles seen at the 
spacecraft. 
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ION HEATING BY HEAT FLUX GENERATED ION CY­
CLOTRON WAVES IN SOLAR CORONAL HOLES 

Markovskii, S. A., Hollweg, J. V. 
University of New Hampshire 

The recent observational data from UVCS/SOHO strongly suggest that 
the ions in solar coronal holes are heated by the waves in the ion cyclotron fre­
quency range. However, the origin of these waves still remains unknown. We 
suggest that the ion cyclotron waves generated by intermittent heat flux. We 
postulate that small-scale reconnection events (microflares) at the coronal base 
launch the heat flux up into the corona where it excites plasma microinsta­
bilities. We demonstrate that coupling of the unstable electrostatic and shear 
Alfven waves results in a very strong resonance with protons and provides 
efficient heating of the solar wind. We also argue that the waves propagate 
from the generation site toward the Sun. Closer to the Sun, the waves become 
resonant with heavier ions and can thus heat them. We have developed a sim­
ple method of calculating the heating in each burst of the intermittent heat 
flux. We have shown that particles interacting with electrostatic ion cyclotron 
waves diffuse along finite-length one-dimensional curves in the phase space 
and form a quasi-plateau. This fact allows us to determine the final distribu­
tion function, which results from the heating of the initial distribution, using 
geometrical reasoning, without actually solving the diffusion equations. The 
diffusion paths of the particles are simply overlaid in the initial distribution 
and then the particle density is evened out along these paths. Our calcula­
tions based on this method demonstrate that the intermittent mechanism is 
efficient enough to account for the heating and acceleration of the fast solar 
wind suggested by the observations. 
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NUMERICAL CALCULATION OF FORCE EQUILIBRIA IN 
THE EARTH'S MAGNETOSPHEREjBRl. 

Lemon, C.l, Toffoletto, F.l, Hesse, M.3 ,Birn, J.2 

lRice Space Institute, Rice University, 6100 Main St./MS 108, 
Houston, TX 77005, USA 
2Space Plasma Physics Group, Los Alamos National Laboratory, 
MS D466, Los Alamos, NM 87545, USA 
3Laboratory for Extraterrestrial Physics, NASA/GSFC, Code 696, 
Greenbelt, MD 20771, USA 

A numerical technique for computing three-dimensional force equilibria 
in the Earth's magnetosphere will be described. Plasma force equilibrium is 
the state in which the magnetic force (J x B) balances the pressure gradient 
force (\7p) on every plasma fluid element. The method we use employs the 
equations of ideal magnetohydrodynamics (MHD), with a small modification: 
in the momentum equation, we include an additional force term which is di­
rected against the motion of the plasma fluid (~ = -ail). This frictional 
term constitutes an energy sink that removes excess kinetic energy from the 
system until it approaches a minimum potential energy equilibrium state with 
zero velocity. In order to improve the convergence rate using this technique, 
the friction term coefficient a is kept to a minimum value while the system 
is approaching equilibrium and is enhanced only when the system is moving 
away from equilibrium. Oscillations about equilibrium are thereby damped 
more rapidly than with a static friction term. Results which illustrate the 
application of this technique to space weather modeling will be presented. 

The equations are solved on a nonuniform cartesian grid, using a 3rd­
order Adams-Bashforth numerical scheme for the timestepper. Several other 
numerical schemes were tested, and the 3rd-order Adams-Bashforth method 
was chosen for its relative lack of unfavorable properties, as well as its com­
putational efficiency. Multi-step numerical schemes (including the family of 
Adams-Bashforth schemes) have spurious computational modes that may grow 
exponentially unless the timestep is sufficiently small. This restriction can of­
ten be more limiting than the well known Courant-Friedrichs-Lewy restriction. 
Problems such as the conservation of magnetic flux (\7 . B = 0), and the pre­
vention of grid scale fluctuations of the grid variables were also addressed. 
These properties, as well as the numerical theory that lead us to choose the 
3rd-order Adams-Bashforth scheme over the many others that are available, 
will be discussed. 

295 I 
_______________ -----________ 1 



H4-2 

GLOBAL MHD SIMULATION OF OBSERVED MAGNE­
TOPAUSE WAVES 

Slinker, S.P.I, Fedder, J.A.2, Sibeck, D.G.3 

, Lyon, J.G.4, Frank, L.A. 5, Mukai, T.6 
1 Naval Research Laboratory 
2George Mason University 
3NASA Goddard Space Flight Center 
4Dartmouth College 
5U niversity of Iowa 
6Institute of Space and Astronautical Sciences, Kanagawa, Japan 

On January 9, 1996, the Geotail spacecraft observed a series of oscil­
lations in plasma parameters from 0100-0300 UT. Geotail was located inside 
the magnetosphere near the magnetopause on the dusk flank. The oscillations 
occurred most strikingly in the plasma density and the plasma bulk velocity. 
The period was about 8 minutes and it appears that the spacecraft crosses 
into the magnetopause boundary region for a few minutes each cycle. 

Using a global, 3D, ideal MHD simulation model of the magnetosphere, 
we simulated this period. The model was driven by solar wind and interplane­
tary magnetic field data measured by the Wind spacecraft. Wave-like behavior 
similar to that recorded by Geotail was reproduced in the simulation. We dis­
cuss our analysis of the event and various numerical experiments we performed. 
The results lead us to the conclusion that the observed oscillations were likely 
caused by the Kelvin-Helmholtz instability at the magnetopause. 

In the simulation, a disturbance first appears near the magnetopause at 
about 1400 magnetic local time. It is seen as a perturbation in the plasma 
density and a counter clockwise vortex in the plasma flow as seen from above 
the north pole. The flow vortex propagates down the magnetopause in the 
antisunward direction at around 100 km/s, somewhat less than the magne­
tosheath flow speed. The size grows as it propagates tailward reaching a 
radius of about 2 Re when it reaches the terminator near the Geotail posi­
tion. For this event, vortices appear only on one flank of the magnetosphere, 
although other simulated events show them on both sides. The results from 
this study have appeared in Slinker et al., Geophys. Res. Lett., 30(11), 1569, 
doi:1O.1029/2003GL017063,2003. 
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NUMERICAL MODELING OF SMALL-SCALE ELECTRO­
MAGNETIC STRUCTURES IN DOWNWARD AURORAL 
CURRENT CHANNELS 

Anatoly V. Streltsov 
Dartmouth College 

Small-scale, intense electric fields and currents with transverse wave­
lengths less than 10 km are frequently observed by low-altitude satellites and 
sounding rockets above the nightside ionosphere in the vicinity of bright, dis­
crete auroral arcs. Despite intensive investigation during the last thirty years, 
the origin of these low-altitude, quasi-electrostatic structures and their connec­
tion with auroral arcs remains poorly understood. The main hypothesis inves­
tigated in this study is that these structures can be interpreted as small-scale, 
intense Alfven waves generated by the development of the ionospheric feed­
back instability inside the resonant cavity formed by the ionospheric E-layer 
and an auroral acceleration region (AAR). The acceleration region is induced 
in the model self-consistently by the current-driven, electrostatic ion-cyclotron 
(EIC) instability. The major factor regulating feedback unstable dynamics is 
the downward current channel of a large-scale, slowly evolving auroral current 
system interacting with the ionosphere. The downward current lowers the in­
stability threshold by depleting the E-region plasma density and conductivity, 
thereby allowing the development ofa large perpendicular electric field in the 
E-layer. The downward field-aligned current also produces a collisionless re­
sistive layer / AAR in the lower magnetosphere where the parallel drift speed of 
current-carrying electrons exceeds a critical threshold for onset of microinsta­
bility. This resistive layer provides a highly reflective upper boundary for the 
resonant cavity confining small-scale Alfven waves generated at the ionosphere 
by the feedback mechanism. The quality of the ionospheric resonator without 
the turbulent upper boundary is shown to be very poor for resonator modes 
with transverse wavelengths of order 10 km. The paper emphasizes the role 
on numerical simulations in studying of dynamics of generation and propa­
gation of ULF waves in strongly inhomogeneous plasma. Application of the 
numerical results to the interpretation of satellite measurements of small-scale 
electromagnetic structures in the auroral zone is discussed. 
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INSTABILITY OF INERTIAL ALFVEN WAVES IN TRANS­
VERSE SHEARED FLOW 

Wu, K.1, Seyler, C. E.2 
1 Remcom Inc, State College, P A USA 
2School of Electrical and Computer Engineering, Cornell Univer­
sity, Ithaca, NY USA 

We study the stability of dispersive Alfvenic structures with transverse 
scales near the electron inertial length c/wpe • In particular, we examine insta­
bilities in the presence of inhomogeneous currents and flows. Interest in this 
problem is driven by spacecraft observations of waves in the auroral region. 
For example, strong, localized inhomogeneous electric and magnetic fields as­
sociated with dispersive Alfvenic structures have often been observed by the 
Freja satellite. These inhomogeneous fields can give rise to parallel current 
sheets, as well as transverse sheared flow due to E x B drift. 

The parallel current sheets drive an interchange instability which can 
excite localized, small-scale structures. Physically, this instability is due to 
the interchange of plasmas with different current densities, leading to a build 
up of electric fields which feed back on the instability. However, we show 
that the addition of the transverse sheared flow decreases the growth rate of 
the instability. In addition, we show that the sheared flow itself can drive 
the plasma unstable. Owing to a resonance between the sheared flow velocity 
and the phase velocity of the Alfven wave, energy can be transferred from 
the sheared flow to the wave, driving the plasma unstable. This sheared-flow 
driven instability can be illustrated as a wave over-reflection process. A small­
scale inertial Alfven wave which incidents on a sheared flow layer is scattered 
and reflected by the sheared flow. Over-reflection occurs when the reflected 
wave has a greater amplitude than the incident wave due to the transfer of 
energy from the sheared flow to the incident wave. In this way, small-scale 
Alfven waves are amplified by the sheared flow, giving rise to instabilities. We 
present numerical and analytical study of the instabilities. The result of this 
study shows how inertial Alfven waves can be generated in the auroral region, 
and may explain the origin of broadband extremely low-frequency (BBELF) 
waves associated with Alfvenic structures. 
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MOMENTUM COUPLING IN THE ION KINETIC LIMIT: HY­
BRID CODE APPLICATIONS 

P. A. Delamere, F. Bagenal 
Laboratory for Atmospheric and Space Physies, University of Col­
orado 

The coupling of energy and momentum between spatially separate but 
magnetically linked plasma populations is a general problem in space plasma 
physics. Several obvious examples include the transport of energy and momen­
tum between the solar wind and such small obstacles as weak comets, mag­
netized asteroids, Mars, and Pluto. Other examples include magnetosphere­
ionosphere coupling, a classic example being the Io-Jupiter interaction. In 
many of these cases ideal magnetohydrodynamic (MHD) treatments are not 
valid due to finite ion gyroradius effects. A hybrid code technique provides 
a reasonable solution for the cases where ion kinetic effects are important 
while the fluid treatment of massless electrons is valid. Our three-dimensional 
hybrid codes includes three components: a kinetic treatment of ions, a fluid 
treatment of massless electrons, and an optional (seamless) interface with a 
cold ion fluid population. The fluid treatment of ions can provide considerable 
computational savings for systems that contain regions where the fluid treat­
ment is valid (Le. dense, cold ionosphere). The electric fields are determined 
by the electron momentum equation and the magnetic fields are updated with 
Faraday's law. The code assumes quasi-neutrality and is non-radiative. We 
will present hybrid code results from several "Pluto-like" simulations where the 
size of the obstacle (mass loading region), L, varies from less than to greater 
than the upstream ion inertial length (c/wpi). Through this transition, the in­
teraction is mediated by a) whistler waves (with minimal momentum transfer) 
for L less than the upstream ion inertial length and b) magnetohydrodynamic 
modes for L greater than the upstream ion inertial length. 
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WAVE GENERATION AND WAVE-PARTICLE INTERAC­
TIONS IN INHOMOGENEOUS AND NON-MAXWELLIAN 
PLASMAS 

Schriver, D., Ashour-Abdalla, M., Convery, P. 
IGPP- UCLA 

At various locations in and around Earth's magnetosphere, space plas­
mas can be inhomogeneous and the velocity distribution functions can have 
non-Maxwellian characteristics. In this study the generation of plasma waves 
and ensuing wave-particle interactions are examined for such conditions us­
ing kinetic particle simulations. In the upstream electron foreshock region, 
electrostatic and electromagnetic electron plasma oscillations (and their har­
monics) are observed. To understand the generation of these observed waves, 
beam generated electron plasma oscillations are examined in the presence of 
density gradients using particle in cell simulations. In particular linear mode 
conversion of electrostatic plasma frequency oscillations to electromagnetic 
plasma waves is examined for various types of density gradients. The gen­
eration of plasma oscillation harmonics and the effects of the waves on the 
background plasma that contains the gradient are examined. To study the ef­
fects of non-Maxwellian velocity distribution functions, wave generation due to 
non-gyrotropic features in transverse velocity space is examined for the Earth's 
plasma sheet, where such distributions can be formed when ion motion through 
the magnetotail is non-adiabatic. Using hybrid simulations, waves generated 
by different types of non-gyrotropic distribution functions are examined. The 
waves excited by these distributions occur at frequencies of the order of the 
proton gyrofrequency. The resulting wave modes and maximum wave energy 
are compared to instabilities driven by a gyrotropic ring distribution. The 
effects of the waves on the non-gyrotropic distribution functions are examined 
including the time scales over which the non-gyrotropic feature stabilizes and 
disappears. In the different spatial regions (upstream and magnetotail), results 
from the simulations are compared with analytic theory and observations. 
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SIMULATING PERPENDICULAR SHOCKS WITH PIC: 
FULLY ELECTROMAGNETIC VERSUS DARWIN 
SIMULATION RESULTS 

Muschietti, L.l, Lembege, B.2 
ISpace Sciences Laboratory, UC Berkeley, CA 
2CETP-CNRS-UVSQ, 78140 Velizy, France 

We compare two particle-in-cell simulation models of a fast magne­
tosonic shock. While both models treat electrons and ions as macroparti­
cles and are 1D3V, they differ on the electromagnetic field equations used. 
One integrates the full Maxwell equations. The other implements the Dar­
win approximation, which neglects retardation effects and hence radiation. A 
perpendicular geometry is considered, where x points into the shock and the 
electromagnetic field structure is E = (Ex, Ey , 0) and B = (0,0, B z). We as­
sume moderately supercritical shocks with Mach number Ma rv 2-4 and low 
upstream /3i rv 0.01, a parameter choice which favors the process of cyclic 
shock reformation associated with the reflected ions accumulating in the foot. 

The simulation techniques used are discussed and the results obtained 
by the two codes compared. A critical issue in these simulations is the large 
discrepancy between the ion cyclotron period, which characterizes the shock 
reformation time, and a time step small enough to follow the electron physics. 
In the fully electromagnetic code the Courant condition based on the velocity 
of light imposes: dt f2ci < 8(/3e/2)1/2(f2ce/wpe?(m/M) where 8 is the size of 
a grid cell in Debye length, f2ce/wpe is the gyro-to-plasma frequency ratio for 
the electrons, and m/M is the electron-to-ion mass ratio. Both ratios are very 
small in the solar terrestrial environment, resulting in a prohibitive RHS of 
10-78. The situation is less dire for the Darwin code, which only requires 
dt f2ci ~ 0.25 (f2ce/Wpe) (m/M) , namely a value an order of magnitude less 
small. Advantages and limitations of either code are examined in terms of 
computing efficiency and compromising via unrealistic plasma parameters. 
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DYNAMICALLY EVOLVING DOUBLE LAYERS AND DEN­
SITY DEPLETIONS 

Singh, N., Khazanov, I. 
University of Alabama in Huntsville 

Electric fields parallel to an ambient magnetic field in collisionless plas­
mas are most likely localized in double layers.Using I-D Vlasov and particle­
in-cell (PIC) codes we study the localization processes for double layers in the 
return current region of the auroral plasma. Simulations include large-scale 
density gradients. The PIC simulations include mirror force as weI. Plasma 
is driven by an applied potential drop. In the presence of a preexisting den­
sity cavity in the plasma, a double layer forms in the cavity localizing the 
entire potential drop. If there is no preexisting localized density cavity in 
the plasma, cavities are created by plasma instabilities localizing the parallel 
electric fields in them. When the current density in the plasma developing 
in response to the applied potental becomes sufficiently large, even a slight 
density depletions becomes the sight for double layer formation; a cavitational 
instability occurs and deepens the depletion. When the current reduces, the 
deepened cavity refills weakening the double layer and causing redistribution 
of the potential drop. The cavitational instability and associated formation of 
a double layer generate a rich variety of plasma processes, including generation 
of counterstreaming electrons on the high potential side of the double layer, 
electron-electron two-stream instability, and phase-space vortexes as electron 
holes. The localized current disruptions associated with the elctron holes are 
used to estimate the perturbations in magnetic fields. Simulations show that 
the recurring deepening and refilling of a cavity depending on the time his­
tory of the current in the plasma and associated recurring formation of double 
layers greatly contribute to the complexity of the plasma turbulence and fluc­
tauations in the electron fluxes accelerated by the double layers. Relevance of 
results from the simulations to satellite observations is discussed. 
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EFFECTS ON THE PERPENDICULAR TEMPERATURE OF 
H+ AND 0+ IONS DUE TO AN OBLIQUE DOUBLE LAYER 
AT THE TRANSITION REGION OF THE AURORAL CAVITY 

Main, D. S., Ergun, R. E., Andersson, L. 
Laboratory for Atmospheric and Space Physics, University of Col­
orado, Boulder 

The observed upward current region in the auroral oval is either poten­
tial or current driven, creating earthward travelling electrons that maintain the 
current. To maintain the current between the magnetosphere and ionosphere 
along a magnetic field line, changes in particle populations' densities and tem­
peratures are required. The change in plasma conditions results in particle 
acceleration in the region between .5 - 3 Re. From observations (Reiff, et 
al., JGR,93, 7441, 1988) and simulations (Ergun, et al., GRL, 27, 4053-4056, 
2000) this acceleration mainly takes place in two transition regions, where the 
region between the transition layers has low densities and is usually referred 
to as the auroral cavity. In the upward current region, the transition layers 
accelerate electrons earthward and the ions are accelerated anti-earthward. 
From observations (Ergun et al., Physics of Plasmas, 9, 3685, 2002) the lower 
transition region is extended over a small spatial region (rv 1-3 km) and can be 
modeled as an oblique double layer (Raadu, Physics Reports, 25-97, 1989). Of­
ten already heated ions in the form of ion conics are accelerated anti-earthward 
through this lower transition region. In the auroral cavity these ions are ob­
served as a beam which consists mainly of H+ and 0+. 

In this presentation, a test particle simulation of the ion motion through 
the lower transition region of the auroral acceleration region will be described. 
At the lower transition region, the 0+ is weakly magnetized and the H+ is 
moderately magnetized. The transition region is simulated as an oblique dou­
ble layer and represented by a monotonic potential shape. The initial ion 
distributions are represented as a cold maxwellian (rv 10-20 e V) and resulting 
energized distributions will be compared to observations. The simulation in­
vestigates the effects of changing the thickness and obliqueness of the double 
layer on the final perpendicular energies of H+ and 0+. Because the 0+ ion 
gyro radius is on the same order as the observed double layer width, the 0+ 
distribution undergoes significant perpendicular heating. Therefore, the first 
adiabatic moment is not conserved for 0+ ions. However, the thickness of the 
double layer is much greater than the H+ ion gyro radius. Therefore, the first 
adiabatic moment is conserved and H+ experiences nearly zero perpendicular 
heating. This difference in perpendicular temperature has been observed by 
Kaufmann et al (JGR, 91, 10080-10096, 1986). The authors attributed this 
perpendicular heating of 0+ to two stream instability. However, our results 
indicated that the heating may be due to an oblique double layer. 
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VLASOV SIMULATIONS OF TRANSITION LAYERS IN THE 
AURORAL REGION: INFLUENCE OF BACKGROUND ELEC­
TRON POPULATIONS 

Newman, D.L.I, Andersson, L.2, Goldman,M.G.1 

, Ergun, R.E.2 
lCenter for Integrated Plasma Studiess, University of Colorado, 
390 UCB, Boulder, Colorado 80309-0390 
2Laboratory for Atmospheric and Space Physics, University of 
Colorado, 392 UCB, Boulder, Colorado 80309-0392 

One-dimensional adaptive-open-boundary Vlasov simulations of transi­
tion layers in the downward-current region of the auroral ionosphere (D. L. 
Newman et al., Phys. Rev. Lett., 87, 255001, 2001) have shown how large po­
tential jumps can form in an initially field-free current-carrying plasma seeded 
with a small charge-neutral density depression. Such transition layers, can 
be either turbulent or laminar. In the latter case the potential structure is 
that of a classical double layer. In both regimes, the transition-layer electric 
field accelerates electrons originating on the low-potential side of the layer. 
These accelerated electrons then interact with a background population on 
the high-potential side, resulting in a two-stream instability that saturates via 
trapping and electron phase-space hole formation. During the laminar phase, 
the shape of the accelerating electric field is in good agreementwith FAST 
satellite observations (R. E. Ergun, et al., Phys. Rev. Lett., 87,045003,2001). 

In the aforementioned simulations, the (laminar) double-layer state is 
relatively short-lived because it is susceptible to disruption by Buneman-like 
instabilities (M. V. Goldman et al., Nonlin. Proc. Geophys., 10, 37, 2003). 
Subsequent 1-D simulations indicate that the stability of laminar double layers 
is enhanced by the inclusion of a low-density hot halo electron population. 
Such halos not only suppresses disruptions, but also facilitate the formation 
strong (laminar) double layers. Interestingly, subsequent FAST observations 
also suggest a relationship between double layers in the downward current 
region and halo electrons. A comparison of simulations with and without halo 
electrons will be presented in the context of satellite observations. 

The results of 1-D simulations seeded by two independent density de­
pressions will also be presented. These simulations provide some insight into 
the possible interaction of two transition layers along the same magnetic field 
line. Depending on the relative depths of the seed density depressions, either 
of the two transition layers may ultimately be disrupted due to outflow from 
the other. Possible differences in higher dimensions will be discussed. 
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PITCH ANGLE SCATTERING AND PRECIPITATION OF 
PRECIPITATION OF ENERGETIC ELECTRONS BY VLF 
WHISTLER-MODE WAVES 

Umran S. Inan 
Stanford University 

While it has long been known that the lifetimes of energetic radiation 
belt electrons in the inner magnetosphere are largely determined by their res­
onant interactions with whistler-mode waves, the particular contributions of 
waves from different sources have long been a source of scientific debate. Dif­
ferent methodologies have been employed for quantitative estimation of wave­
induced pitch angle scattering, including diffusion type treatments appropriate 
for incoherent waves versus test particle formulations tailored for interactions 
invoking discrete and coherent waves. While initial work on wave-driven loss 
of energetic particles was incumbered by the sparse availability of data on the 
spectrum and type of waves, a wealth of new information is now available 
on the wave distributions. Furthermore, experimental observations of elec­
tron precipitation bursts produced by individual discrete wave packets allow 
quantitative comparison of theoretical predictions with observations. Ground­
and space-based observations of various types of of lightning-induced electron 
precipitation effects have been particularly useful in providing the data base 
with which we can assess and improve our theoretical models. We present a 
historical overview of the develpment of our understanding of wave-induced 
precipitation of energetic radiation belt electrons and also assess our current 
state of understanding of the role of different type of waves in determining 
the loss rates of energetic electrons in the inner radiation belts. With highly 
evolved quantitative models, in has recently been possible to quantify the re­
lationship between wave power levels and particle lifetimes on a global basis. 
Using these types of estimates, we also comment on the possibility of active 
control of particle fluxes by artificial injection of VLF waves from space-based 
sources. 
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ON THE PHYSICS OF ARTIFICIALLY STIMULATED EMIS­
SIONS 

K. Papadopoulos 
University of Maryland 

Artificially Stimulated Emissions (ASE) also known as triggered emis­
sions are a unique complex, nonlinear plasma phenomenon, that involves co­
herent wave-particle interactions followed by ballistic wave emission and ampli­
fication of a radically different nature from the well studied linear, quasilinear 
and nonlinear interaction of whistler waves with anisotropic particle distribu­
tions in the random phase approximation. The complex nonlinear features 
described by Helliwell as triggering, suppression, entrainment, mode locking 
and combination of the above represent a most serious challenge to our under­
standing of nonlinear plasma physics. Furthermore, ASE is a unique nonlinear 
plasma effect that has only been observed in space, predominantly using the 
Siple station and has yet to be reproduced in the laboratory. The paper 
will review first the experimental results and the status of understanding of 
the plasma physics underlying ASE. The theoretical review will include both 
analytic theories and computer simulations. Issues associated with the trig­
gering threshold, the phase space bunching and the connection of ASE, to the 
Kennel-Petcheck theory of radiation belt control and to the gyrotron emission 
as observed in the laboratory and space will be discussed. Suggestions for 
proof-of-principle experiments in space and laboratory plasma chambers will 
be presented. Particular emphasis will be placed in experiments involving in­
jection of VLF waves generated by modulating the auroral electrojet using the 
ionospheric heater of the High Frequency Active Auroral Research Program 
(HAARP) located in Gakona, Alaska, including the possibility of VLF injec­
tion into artificial ducts supported by F-region HF heating. Novel schemes for 
space based ELF and VLF generation using permanent or superconducting 
magnets and their potential for triggering ASE will be examined. The pa­
per will conclude with suggestions for laboratory experiments in large plasma 
chambers. 
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PARTICLE TRANSPORT IN RADIATION BELTS: PRINCI­
PLES AND APPLICATIONS 

Schulz, M. 
Lockheed Martin ATC (Dept L9-42), 3251 Hanover Street (Bldg 
255), Palo Alto, CA 94304 (U.S.A.) 

Particle radiation environments are usually determined empirically by 
measuring the differential particle flux j (number of particles per unit energy, 
per unit solid angle, per unit area of detector, per unit time) as a function 
of energy E, local pitch angle a, L value, local magnetic-field intensity B, 
magnetic local time (MLT) ¢>, and universal time (UT) t. From a theoretical 
standpoint, however, the relevant quantity is the phase-space density f (= j/p2, 
where p is the scalar momentum) as a function of the three adiabatic invariants, 
their three conjugate phases, and UT. The adiabatic invariants M, J, and .;p 
are respectively proportional to the canonical action integrals associated with 
gyration, bounce motion, and azimuthal drift. Any dependence of f on the 
conjugate phases can be interesting from the standpoint of radiation-belt mi­
crophysics but is usually unimportant for specifying the environment to which 
a spacecraft is exposed. Thus, it is common to analyze the temporal evolution 
of f-bar, which denotes the average of f over the various conjugate phases. 
For dynamical processes that satisfy Hamiltonian mechanics, the evolution of 
f-bar commonly satisfies a diffusion equation with respect to phase-space co­
ordinates specified by the canonical action integrals. Whereas f itself would 
satisfy Liouville's theorem under the influence of such processes, the quantity 
f-bar satisfies a diffusion equation instead. Either way, it is usually necessary 
to specify boundary conditions on the problem, typically that f go to zero on 
any adiabatic trajectory that intersects the dense atmosphere, and that the 
phase-space density match an appropriate boundary spectrum at the interface 
between closed and open adiabatic drift paths. (Open drift paths typically are 
those that intersect the magnetopause and/or the nightside neutral line. ) Dy­
mimical processes of a "frictional" character (e.g., synchrotron loss, Coulomb 
drag) do not satisfy Hamiltonian mechanics and typically require the addition 
of first-order Fokker-Planck terms to the diffusion equation for their descrip­
tion. Other non-Hamiltonian processes such as charge exchange require the 
addition of source and/or loss terms to the basic diffusion equation for each 
particle species of interest. Processes such as wave-particle interactions com­
monly lead to pitch-angle diffusion and consequent loss of particles into the 
atmosphere. It is often profitable to adopt an eigenmode formulation for such 
processes, in which case the corresponding eigenvalue >. appears as a loss rate 
(reciprocal lifetime) in the corresponding radial-diffusion equation. Such an 
eigenmode formulation typically reduces the number of dimensions in which 
the diffusion equation needs to be solved (e.g., to the quasi-spatial variable 
1/ L alone in the case of a radial-diffusion equation). 
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INTENSITY DISTRIBUTION OF WHISTLER MODE EMIS­
SIONS IN THE PLASMASPHERE: COMPARISONS WITH 
THE RADIATION BELTS 

J. L. Green!, S. Boardsen2, S. fungI 
, L. Garcia3, B. W. Reinisch4 

INASA Goddard Space Flight Center, Greenbelt, MD 20771 
2L3 Communications, Largo, MD 
3Raytheon, ITSS, Landover, MD 
4Center for Atmospheric Research, UMass Lowell 

Five years of plasma wave observations from the Dynamics Explorer-
1 spacecraft and three years from the Imager for Magnetopause-to-Aurora 
Global Exploration (IMAGE) spacecraft are used to construct plasma wave 
intensity maps. These intensity maps show the potential source locations 
or sites of wave amplification due to particle-wave interactions of whistler 
mode emissions in the plasmasphere. The plasmaspheric hiss spectrum can be 
viewed as having low (10 300 Hz) and high (300 Hz 3.3 kHz) components. 
Observations of plasmaspheric hiss in the low frequency portion of the spec­
trum show that the most intense region is in or near the magnetic equator 
in the afternoon sector and that during times of negative Bz that maximum 
intensity moves from L values of 3 to less than 2. These observations are 
consistent with particle-wave interactions in or near the magnetic equator in 
the slot region of the electron radiation belts. The high-frequency portion of 
the hiss spectrum shows intensity enhancements at high latitudes (L= 4) and 
in the magnetic equator near over L values from 2 to 3. The longitudinal 
distribution of the hiss intensity is similar to the distribution of lightning with 
the peak intensity near late afternoon and the minimum near early morning 
local times in addition to particle-wave interactions in the magnetic equa­
tor. At frequencies above 3.3 kHz whistler mode emissions from ground-based 
transmitters are observed. For these emissions the maximum intensity shifts 
almost exclusively to the local evening with enhancements all along L shells 
from 1.8 to 3. Indications are that the cyclotron resonance also operates in 
this frequency range. 
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OBSERVATIONS OF THE INNER MAGNETOSPHERIC AND 
RADIATION BELT PROCESSES BY RADIO PLASMA IM­
AGER ON IMAGE 

Reinisch, Bl, Song, pl, Huang, X.l , Green, J2 
lCenter for Atmospheric Research, 600 Suffolk St, Lowell MA 
01854 USA 
2NASA, Goddard Space Flight Ctr, Greenbelt MD 20771 USA 

Using the sounding measurements from the radio plasma imager on IM­
AGE, and a plasma density inversion algorithm, we derive the plasma density 
profiles along the magnetic field from one hemisphere to the other in less than 
2 minutes. In each satellite orbit, several such measurements are possible, 
providing a tool to measure two-dimensional plasma density distributions in 
a meridian plane. From these measurements, we derived a functional form for 
field-aligned density distribution as well as the radial cross-field distribution. 
When the satellite revisits the saIIle region in different orbits, the temporal 
variations of the density in this plane can be measured. We are using such 
measurements to develop the plasma density distribution models and to study 
the depletion, refilling, and other dynamical processes. In a case study of a 
magnetic storm event, the plasmapause was moved from L = 4 to about L = 
2.3 during the storm. Namely, the background plasma conditions within L=2.3 
were essentially unchanged during the storm while the plasma between L = 
2.3 was evacuated during the storm. We think that these dynamical changes 
in the plasma conditions may affect the lifetime of the radiation belt. Passive 
plasma wave measurements are also made by the same instrument. We have 
conducted a comprehensive survey of the whistler wave observed in the mag­
netosphere. Enhanced wave power is observed in good correlation with the 
magnetic footprint and the operating frequencies of ground VLF transmitters. 
These waves appear to have substantial effects on the lifetime of the radiation 
belt particles. The amplitude and the effective area of the transmitters will 
be evaluated. 
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LABORATORY INVESTIGATION OF THE PROPAGATION 
AND DUCTING OF WHISTLER-WAVES* 

W. E. Amatucci\ G. Ganguli\ D. N. WalkerI ,G. Gatling2 -

1 Plasma Physics Division, Code 6755, Naval Research Laboratory, 
Washington, DC 20375 
2 Advanced Technology Division, SFA, Incorporated, Largo, MD 
20774 

There have been a number of interesting in situ and laboratory obser­
vations of whistler wave propagation and stimulated emissions over the past 
few decades. For example, Stenzel [1975] reported on the self-ducting of large 
amplitude whistler waves in a laboratory plasma. Those experiments showed 
that with increasing amplitude, the radiation pattern from a small dipole an­
tenna becomes increasingly narrow, and ultimately forms a duct with diameter 
of the order of the parallel wavelength. The ducted waves were observed to 
propagate virtually undamped along the length of the plasma column. In the 
space environment, observations of artificially stimulated VLF emissions trig­
gered in the magnetosphere by whistler modes from VLF transmitters have 
been reported by Stiles and Helliwell [1975]. Emission radiation is assumed to 
come from the transverse currents formed by counterstreaming electrons that 
have been temporarily phase bunched by the constant frequency triggering 
signal. 

These observations have prompted a new NRL Space Physics Simula­
tion Chamber investigation of whistler wave dynamics in a simulated radiation 
belt environment. The ultimate goals of these experiments are to understand 
and quantify ducting, self-focusing, and amplification of whistler waves, to in­
vestigate nonlinear whistler-plasma interactions, and to study the secondary 
emission of whistler waves. The initial experiments will concentrate on the 
ducting of whistler waves in pre-existing density depletions and enhancements. 
Density structures with controllable scale size and depth will be created us­
ing methods previously developed for a Space Chamber investigation of the 
dynamics of magnetospheric boundary layers [Amatucci et al., 2003]. 

*This work supported by ONR and USAF /HAARP. 

Amatucci, W. E. et al., Phys. Plasmas, 10, 1963 (2003). 
Stenzel, R. L., Phys. Rev. Lett., 35, 574 (1975). 
Stiles, G. S. and R. A. Helliwell, J. Geophys. Res., 80, 608 (1975). 
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GENERATION AND PROPAGATION OF WHISTLER MODES 
IN A LABORATORY PLASMA 

Reiner L. Stenzel, J. Manuel Urrutia, Kyle D. Strohmaier 

Department of Physics and Astronomy, University of California, 
Los Angeles, CA, , 90095-1547 

Whistler-mode waves in laboratory plasmas are usually excited with an­
tennas. The radiation pattern of loop antennas has been studied, showing that 
loops small compared to the wavelength radiate predominantly along the res­
onance cone, cos 9 ~ w/wc for wp »wc. Large loops aligned along the guide 
field, B o, generate spatial wavepackets whose fields, 8B, have the topologies 
of vortices. In each half cycle 8B can be decomposed into linked toroidal and 
poloidal field components. The linkage is right-handed for propagation along 
Bo, left-handed for opposite propagation. Helicity injection from linked or 
knotted antennas produces unidirectional radiation of whistler vortices. By 
reciprocity, such antennas can be used to determine the direction of wave 
propagation, e.g., of whistler-mode noise. The radiation resistance of loop 
antennas has been studied. In order to excite strong whistlers, large near­
zone fields are required. This can lead to nonlinear effects, i.e., modifications 
of those parameters which determine the wave propagation. First, electron 
heating has been observed to produce a field-aligned density depression which 
efficiently guides the wave. Since the guide radius can be smaller than the 
wavelength, the ducting is not by wave refraction but by a new eigenmode of 
the perturbed density profile. Second, for large time-varying fields which ex­
ceed the guide magnetic field, the wave propagation becomes instantaneously 
nonlinear. Magnetic null points are formed when the loop field is opposite 
to, and larger than, Bo. In this case, the vortex cannot propagate through 
the null point and the wave energy nearly stagnates. For the opposite polar­
ity, the wave energy convects rapidly. For oscillating fields, this asymmetry 
produces dc fields and harmonics. The evolution of a stagnating whistler vor­
tex has been studied in detail. Such a field-reversed configuration decays by 
magnetic field annihilation in the toroidal current sheet. The dissipation is 
anomalously fast, which may be associated with the observed current-driven 
ion sound turbulence in the neutral sheet. Magnetic energy is converted into 
electron heat. The configuration has also been observed to become unstable 
to tilting of the current ring. The tilted field precesses around an axis defined 
by Bo. The toroidal null line degenerates into two spiral null points. The 
energy is partly convected, partly dissipated. Finally, the emission of whistler 
modes from moving sources will be addressed, which has various applications 
to space plasmas. 

Work supported by NSF PHY. 
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LIFETIME ESTIMATES OF ENERGETIC RADIATION BELT 
ELECTRONS DRIVEN BY LIGHTNING-GENERATED MAG­
NETOSPHERICALLY REFLECTING WHISTER WAVES 

Bortnik, J., Inan, U. S., Bell, T. F. 
Stanford University, David Packard Building, 350 Serra Mall, Palo 
Alto, CA. 94305 

We estimate the lifetimes of energetic radiation-belt electrons in the in­
ner magnetosphere by combining data on magnitude and occurrence of light­
ning with our model predictions of electron precipitation driven by magneto­
spherically reflecting (MR) whistler waves generated by lightning sources at a 
variety of latitudes. 

The model we use consists of four stages: (i) an extensive ray tracing 
and interpolation technique is used to compute the frequency-time (f - t) 
signature of an MR whistler wave at 10 latitude intervals along a given L-shell 
in the magnetosphere including the effects of spatial spreading and Landau 
damping, (ii) this information is used as an approximation to the MR whistler 
wave structure along the particular L-shell, and the equations of motion for a 
population of test particles are integrated to obtain overall pitch angle changes. 
The pitch angle changes of a broad range of resonant electron velocities are 
computed for harmonic resonances ranging from m = -5 to +5 inCluding 
the longitudinal or "Landau" resonance. (iii) The pitch-angle change data 
obtained in (ii) is convolved with a realistic model of the electron distribution 
(AE8 with a typical loss-cone distribution) to yield precipitated electron flux. 
(iv) Step (iii) is repeated for L-shells in the range 1.3 to 5.5 in order to simulate 
the entire inner magnetosphere. Results from our calculations are presented 
in terms of the percentage reduction in the flux of a given energy of electrons 
due to a single lightning discharge at a certain latitude, and only require a 
lightning rate to determine the overall lifetimes of energetic electrons at any 
L-shell. 
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NON-LINEAR COUPLING OF THUNDERSTORM GENER­
ATED RELATIVISTIC ELECTRON BEAMS WITH THE MAG­
NETOSPHERE 

Michael W. Chevalier, Umran S. Inan, Timothy F. Bell 

Stanford University 

Gamma ray observations from the BATSE experiment on the Compton 
Gamma Ray Observatory indicate that some gamma ray bursts originate in 
the Earth's atmosphere near large scale thunderstorm systems. It is believed 
that these gamma ray bursts consist of bremsstrahling from relativistic elec­
trons accelerated to Me V energies by the intense quasi-static electric fields 
which temporarily exist above thunderclouds after intense positive cloud to 
ground discharges. If so , most of these relativistic electrons would escape 
the atmosphere and enter the Earth's radiation belts without much loss of 
energy. In the radiation belts the relativistic electron beam will interact with 
the cold background plasma through the two-stream instability, and some of 
the relativistic electrons may become trapped in the radiation belts. In the 
present paper we carry out a theoretical analysis of how these relativistic elec­
tron beams can couple to the magnetosphere. The motivation for this study 
is to assess the contribution of this phenomenon to the relativistic electron 
population in the inner radiation belts. The interaction of the beam and the 
cold magnetoplasma results in changes in the beam's pitch-angle distribution. 
We use lD and 2D electromagnetic, particle-in-cell (PIC) simulators to calcu­
late the evolution of the beam's pitch-angle distributions. We first study the 
lD electrostatic interactions between the beam and the background magneto­
spheric plasma along a given L shell. We then assess the importance of other 
electromagnetic beam/plasma interactions with our 2D model. On the basis 
of these interaction models, we estimate the fraction of the original relativistic 
electron beam which can be trapped in the radiation belts. Our analysis is 
carried out for a range of initial beam densities and L shell values. 
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MODELING VLF PROPAGATION FROM GROUND TRANS­
MITTERS TO THE MAGNETOSPHERE 

Small, B. L.l, Starks, M. J.l, Sales, G. S.2 
ISpace Weather Center of Excellence, Space Vehicles Directorate, 
Air Force Research Laboratory 
2Center for Atmospheric Research, UMass Lowell 

A new VLF wave propagation code is being created to calculate the 
VLF wave power reaching the magnetosphere from ground transmitters. 
The code comprises three components to model the following processes: (a) 
ground/ionospheric wave-guide propagation, (b) ionospheric penetration and 
(c) magnetospheric propagation. The ground/ionospheric wave-guide compo­
nent uses a short dipole model to calculate near-field radiation for ground 
transmitters and a simple attenuation model for VLF waves traveling along 
the earth-ionosphere waveguide. The ionospheric penetration component ac­
counts for VLF leakage from the waveguide and absorption as the waves travel 
through the 60 to 1500km altitude range. Ionospheric penetration is computed 
as a function of season, GMT, and geomagnetic latitude. This penetration 
component is coupled with a ray-tracer that models the VLF from the topside 
of the ionosphere out to the magnetosphere where waves are guided as rays 
along magnetic field lines. 

Details of the modeling will be discussed and results from the code will 
be compared with VLF receiver data from the IMAGE spacecraft (see Ground­
based VLF transmissions received in the magnetosphere by the IMAGE/RPI 
satellite by G.S. Sales, et al., this session.) These results will show the correla­
tion between VLF propagation predicted by the code and signal measurements 
from space of U.S. Navy transmitters such as the one on Lualualei, Hawaii. 

This code also integrates with a larger set of codes that calculate the 
decay of trapped electrons in the radiation belts due to VLF wave-particle 
interaction. This is a relevant tool for investigating methods of reducing en­
ergetic particles that damage spacecraft. 
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MODELING A RADIATION BELT REMEDIATION SYSTEM 

Starks, M.J. 
Air Force Research Laboratory, Space Vehicles Directorate, 
Hanscom AFB, MA 

The ability to rapidly reduce the charged particle population in radiation 
belts is of interest in order to ensure safe spacecraft system operations. One 
actively explored method utilizes very low frequency (VLF) radio waves to 
scatter particles into the loss cone. An end-to-end computer simulation of 
depopulation by VLF comprises a major component of our investigation. 

For ground-based scenarios, a VLF penetration model provides input to 
the central power tracing system, which propagates individual rays through­
out the plasmasphere. For space-based approaches, far-field models of anten­
nae on orbiting platforms provide the initial conditions. The AFRL Space 
Weather Center of Excellences Next Generation Power Tracing Code tracks 
the input energy as it expands outward into the plasmasphere, using models 
of ionospheric and plasmaspheric particle densities and the geomagnetic field. 
A Volumetric Power Aggregator maps these results into a three-dimensional 
database of the aggregate power flux at any point in space. 

Using the resulting pictures of power flux, a Diffusion Coefficient Al­
gorithm computes the effects on energetic particles making up an artificial 
radiation belt. By exploring the parameter space of transmitter frequencies 
and locations, and radiation belt populations and locations, an effective prac­
tical system for radiation belt remediation can be conceived. 

Results from initial studies show the benefits of coupling these models, 
and their promise for designing systems that favorably impact the space en­
vironment. These simulations also create opportunities for comparisons with 
radio environment data obtained by satellites such as IMAGE, and with the re­
sults of ground-based experiments in VLF propagation into the plasmasphere. 
The modularity of the system allows easy extension to a host of propagation 
problems, including subionospheric HF and ducted VLF. 
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DISPERSIVE ALFvEN WAVES: LAB VERIFICATION OF DE­
PENDENCE ON FINITE PERPENDICULAR WAVE NUMBER 

Kletzing, C. A.1, Bounds, S. R. I, Skiff, F.l 
, Gekelman, W.2, Vincena, S.2 
1 Department of Physics and Astronomy, The University of Iowa 
2Department of Physics and Astronomy, University of California, 
Los Angeles 

Shear Alfven waves are thought to play a significant role in several re­
gions of near-Earth space including the plasma sheet, magnetopause, and au­
roral zone. The interesting physics occurs when the waves have narrow per­
pendicular structure such that the perpendicular scale is of the order of the 
ion acoustic gyroradius or the electron skin depth. Despite the importance of 
these waves, there are few experimental tests of the basic theory of the Alfven 
wave for conditions for which finite kJ.. is important. We present the results 
of a series of laboratory measurements of the shear Alfven wave dispersion 
relation for waves in the inertial (Vth ~ VA) and kinetic regimes (Vth ~ VA) 
as well as for when the waves are the regime which in-between inertial and 
kinetic (Vth ~ VA). The measurements were performed at the LArge Plasm 
Device at UCLA using the University of Iowa Arbitrary Spatial Waveform 
antenna. This antenna allows us to probe the dispersive nature of these waves 
for non-negligible kJ... Examples of the kinds of waveforms which can be gen­
erated are shown to demonstrate the flexibility of the system. By comparing 
the arrival times of the waves at spatially separated points, the wave phase 
velocity is determined which is then compared to the theoretical dispersion re­
lation. The dispersion relation shows the expected response in parallel phase 
velocity with increasing perpendicular wave number. We compare two-fluid 
and kinetic descriptions of the dispersion and find that the best agreement be­
tween theory and experiment occurs for the warm plasma dispersion relation 
including collisional damping. 
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A STUDY OF NONLINEAR INTERACTIONS BETWEEN 
SHEAR ALFVEN WAVES IN A LABORATORY PLASMA 

Carter, T .A. 1 , Brugman, B. 1, Pribyl, P.1 
, Dorland, W.2, Quataert, E. 3 

IDept. of Physics and Astronomy, UCLA 
2Physics Department, Univ. of Maryland 
3 Astronomy Department, UC Berkeley 

Electromagnetic turbulence is thought to play an important role in plas­
mas in astrophysical settings (e.g. interstellar medium, solar wind, and accre­
tion disks) and in the laboratory (e.g. transport in magnetic fusion devices). 
In Alfvenic turbulence, nonlinear interactions between counter-propagating 
shear Alfven waves are fundamental to the turbulent energy cascade. Under 
ideal, incompressible MHD, analytic theory and simulations show that these 
interactions lead to a Kolmogorov inertial range and to anisotropy in the 
wavenumber spectrum, with a preference for cascade in the perpendicular di­
rection. We will describe a new experimental effort to test these predictions in 
the Large Plasma Device (LAPD) at UCLA. In these experiments, a large scale 
shear Alfven wave is driven using either an antenna or an instability driven 
Alfven wave MASER in the plasma source regiona . A counter-propagating 
spectrum of shear waves is established using reflecting boundary conditions or 
a second antenna source. The wavenumber spectra of the waves are measured 
by magnetic pick-up probes and cross-correlation techniques, making use of 
the high repitition rate of the LAPD plasma for gathering statistics. I will 
discuss the requirements (launch wave amplitude, Te, etc.) for successfully 
observing a cascade initiated by the large scale "stirring" wave in LAPD as 
well as the physics issues which may be addressed through such an experiment 
(inertial range spectrum, dissipation, non-ideal effects, parametric decay, etc). 
The discussion will be supported by theory and gyrokinetic simulation of the 
planned experiments. Gyrokinetic simulation is well suited for studying the 
anisotropic kinetic Alfven wave cascade; simulations will be performed using 
the electromagnetic GS2b code. Preliminary experimental results will be pre­
sented including observations of nonlinear interaction between the MASER 
source wave and a low frequency wave during the initial experiments with 
reflecting boundary conditions. 

aJ.E. Maggs and G. Morales, PRL 91, 035004 (2003) 
bhttp://gs2.sourceforge.net 
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SPONTANEOUS DOUBLE LAYER FORMATION IN A HIGH­
DENSITY PLASMA 

Scime, E.E., Sun, X., Biloiu, C. , McGeehan, B. 
West Virginia University 

Spontaneous formation of a strong, current-free, electric double layer 
(DL) with e(phi)jkTe 3, based on axially resolved plasma potential measure­
ments, was recently observed in an expanding helicon plasma source after the 
neutral pressure was decreased to less than 0.5mTorr [1]. Laser-induced fluo­
rescence (LIF) measurements in the MNX helicon plasma source indicate that 
an energetic ion beam with parallel kinetic energy 30e V spontaneously ap­
pears in the expansion region at low neutral pressures 0.6mTorr - consistent 
with the spontaneous formation of a DL [2]. Pulsed plasma experiments have 
also reported the spontaneous formation of a double layer as the plasma ex­
pands into a vacuum region [3]. In this work, LIF measurements of the ion 
flow speed at three different places along the axis of the steady state, magne­
tized, high-density, HELIX helicon plasma source and in the expansion region 
at the end of the source indicate large ion acceleration towards the expansion 
region and decreasing parallel ion flow speeds beyond the expansion region. 
The parallel ion acceleration in HELIX is a strong function of neutral pressure 
below 2.5 mTorr. Estimates of the electric field in HELIX based on multi­
ple Langmuir probe measurements are comparable to the field magnitudes 
reported in Ref. [1]. We will discuss the similarities and differences between 
these different laboratory observations of spontaneous double layer formation 
and comment on the possible relevance to double layer formation in space. [1] 
C. Charles and R. Boswell, Applied Phys. Letters 82, 1356 (2003) [2] S.A. 
Cohen, N.Siefert, S.Stange, R.Boivin E. E. Scime, et al. Phys. Plasmas 10, 
2593 (2003) [3] G. Hairapetian and R.L. Stenzel, Phys. Rev. Lett. 65, 175 
(1990) 
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PROPOSED EXPERIMENT ON MEASURING PAYLOAD PO­
TENTIALS OF SOUNDING ROCKETS WITH EMISSIVE 
PROBES 

Sternovsky, Z., Knapmiller, S., Robertson, S. , Horanyi, M. 

Physics Department, University of Colorado, Boulder, CO 80309-
0390 

Charging of spacecrafts to large potentials in the magnetosphere and in­
terplanetary space has been long recognized as a nuisance and possible hazard 
and its mitigation has been undertaken in several ways. Sounding rockets, 
launched to the mesosphere and lower ionosphere, are exposed to the iono­
spheric plasma. The charging is due to collection of plasma electrons and 
ions and photoemission, respectively. Due to the high thermal motion of 
free electrons, negative payload potential is probable. The structure of the 
plasma sheath surrounding the rocket is a function of the local plasma den­
sity, temperature and the rockets speed. The charging of sounding rockets is 
not as severe as for spacecrafts; however, the nonzero payload potential affects 
the performance of many on-board instruments. Moreover, narrow layered 
structures with depleted free electron densities are known to exist near the 
mesopause region that may cause sudden changes in the payload potential. 
Langmuir probes or retarding potential analyzers can be used to measure the 
payload potential. These techniques require sweeping of potentials for a full 
measurement ant thus has limited time resolution. An in-situ experiment, us­
ing an emissive probe, is proposed to measure the rockets potential and the 
structure of the surrounding plasma sheath. The emissive probe is a short 
filament heated to incandescence, which emits electrons. The heating circuit 
of the probe is electrically floating and thus the probe self-biases to a potential 
of the immediate ambient space, thus allowing a fast, direct measurement of 
space potentials. An emissive probe is constructed that can withstand the 
mechanical strain during launch. The probe is mounted on a linear moving 
stage and is swept back and forth from the rockets surface out to a distance 
that is comparable to the rockets diameter. 
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GROWTH AND SUPPRESSION OF LOW FREQUENCY IN­
STABILITIES IN A MAGNETIZED PLASMA COLUMN 

Edward Thomas, Jr., Jon David Jackson, Edwynn Wallace 

Physics Department, Auburn University 

Low frequency instabilities have long been investigated in plasma 
physics. Nonetheless, through careful theoretical and experimental investi­
gations new types of instabilities continue to be predicted and observed in 
plasmas. One particular class of plasma instabilities that has been the subject 
of recent studies are flow shear driven instabilities both parallel and transverse 
to the background magnetic field. 

The role of transverse sheared flows is important in a wide variety of 
plasma phenomena. For example, in fusion plasmas, transverse flow shear at 
the plasma edge is often associated with internal transport barriers, the tran­
sition to enhanced confinement regimes, and a general reduction in the level 
of plasma instabilities. By contrast, in the study of magnetospheric plasmas, 
both transverse and parallel flow shears are believed to be important mech­
anisms for particle acceleration and the generation of ion acoustic and ion 
cyclotron instabilities. Although these plasma environments have vastly dif­
ferent parameters, the underlying physical mechanism of particle flows driven 
by crossed electric and magnetic fields remains the same. Our experimental 
investigations focus on understanding the role of transverse flow shear in the 
stabilization and destabilization of plasma instabilities in the ion cyclotron 
regime. 

Experiments are performed on the ALEXIS (Auburn Linear Experiment 
for Instability Studies) device; a 180 cm long, 10 cm diameter, magnetized 
plasma column. Helium plasmas are generated in ALEXIS using heated tung­
sten filaments. Sheared flows in the plasma are established using an array 
of four concentric ring electrodes placed at the opposite end of the chamber 
from the filaments. Earlier studies on ALEXIS have shown the formation of 
instabilities driven by transverse shear flow [E. Thomas, Jr., et. at., Phys. 
Plasmas, 10, 1191, (2003)]. This presentation will discuss observations of 
shear flow driven instabilities, the transition to current driven modes, and 
initial observations of an asymmetric plasma response to applied transverse 
electric fields. 

This work is supported by Department of Energy Grant No. DE-FG02-
00ER54476. 
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THE FLOATING POTEN­
TIAL MEASUREMENT UNIT (FPMU) CALIBRATION AND 
LABORATORY PLASMA VALIDATION 

Charles M. Swenson!, Don Thompson2, Chad Fish3 

, William Amatucci4 

1 Department of Electrical and Computer Engineering, Utah State 
University 
2Center for Atmospheric and Space Science, Utah State University 
3Space Dynamics Laboratory, Utah State University 
4Naval Research Laboratory 

NASA has set a priority on validating the vehicle charging physics and 
charge control system on the International Space Station (ISS). Vehicle charg­
ing is a function of the local electron density and temperature and involves 
a complex interaction of exposed potentials on solar panels, photoelectrons, 
surface properties, vehicle wake effects, and secondary electron emission. Ex­
cessive vehicle charging has been identified as a risk to astronauts working 
outside of the station as well as accelerating the degradation of the space sta­
tion surface properties. A fully redundant set of plasma contactors are used 
to control the charging of the space station. 

The Floating Potential Measurement Unit (FPMU) has been developed 
to assess how well ISS plasma contactors are working. The FPMU is being 
built by the Space Dynamics Lab at Utah State University and consists of 
two sweeping Langmuir probes, a floating potential probe, and a combination 
impedance / plasma frequency probe. This suite of instruments will directly 
measure the floating potential of the space station over a +20 to -80 volt range 
at 100 Hz. The local electron density will be measured at 400 Hz over the range 
of 103 to 107 per cubic centimeter using ion ram currents, electron currents 
and the plasma frequency measurements. The electron temperature will be 
determined from Langmuir sweeps at a 1Hz rate and will provide temperature 
in the range of 500 to 4800 K. The FPMU instruments are fully redundant 
in the determination of the required parameters of floating potential, density, 
and temperature. The FPMU will be operational for 3 years and is expected 
to be launched on the next shuttle mission. 

There have been a total of four identical flight FPMU systems developed 
for this program. One of the units has been tested in the Naval Research Lab­
oratory plasma chamber. As such, FPMU presents an interesting opportunity 
to correlate Langmuir and impedance probe techniques for plasma diagnostics 
both in space and laboratory conditions. This paper presents a review of the 
calibration techniques, the calibration results, and plasma chamber testing 
results at NRL for the FPMU. 
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CHARGED DUST AND PLASMA MEASUREMENTS IN 
IONOSPHERIC AND LABORATORY DUSTY PLASMAS 

Gelinas, L.J.l, Amatucci, W.E. 2, Lynch, K.A.3 ,Kelley, M.C. l 

lCornell University 
2Naval Research Laboratory 
3Dartmouth College 

Measurements of charged species in dusty plasmas, both in the labo­
ratory and in space, are complicated by the response of the charged dust 
population to disturbances. Understanding how dust influences these mea­
surements is becoming more important as interest in in-situ mesospheric dust 
and ice particle measurements increases. The accuracy of in-situ charged dust 
measurements depends on many factors, including detector geometry, motion 
of the payload and sensor through the medium, payload electric potential, 
dust charge and size, neutral density, plasma density, as well as geophysical 
effects. The presence of a chai-ged dust population may also influence other 
in-situ measurements, such as plasma densities and electric fields, due to the 
dust response to payload charging and dynamics. 

A set of rocket launches from Poker Flat Research Range in March 
2002 made in-situ measurements of charged dust, plasma densities and elec­
tric fields. The electric field and plasma density measurements show wake 
effects which appear to intensify when the payload is inside the charged dust 
layer. While it is possible to estimate the configuration of the wake poten­
tial structure using multiple probes on the payload, interpreting these type 
of measurements can be difficult if the response of the dust population is un­
known. Laboratory dusty plasmas can fill in some details of how dust responds 
to different perturbations, and may eventually help in interpreting the in-situ 
dusty plasmas. In this paper we present in-situ data from the March 2002 
ro.cket launches showing dust-related wake effects. We also describe ongoing 
laboratory dusty plasma experiments which we hope to use in determining 
how charged dust effects can be accounted for in in-situ data. 
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THE CURRENT STATUS OF THE GREEN BANK TELE­
SCOPE 

Balser, D., Ghigo, F., Jewell, P.R. 
, Langston, G., Maddalena, R.J., Minter, A. , O'Neil, K. 

National Radio Astronomy Observatory, PO Box 2, Green Bank, 
WV 24944 

The Robert C. Byrd Green Bank Telescope (GBT), the world's largest, 
fully steerable, single-dish radio telescope, is now in routine use by as­
tronomers. The GBT was formally dedicated in August 2000 and the first 
scientific observations took place in April 2001. Commissioning is successfully 
completed up to an observing frequency of 25 GHz. We plan to commission 
the GBT to 50 GHz by January 2004 and 100 GHz in two years. 

The GBT is an advanced telescope designed for a wide range of projects. 
Novel features of the GBT include an unblocked aperture with a projected di­
ameter of 100 m, an active surface for removing gravitational deformations, 
and a precision control system that includes various laser metrology and rang­
ing systems. The GBT's performance is as good or better than that stated in 
the original specifications. 

Current instrumentation includes a large suite of receivers that almost 
completely covers from 0.3 to 50 GHz. Bolometer and heterodyne array re­
ceivers for 68-98 GHz observing are either in construction or are being de­
signed. Observers can pick from a wide suite of backends. The GBT Spec­
trometer is a quarter-million channel autocorrelation spectrometer with up 
to 16 samplers, each having bandwidths from 12.5 to 800 MHz. We support 
a 16-channel, wide-bandwidth digital continuum receiver and various pulsar 
backends. Observers frequently supply their own backends for experiments 
like bi-static radar and pulsar observations. 

About 50-60% of the time the telescope is used for astronomical observ­
ing with the rest going to expanding the telescope's capabilities or maintenance 
items such as painting and system tests. We are investigating upgrades to the 
telescope's azimuth track which is experiencing premature wear, though none 
of these problems are affecting the astronomical performance of the instru­
ment. We expect the percentage of time devoted to observing will substantially 
increase over the coming months. 
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FIRST RESULTS FROM GBT STUDIES OF THE 2ICM HY­
DROGEN LINE 

Lockman, F.J. 
National Radio Astronomy Observatory, Green Bank, WV USA 

The Green Bank Telescope (GBT) is exceptionally well-suited for study­
ing the 21 cm line of HI in the Milky Way and nearby galaxies because of its 
good sky coverage and angular resolution, low-noise receivers, and freedom 
from aperture blockage. In this presentation I will discuss some discoveries 
that have resulted from 21cm observations at the GBT in its first two years 
of operation. 

With the GBT is has been possible to resolve much of the HI in the lower 
Galactic halo - far from the thin gaseous disk yet still bound to its rotation 
- into discrete clouds. These clouds are orders of magnitude denser than their 
surroundings and are unlikely to be in static equilibrium against the gravity of 
the disk. They may be the return products of a galactic fountain: cool clouds 
which have condensed out of a hot galactic halo and are now bringing material 
enriched by supernova ejecta back into the disk. They might also be material 
flung out of the disk by energetic events like mUltiple supernovae. The halo 
clouds are being used as probes of the dynamics of the interstellar medium, 
its physical conditions, and chemical evolution. 

Observations with the GBT have also shed new light on a prominent 
high-velocity HI cloud which appears in GBT 21cm spectra to show significant 
interaction with the outskirts of the Milky Way. These data support a model 
in which the cloud is a satellite of the Galaxy in the process of being accreted 
into the disk. The GBT data constrain models for its orbit and mass loss. 

Observations of HI in nearby galaxies with the GBT suggest that they 
too may contain a constellation of high-velocity clouds surrounding them. Here 
the sensitivity of the GBT to low surface brightness emission was a key factor 
in the experiments' success. One implication of these early results is that the 
high-velocity cloud phenomenon seen in our own Galaxy might be a reflection 
of ongoing processes of galaxy formation, and an expected feature of many 
galactic systems. 

Finally, work is near completion on a survey of 21cm HI in the first 
quadrant of the Galactic plane, using the VLA for high angular resolution and 
the GBT for the low spatial frequencies, which will give HI maps containing 
complete information to the l-arcmin resolution limit of the survey. Already 
these data are showing interesting features that are revising our understanding 
of the atomic phase of the interstellar medium. 
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PULSAR RESULTS WITH THE GREEN BANK TELESCOPE 

Camilo, F. 
Columbia University 

I will summarize some of the pulsar work done at the Green Bank Tele­
scope during the past two years. Among the projects are the search for and 
(sometimes) discovery of weak pulsars - e.g., young pulsars in supernova 
remnants and·EGRET sources (Camilo et al.), millisecond pulsars in globular 
clusters (Ransom et al., Jacoby et al.), and nearby X-ray bright, but appar­
ently radio weak/silent, neutron stars (Ransom et al.). Also, regular timing 
programs have been established for a number of young, binary, and/or millisec­
ond pulsars resulting in, e.g., measurement of secular changes in the binary pa­
rameters of PSR J1740-3052 due to the mass quadrupole of its main-sequence 
companion star (Stairs et al.); improvement in the mass determination of the 
double neutron star binary PSR J1518+4904 via measurement of relativistic 
effects (Nice et al.); an improved experimental constraint on the existence of 
dipolar gravitational radiation through timing of the binary pulsar B0655+64 
(Arzoumanian et al.); observations of the eclipsing binary PSR B1744-24A 
showing orbital evolution with both signs of period derivative, and large levels 
of timing noise (Nice et al.); measurement ofthe radio-X-ray pulse phase offset 
and radio spectrum for the young and energetic pulsar J2229+6114 (Camilo 
et al.); observations of some tight binary systems showing that the pulsars 
are not, in fact, eclipsed, even at relatively long wavelengths (Nice et al.). 
These observations have used instrumentation developed by Berkeley/Caltech 
(BCPM; Backer et al.) and NRAO (Spectral Processor). By the time of 
the meeting the "spigot card" (Kaplan et al.), developed by Caltech/NRAO, 
should also be routinely available. 
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PLANETARY RADAR RESULTS FROM THE GBT 

Margot, J. L. 
California Institute of Technology 

The Green Bank Telescope (GBT) offers new capabilities with consid­
erable promise for solar system studies. Some of the exciting developments 
involve the use of the GBT in conjunction with the powerful planetary radars 
at Arecibo and Goldstone. 

The Arecibo-GBT baseline is of convenient length and orientation for 
the measurement of Venus topography by radar interferometry at 12.6 cm 
wavelength. The ",2 km fringe spacing at Venus implies that 100-200 m height 
resolution can be obtained in high SNR regions. A preliminary interferogram 
over Maxwell is being used to study the relationship between altitude and 
surface emissivity/reflectivity and to evaluate surface slopes [1]. 

Several near-Earth asteroids (NEAs) have been observed with the GBT 
configured as a radar receiver. The advantage of this configuration is to al­
low continuous recording for long periods of time and therefore high spectral 
resolution of the Doppler-broadened echoes. The Arecibo-GBT configuration 
has been used to identify and characterize an end-member NEA, 2001 EC16, 
with a small size (",150 m) and a very long spin period (",6 days) [2]. This 
asteroid is most likely tumbling, which is of great interest because the damping 
timescale is related to asteroid mechanical properties. High resolution images 
of another NEA demonstrate that it is a slowly-rotating contact binary [3]. 

The GBT is also being used to probe the interior of Mercury and the 
atmospheric dynamics at Venus. A technique derived from the laser speckle 
literature [4] has been successfully implemented with the Goldstone-GBT base­
line to measure planetary rotations with 10-5 fractional uncertainty. Those 
observations reveal minute oscillations in the spin rate of Mercury resulting 
from the 88-day forced librations in longitude [5]. Measuring the amplitude 
of the librations was suggested by Peale [6] as a way to distinguish between 
a liquid and solid core at Mercury, because the amplitude is expected to be 
twice as large if the mantle is decoupled from the core. Long-term monitoring 
of the spin of Venus with the same technique is expected to reveal seasonal 
changes. A 1% change in atmospheric angular momentum affects the rotation 
of the solid planet in a measurable way, hence the Venus observations will 
probe its atmospheric dynamics and climatic variations. 

[1] L. M. Carter, D. B. Campbell, B. A. Campbell, J. L. Margot. LPSC, 34. 
[2] J. L. Margot et al., 2001 EC16, in preparation. 
[3] S. J. Ostro et al., 1993 OM7, in preparation. 
[4] I. V. HoHn. IVUZ, RadioJizika, 31, 515 (1988). 
[5] J. L. Margot, S. J. Peale, R. F. Jurgens, M. A. Slade, I. V. HoHn, in prep. 
[6] S. J. Peale. Nature, 262, 75 (1976). 
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GBT OBSERVATIONS OF WATER MASERS IN AGN 

Braatz, J.\ Henkel, C.2, Greenhill, L.3 
, Moran, J. 3, Wilson, A.4 

1NRAO, PO Box 2, Green Bank, WV 24944 USA 
2MPItR, Auf dem Hugel 69, D-53121, Bonn, Germany 
3Harvard-Smithsonian Center for Astrophysics, 60 Garden St., 
Cambridge, MA 02138 USA 
4Department of Astronomy, University of Maryland, College Park, 
MD 20742 USA 

We are using the Green Bank Telescope (GBT) to study the nuclear gas 
in active galaxies through observations of the 22 GHz water maser line. The 
sensitivity of the GBT at K-band and its capability of observing over large 
bandwidths with high spectral resolution have enabled advances on two fronts: 
monitoring the maser spectra in known sources, and searching for new water 
maser systems. Monitoring observations are used to trace gas dynamics. In 
cases where the maser exists in an edge-on, circumnuclear disk in the AGN, 
such observations reveal the rotational velocity and the centripetal acceleration 
of gas in that disk, and are used to estimate the mass of the central black hole 
in the AGN. We will show observations of several sources, including NGC 1386, 
IC 2560, and Mrk 1419 taken over 1.5 years. 

We are also using the GBT to search for maser emission in a sample of 
nearby (v < 10000 km s-l) galaxies with type 2 AGNs. The principal goal 
is to identify additional examples of disk masers similar to the one known in 
NGC 4258. Several new sources have been discovered with the GBT, including 
masers in the nuclei of NGC 6323, NGC 5728, and NGC 4388. Each of these 
has a maser spectrum which includes features near the systemic velocity of 
the galaxy in addition to features at large velocity offsets (up to 600 km s-l), 
suggesting the presence of a nuclear disk. The maser spectrum in NGC 6323 in 
particular has a classic profile showing three distinct groups of maser features 
which we interpret to derive from distinct loci in the edge-on disk. We will 
describe how future observations of the maser in NGC 6323 might lead to an 
accurate geometric measurement of the distance to this galaxy. Such a mea­
surement would provide an important data point in studies of the extragalactic 
distance scale. 
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POLARIZATION MEASUREMENTS AT THE GBT: TECH­
NIQUES, CALIBRATION, AND SIDELOBES 

Heiles, C.l, Robishaw, T.l, Troland, T.H.2 
1 Astronomy Department, University of California, Berkeley 
2Department of Physics and Astronomy, University of Kentucky 

Our scientific interests require measuring circular polarization of spec­
tral lines, which we accomplish with cross-correlation of linear polarizations 
using the Green Bank Spectral Processor. Calibration issues are extremely 
important. The cornerstone of our calibration technique is using a correlated 
noise source as the reference. We develop the Mueller matrix for the system 
with respect to the deflection of this noise source. We derive its elements from 
physical models of the voltage transfer functions in the feed and the coupling 
of the noise source to the system. We then express its elements in terms of 
the parallactic angle dependence of the system response to a linearly polarized 
astronomical calibration source such as 3C286. We follow the parallactic angle 
dependence of the calibrator, compared with a correlated noise source, using 
repetitive "spider scans" . 

These scans are fast and also provide complete beam maps, including 
the first sidelobe. The derived parameters include pointing offsets, beamwidth, 
beam ellipticity, beam coma, and system temperature, and also the first side­
lobe parameters expressed in a Fourier series around beam center, in all four 
Stokes parameters. This allows us to also derive the variation of polarization 
within the primary antenna beam, popularly known as "beam squint" and 
"beam squash" , for all Stokes parameters. 

We examine the sidelobe response within about 8 degrees from beam 
center by mapping Cas A, which is a very a strong continuum source. In 
addition, we examine the far-out sidelobe response out to 25 degrees from beam 
center from a very sparsely-sampled map of the Sun; these distant sidelobes 
are very weak and are not clearly related to spillover from the illumination of 
the secondary. 
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THE GBT: PROBING MAGNETIC FIELDS WITH ZEEMAN 
SPLITTING OF THE 2I-CM LINE 

Robishaw, T.l, Heiles, C.l, Troland, T.H.2 
1 Astronomy Department, University of California at Berkeley 
2Department of Physics and Astronomy, University of Kentucky 

The extremely low sidelobe response and unblocked aperture of the GBT 
make it a unique instrument for inspecting the nature and origin of magnetic 
fields using Zeeman splitting of the 2I-cm hydrogen line. We accomplish this 
by obtaining the Stokes V spectrum from the Green Bank Spectral Processor, 
which cross-correlates linear polarizations. Having characterized the L-band 
polarization response of the GBT, we observed a suite of sources using in-band 
frequency switching. Our targets are of three types: (1) in the Galactic plane, 
to derive the large-scale Galactic field; (2) at selected high-latitude positions, 
to derive field strengths in the Warm Neutral Medium and assess instrumental 
effects; and (3) in external galaxies, specifically M31. 

Our Galactic-plane targets include positions where the Zeeman effect 
might be seen in emission at the tangent points (G32.30+0.I5, G38.15-0.15, 
G43.75-0.1O, G52.20-0.05, G1l2.7-0.60, G139.1+0.70) and in absorption 
against continuum sources (W3, W43, W49A, W49B, W51). At high lati­
tudes we pointed to four positions (G135.3+40.8, G135.5+39.5, G142.5+41.0, 
G142.6+38.4, and the North Celestial Pole). In M31, we observed at two posi­
tions where the rotation curve is flat and the emission is completely separated 
in velocity from that of the Milky Way. 

We discuss our observing method and results for each source. We also 
discuss instrumental effects that are produced by polarization within the main 
beam and also the near-in and far-out sidelobes. These effects manifest them­
selves not only in the Stokes V spectra, but also in the Stokes I spectra. We 
discuss the locations and magnitude of these sidelobes based on measurements 
in both the continuum and the 21-cm line. 

This work was supported by the NSF through a GBT Student Support 
Program award to the author. 

337 



JI-8 

THE GBT PRECISION TELESCOPE CONTROL SYSTEM 

Prestage, R.M.I, Constantikes, K. T.I, Balser, D.S.l 
, Condon, J.J.2 

lNational Radio Astronomy Observatory, P.O. Box 2, Green Bank, 
WV 24944, USA 
2National Radio Astronomy Observatory, 520 Edgemont Road, 
Charlottesville, VA 22903, USA 

The Green Bank Telescope (GBT) is a 100m diameter advanced single 
dish radio telescope designed for a wide range of astronomical projects with 
special emphasis on precision imaging. The GBT is a massive structure weigh­
ing approximately 7700 metric tons, but is expected to deliver extraordinarily 
precise performance, in order to allow effective operation at observing fre­
quencies up to 115GHz. The ultimate performance goals are two dimensional 
tracking error 0"2 < 1.5" and surface accuracy E < 0.2mm. 

The key to delivering this performance is the Precision Telescope Control 
System (PTCS) project, which was formally launched in November 2002, and 
is expected to run through Winter 2005/6. The project has two major areas of 
activity. One aspect is the continued development and implementation of the 
Precision Telescope Control System itself. This consists of an extensive metrol­
ogy system, including temperature sensors, accelerometers, laser rangefinders 
and other devices; the existing precision servo systems (for primary, secondary 
and active surface) and a control system architecture which will allow us to 
harness these measurement and control capabilities to deliver a wide variety 
of observing modes with the precision necessary for 3mm operation. 

The second main aspect of the PTCS project is the performance of a se­
ries of astronomical and engineering experiments to identify, understand and 
correct the residual pointing and surface accuracy errors which need to be 
controlled to achieve 3mm operation. These errors can have multiple causes, 
many of which depend on variable environmental conditions. For example, 
thermal gradients in the antenna are responsible for the largest currently un­
compensated pointing and focus tracking errors. 

In this paper, we will present the results of recent commissioning activ­
ities, which will highlight the physical processes which must be mitigated in 
order to achieve precise operation of a 100m telescope. We will also present 
an overview of the control system which will be used to alleviate these effects, 
allowing effective operation of the GBT at frequencies up to 115GHz. 
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FUTURE HIGH FREQUENCY INSTRUMENTATION WITH 
THE GBT 

Mason, B.S. 
National Radio Astronomy Observatory, Green Bank, WV 

NRAO has made significant progress commissioning high-frequency in­
strumentation on the Green Bank Telescope, with the result that the GBT is a 
premier astronomical facility at frequencies up to 40 GHz. Key assets include 
the world's largest collecting area at frequencies above 40 GHz, a clean beam, 
an existing 4 GHz correlator, and a clear aperture. In the near future 3mm 
operations with the GBT will be possible. We briefly review the science which 
this groundbreaking capability will enable. The GBT can be expected to have 
a significant impact on studies of high-redshift galaxies, Galactic star forma­
tion, astrochemistry, extragalactic masers, and the SZE to name but a few. 
NRAO has an active high frequency instrumentation development program 
underway. With funds from NRAO's Universities Instrumentation program, 
the University of Pennsylvania, Goddard Space Flight Center, and NIST are 
building a 64 pixel 3mm bolometer array for the GBT. When initially con­
structed this instrument will have an 8 GHz bandwidth centered at 90 GHz, 
although a future filterwheel upgrade could allow the bandwidth to be in­
creased under good conditions. We are also building two pseudo-correlation 
receivers, one for each of Ka and W bands. With funding from the Universi­
ties Instrumentation program Caltech is building a fast-switching continuum 
backend for the pseudo correlation receivers. With the current antenna perfor­
mance this backend should yield a continuum sensitivity of ~ 0.3 mJy vsec at 
1cm. We are investigating the funding of a wideband spectrometer. This spec­
trometer would be intended for wideband radio redshift searches, and would 
notionally be used at wavelengths from ~ 1 cm to 3mm. 
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LARGE FORMAT BOLOMETER ARRAYS FOR ASTRO­
PHYSICS 

Moseley, H., Benford, D. 
Goddard Space Flight Center, Greenbelt, Md. 20782 

Some of the most compelling questions in modern astronomy are best 
addressed with submillimeter and millimeter observations. The question of 
the role of inflation in the early evolution of the universe is best addressed 
with large sensitive arrays of millimeter polarimeters. The study of the first 
generations of galaxies requires sensitive submillimeter imaging, which can 
help us to understand the history of energy release and nucleosynthesis in the 
universe, 

Our ability to address these questions is dramatically increasing, driven 
by dramatic steps in the sensitivity and size of available detector arrays. While 
the MIPS instrument on the SIRTF mission will revolutionize far infrared 
astronomy with its 1024-element array of photoconductors, thermal detectors 
remain the dominant technology for submillimeter and millimeter imaging and 
polarimetry. The last decade has seen the deployment of increasingly large 
arrays of bolometers, ranging from the 48 element arrays deployed on the KAO 
in the late 1980s, to the SHARC and SCUBA arrays in the 1990s. The past 
years have seen the deployment of a new generation of larger detector arrays in 
SHARC II (384 channels) and Bolocam. (144 channels). These detectors are 
in operation and are beginning to make significant impacts on the field. Arrays 
of sensitive submillimeter bolometers on the SPIRE instrument on Herschel 
will allow the first large areas surveys of the sky, providing important insight 
into the evolution of galaxies. The next generation of detectors, led by SCUBA 
II, will increase the focal scale of these instruments by an order of magnitude. 

Two major missions are being planned by NASA for which further de­
velopment of long wavelength detectors is essential, The SAFIR mission, a 
10-m class telescope with large arrays of background limited detectors, will 
extend our reach into the epoch of initial galaxy formation. A major goal of 
modern cosmology is to test the inflationary paradigm in the early evolution 
of the universe. To this end, a mission is planned to detect the imprint of 
inflation on the CMB by precision measurement of its polarization. This work 
requires very large arrays of sensitive detectors which can provide unprece­
dented control of a wide range of systematic errors, given the small amplitude 
of the signal of interest. 

We will describe the current state of large format detector arrays, the 
performance requirements set by the new missions, and the different ap­
proaches being developed in the community to meet these requirements. We 
are confident that within a decade, these developments will lead to dramatic 
advances in our understanding of the evolution of the universe. 
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Bolocarn is a millimeter-wave bolometer array camera built for obser­
vations from the Caltech Submillimeter Observatory. It has been optimized 
for sensitive cosmological observations, however its excellent sensitivity, three 
bands (1.1 mm, 1.4 =, and 2.1 =), and rapid mapping speed enable a 
broad range of astronomical observations. The 1.1 mm band is optimum for 
detecting submillimeter galaxies in extragalactic fields and thermal dust emis­
sion from Galactic star formation regions. The 2.1 mm band is optimum for 
observations of the thermal Sunyaev-Zeldovich effect to detect galaxy clusters 
and measure secondary cosmic microwave background anisotropies. These pro­
vide sensitive probes of our cosmological model. Combined with the other two 
bands, the 1.4 mm band could enable measurements of the peculiar velocities 
of galaxy clusters and hence measure the matter density of the Universe. 

The heart of Bolocarn is an array of 120 neutron-transmutation-doped 
silicon nitride micromesh, feedhorn-coupled bolometers on a single silicon 
wafer. The metallized meshes facilitate efficient absorption of millimeter­
waves, low heat capacity, and small cross section (5%) to cosmic rays. The 
bolometers are cooled to 260 mK with a triple-stage helium (4He/3He/3He) 
sorption refrigerator. Cold (140 K) JFET amplifiers near the bolometers am­
plify the signals before they are processed by room-temperature electronics. 
Three modes have been implemented for observations: drift scans, raster scans, 
and slow-raster scans plus chopping by the CSO subreflector. Rapid raster 
scans modulate astrophysical signals above atmospheric l/f noise. Slow-raster 
scans provide high observing efficiency for small fields (less than approximately 
a square degree). Custom software has been developed to reduce and analyze 
the data, and to simulate observations to quantify uncertainties and systematic 
effects. 
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We describe the two 12x32 'pop-up' filled bolometer arrays built at 
NASA/Goddard. The first array was completed in 2002 and is in service in 
the SHARC II 350 /-lm / 450 /-lm camera at the Caltech Submillimeter Observa­
tory (CSO). The second array will be used in HAWC, the 50-200 /-lm facility 
camera for SOFIA. The bolometers are micromachined 1 /-lm silicon mem­
brane with ion-implanted thermistors and have continuous bismuth (SHARC 
II) or gold (HAWC) absorbing films. The four thermally-isolating legs of the 
bolometers are 16 /-lm wide x 420 /-lm long and are shaped to allow their folding 
behind the plane of the bolometers. In the case of SHARC II, the bolome­
ters are located in front of a reflective backshort to give resonant absorption 
approaching unity at ",400/-lm. The HAWC bolometers are placed in front of 
an absorptive stop to provide frequency-independent ",50% absorption. The 
cold readout circuitry consists of custom chromium silicide load resistors and 
commercial silicon JFETs. All components are located in a single 4 K housing 
with thermal isolation of the bolometers and JFETs. Wiring is accomplished 
with micromachined wires for thermal isolation and rigid circuit boards. With 
the readout electronics powered up, the bolometer stage experiences a load of 
only 4 /-l W from the 4 K stage. The 120 K JFETs dissipate 83 m W into the 4 K 
stage, a load which is managed with copper straps and bus bars. The SHARC 
II array has a quantum efficiency in excess of 75% and background-limited 
performance in a post-detection band from 25 Hz to 0.05 Hz; this band is well 
suited for scanned observing modes at the CSO without a chopping mirror. 
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Both submillimeter and CMB astronomers require a new generation of 
large bolometer arrays. Technologies used in presently deployed instruments 
cannot be scaled to the larger formats now required without the introduction 
of cryogenic multiplexers. These multiplexers must combine the information 
from many bolometers into a single output channeL For the larger arrays, it 
must be possible to integrate the multiplexers into the focal plane. 

We are developing time-division multiplexers based on SQUID amplifiers 
for a variety of bolometer arrays including SAFIRE and SCUBA-2, which will 
have more than 10,000 pixels. In these multiplexers, a SQUID is connected to 
each TES detector. The bandwidth of the signal is limited by a one-pole low­
pass L/R filter formed by the inductance of the SQUID loop and the resistance 
of the TES. The SQUIDs in a column of detectors are turned on one at a time. 
The signals for a column of SQUIDs are su=ed in one output SQUID. The 
off SQUIDs are left in the superconducting state, contributing no noise and 
no signaL One row of SQUIDs is turned on at a time with a common address 
signal, and one output channel is used for each column. In this way a kilopixel 
array can is implemented using 32 address lines (one for each row of a 32 x 
32 array) and 32 output channels (one for each column). We have developed 
a full set of custom room-temperature electronics to address and read out the 
multiplexer. We will describe the performance of the multiplexer, which is 
sufficient to instrument the next generation of bolometer arrays. 

We are also developing higher performance multiplexers based on ultra­
low-pow~r SQUID amplifiers operated at microwave frequencies. In this ap­
proach, the outputs of many SQUID amplifiers are frequency-division mul­
tiplexed in high-Q resonant circuits into a single HEMT amplifier chan­
neL Microwave SQUID multiplexers may make it possible to read out thou­
sands of pixels of bolometers in a single HEMT amplifier channel without 
loss of sensitivity. The microwave SQUID multiplexer will be useful for 
most detector technologies that can be read out with low-noise SQUIDs. 
These include transition-edge sensors, magnetic calorimeters, superconductor­
insulator-superconductor tunnel junction detectors, and normal-insulator­
superconductor tunnel junction detectors, all of which have been successfully 
demonstrated with SQUID readout. 
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SCUBA-2 is wide-field camera for the James Clerk Maxwell Telescope in 
Hawaii. It is designed to obtain sensitive maps of the submillimeter-emitting 
Universe at wavelengths of 850 and 450 microns. With a much larger field-of­
view and sky-background limited sensitivity, SCUBA-2 will map large areas of 
sky up to 1000 times faster than the current SCUBA camera. The instrument 
is expected to be fully operational in 2006. 

The SCUBA-2 detectors are based on superconducting transition-edge 
sensor bolometers cooled to 100mK. To fully instrument the field of view 
of the JCMT, a total of 10,000 detectors are needed with a 1 mm pixel 
size. To achieve this pixel count, it is necessary to multiplex the bolometer 
signals in the focal plane. Thus, the TES bolometer array is bump bonded 
to an in-focal-plane superconducting quantum interference device (SQUID) 
multiplexer circuit. 

We describe some of the science that the instrument will do and detail 
the current state of the development of the TES bolometers and SQUID based 
multiplexers and pre-amplifiers selected for the detector technology. We also 
describe some of the focal plane engineering challenges that have been met. 
We include measurements of single pixel noise-equivalent powers, as well as the 
noise performance and bandwidth of the in-focal-plane SQUID multiplexers. 
We also describe the mounting and interconnects between the array at 100 
mK and the second-stage SQUID electronics at 1K. SCUBA-2 will be one of 
the first bolometer cameras with multiplexed arrays and to provide unparalled 
amounts of astronomical data about the submm Universe. 
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The next generation of Cosmic Microwave Background (CMB) observa­
tions will require large format arrays with 100-1000's of sensors to achieve their 
science goals. The APEX-SZ receiver, scheduled for deployment in fall 2004, 
will discover and catalog thousands of galaxy clusters using the CMB signature 
of the Sunyaev Zel'dovich (SZ) effect. The South Pole Telescope (2006), being 
a dedicated survey with a factor three more sensors, will augment the catalog 
with an order of magnitude more galaxy clusters. The POLARBEAR exper­
iment (2005) will provide a detailed map of the CMB polarization, including 
the signatures of gravitational lensing and possibly inflationary gravity waves. 
The performance and status of the instrumentation being developed for these 
receivers is described. 

The general structure of the detector and readout system is as follows. 
An array of 300 - 1000 Transition Edge Sensor bolometers are manufactured 
photolithographically and arranged on 6 pie shaped wedges. The SZ survey 
sensors use horn-coupled Silicon Nitride spider web bolometers, while the po­
larization sensitive bolometers are coupled to a pair of polarization sensitive 
dipole slot antennae. The bolometers are voltage biased with an AC carrier 
from a programmable Direct Digital Synthesizer. The sky signal amplitude 
modulates the carrier. The AC bias renders the system insensitive to low 
frequency noise upstream of the bolometers. The larger arrays will employ 
frequency domain multiplexing, greatly reducing the complexity of the cold 
wiring, while reducing the heat load due to wiring between the warm and cold 
electronics. The bolometer signal currents are amplified with a series array 
SQUID ammeter operating in shunt feedback mode to provide large dynamic 
range with a very low input impedance. The SQUID controller electronics are 
housed on fully programmable multichannel boards. The signal is mixed down 
to base-band using custom demodulator electronics, before being sampled and 
digitized. System tests involving complete readout channels are currently un­
derway. 
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The Atacama Cosmology Telescope (ACT) Collaboration is building the 
Millimter Bolometric Anisotropy Camera (MBAC) to make high-fidelity maps 
of the cosmic microwave background (CMB) at high angular resolution (2.7 
arcminutes). MBAC features pop-up transition-edge sensor (TES) detectors 
fabricated by Goddard Space Flight Center, operating near 300 mK, and read 
out with time-domain muxing, using NIST mux chips. 

The recent technological breakthroughs in detector development and 
muxing capabilities have arrived just as CMB experinments in this decade 
(most noteably WMAP, but also Boomerang, Archeops, Maxima, DASI , and 
soon Planck) have provided exhaustive measurements of the CMB temperature 
anisotropy at large and medium scales (multipole moment less than 1000). At 
finer angular resolution, the primordial CMB anisotropy is small and requires 
high sensitivity to detect. A host of secondary effects, including lensing of the 
CMB by dark matter, and upscattering of photons off electrons in overdense 
regions, imprint the fine-scale CMB, leaving evidence of the structure and 
composition of the universe between here and the surface of last scattering. 
The Sunyaev-Zel'dovich effect of upscattering of CMB radiation as it traverses 
the hot gas of clusters leaves a spectral signal which may be decoded by use 
of measurements in multiple frequency bands. The MBAC includes filled ar­
rays of 1024 TES detectors at each of three such bands, providing excellent 
sensitivity and the requisite spectral discrimination. 

The ACT MBAC arrays will be described and progress noted. Some 
mention of the design considerations for the experiment will be given; the 
need to control systematic errors dominates the optical and thermal design, 
the scan strategy, and the site selection. 
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Recent progress in polarization sensitive bolometric focal plane archi­
tecture and sensitivity has been astounding. Bolometers currently offer sensi­
tivities near theoretical limits over a decade in frequency coverage, with rapid 
detector response times. These detectors are being deployed in ever larger 
numbers on ground, balloon, and spaced-based platforms. Future missions re­
quire not only raw sensitivity on a pixel-by-pixel basis, but also the capability 
to combine large numbers of detectors with minimal efficiency degradation. As 
a contemporary example of a large format bolometric array polarimeter, we de­
scribe the design and performance of BICEP (Background Imaging of Cosmic 
Extragalactic Polarization) which will observe the polarization of the cosmic 
microwave background from the United States South Pole Station, Antarc­
tica. BICEP will measure polarized signals over a ~ 15 degree field of view 
with better than 1 degree resolution using an array of 96 polarization sensitive 
bolometers operating in two frequency bands: 80-110 GHz and 125-165 GHz. 
BICEP is optimized to detect the faint signature imprinted by a stochastic 
background of primordial gravitational waves - which is a generic prediction 
of inflationary cosmologies. NASA has recognized the richness of CMB polar­
ization cosmology and has allocated an Einstein Probe mission opportunity 
- the "Inflation Probe - CMBPOL". To accomplish its goals, CMBPOL re­
quires rv 30 times the polarization sensitivity of Planck and rv 300 times that 
of WMAP. The mission requirements for CMBPOL are quite daunting and will 
most certainly require an array of thousands of background limited detectors 
operating from rv 50 to 500 GHz. We discuss the implications of CMBPOL 
for both short and long-term bolometric focal plane architectures. 
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CMB POLARIMETRY BY DESIGN: THE IDEAL AND THE 
REAL IN THE CAPMAP EXPERIMENT 

Suzanne Staggs1, The CAPMAP Collaboration 
Iprinceton University 
2 Chicago, JPL, Miami, Princeton 

Inflation, reionization, and dark-matter-driven oscillations of the pri­
mordial plasma polarize the cosmic microwave background (CMB) radiation 
slightly. Initial detections of small polarization anisotropies in the CMB agree 
with theoretical predictions. Just as the recent fabulous published results from 
the WMAP satellite on the anisotropy of the intensity of the CMB bring great 
insights into the latter two processes, further study of (and search for) the 
patterns of polarization anisotropy offers its own bounty. However, polariza­
tion experiments grapple with distinct systematic effects from those. confronted 
and conquered by temperature anisotropy measurements in the last decade. 
Typical polarization anisotropies (measured in microKelvin) are more than 
ten times smaller than temperature anisotropies at similar scales, and the B­
modes which might be imprinted by gravity waves are at least an order of 
magnitude smaller still. 

The high-resolution CAP MAP experiment was designed to mitigate risk 
from systematic errors as much as possible. We confront the design goals 
with reality, and detail how data from the first season of data from the 4-
element prototype lead to certain design improvements for the second season. 
CAPMAP comprises a 16-element correlation polarimeter array operating at 
40-90 GHz, the sweet spot in the foreground spectrum. One dozen of the 
receivers have bandwidths 84-100 GHz, while the final four have bandwidths 
35-46 GHz. These disproportionate numbers allow for equal sensitivity in each 
frequency band and thus substantial discrimination against foregrounds. The 
polarimeter array illuminates a 7m off-axis Cassegrain antenna in Holmdel, N J 
(owned by Lucent Technologies.) The CAPMAP instrument will be described 
in detail, with discussion of the data collected from the first season of the 4-
element prototype and preliminary results from the ongoing campaign of the 
full-up system. Future directions for large arrays of correlation polarimeters 
will also be indicated. 
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CMB polarization measurements promise to be challenging in both the 
sensitivity and systematic arenas. In January 2003, we flew the Boomerang 
instrument on a stratospheric balloon around Antarctica to measure polar­
ization in the CMB. Boomerang is a polarization-sensitive bolometric array 
receiver coupled to a 1.3m telescope. The focal plane uses two detector tech­
nologies. Four single mode corrugated feed structures are coupled to 150GHz 
polarization sensitive bolometer pairs developed at Caltech and JPL. An addi­
tional four single mode corrugated feed structures are coupled to an overmoded 
lightpipe, where a dichroic beam splitter is used to direct radiation to two de­
tectors, one at 240GHz, the other at 340GHz. In this two-color photometer, 
the polarization selectivity is done with a polarization placed at the front of 
the input corrugated feed horn. Analysis of the Boomerang data is currently 
underway. In this talk I will describe the Boomerang instrument in some 
detail, explain our approach to measuring CMB polarization, and described 
lessons learned both from our efforts to charachterize the instrument prior to 
flight, and those learned so far from analyzing the flight data. 

Future measurements of CMB polarization will require more powerful 
multi-color focal plane arrays. I will discuss one possible approach to this tech­
nology challenge, the Polarization and Frequency Selective Bolometer (PFSB). 
This approach, currently in the early stages of development, will enable wide 
bandwidth multi-frequency coverage at each position in the focal plane. It can 
also be configured to reduce the number of detectors in a focal plane while 
retaining total focalplane sensitivity, at the expense of angular resolution. 
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The Wilkinson Microwave Anisotropy Probe (WMAP) has mapped the 
entire sky in five frequency bands between 22 and 94 GHz with polarization 
sensitive radiometers. Twenty radiometers are distributed among the bands 
yielding roughly comparable sensitivity per band. Each of the radiometers is a 
type of correlation receiver based on NRAO HEMT amplifiers. The radiome­
ters are fed by corrugated horns illuminated by back-to-back offset shaped 
Gregorian telescopes with optical axes separated by approximately 140 de­
grees. Each horn supports two orthogonal polarizations. As a result, in one 
radiometer WMAP measures the power difference between linearly polarized 
modes from different directions. Each pair of horns measures two polariza­
tion differences using two independent radiometers. The polarization signal is 
derived from the difference in the outputs of the two radiometers associated 
with each pair of feeds. 

WMAP observes from the second Earth-Sun Lagrange point (L2). The 
full sky coverage is achieved with a compound spin and precession in addition 
to the annual rotation of L2 around the Sun. In effect, every pixel is observed 
with multiple spacecraft orientations, allowing us to produce separate Stokes 
I, Q, and U maps. 

We use WMAP as an example of a method for measuring the polariza­
tion of the cosmic microwave background. Though the most recent WAMP 
results will be reviewed, the emphasis of the talk will be on the general lessons 
we have learned about making polarization measurements. In particular, we 
discuss the control and identification of systematic errors. 

This talk will complement related talks at the conference by Gary Hin­
shaw and Al Kogut. 
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QUEST at DASI (QUaD) is a ground-based high-sensitivity, high­
resolution (£ma", "" 2500) Cosmic Microwave Background (CMB) polarization 
experiment designed to measure the power spectra from E-modes due to den­
sity fluctuations in the early universe, B-modes from gravitational lensing of 
the CMB, and B-modes from primordial gravitational waves. The experiment 
comprises a 2.6m Cassegrain optical system, equipped with an array of 62 
polarization-sensitive bolometers (PSBs), that will be located at the South 
Pole. QUEST on DASI will observe at 100 and 150 GHz and will commence 
operation in early 2005. The instrument is designed to minimize systematic 
effects; design features include an on-axis telescope to minimize instrumental 
polarization, careful design of the optics and feedhorns to minimize the effects 
of spillover and sidelovbes, differencing of pairs of orthogonal PSBs within a 
single feed in software, an achromatic sapphire waveplate that will be used 
to rotate the plane of polarization of the sky with respect to each PSB, and 
axisymmetric rotatable optics. In addition the South Pole location will allow 
both repeatable and highly-controlled observations. 

Polarization measurements require not only a significant increases in 
raw sensitivity over temperature measurements, but also comparable improve­
ments in the control of systematics errors. I will describe the design of QUaD, 
with partiCUlar attention to steps that have been taken to minimize systematic 
effects, especially from instrumental polarization, and from the atmosphere. 
QUaD is designed not only to minimize expected systematics, but also to allow 
them to be thoroughly characterized to allow their impact to be assessed and 
removed. I will also briefly mention the expected science from this experiment. 
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CMB polarization measurements promise to probe the inflationary era, 
measure large scale stucture via lensing of the CMB, and to improve measure­
ments of cosmological parameters. There are many challenges to fully charac­
terize the polarization of the CMB, however. The signals are extrememly faint 
and they have to be measured in face of large interfering signals including the 
CMB itself. Therefore, the design of the experiments simulaneously require 
high sensitivity and high rejection of systematic errors. 

First, the optical system of a CMB polarization experiment has to be 
designed to give low spurious polarization. Two effects that must be min­
imized are instrumental polarization (turns intensity to polarization), cross­
polarization (rotates polarization), and depolarization (turns polarization into 
intensity). We will discuss an example of a system with low-spurious effects. 

Second, the detector system including the coupling optics must separate 
polarizations cleanly and be free of cross polarization. We will discuss the 
development of antenna-coupled bolometer systems that will give large arrays 
of detectors with good optical properties. 

Finally, we will discuss polarization modulation techniques, such as the 
use of a rotating half-wave, and sky scanning strategies. We will discuss the 
POLARBEAR experiment, which is in the planning stages, as an example 
of the implementation of these ideas. POLARBEAR will be based on a 2m 
diameter off-axis telescope and a bolometer array receiver. The bolometers will 
use superconducting transition-edge sensors (TES) and SQUID readouts. A 
rotating half-wave plate will be used between the telescope and the bolometer 
array. The receiver will use a mechanical pulse-tube cooler, which eliminates 
the need for liquid cryogens. 
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Future CMB polarization experiments will require order of magnitude 
increases in focal plane array size, to roughly 103 pixels, in order to achieve 
the sensitivity goals. However, a simple scaling of existing CMB array tech­
nology appears to be prohibitive in terms of the size, mass, wiring, and cost 
of the resulting array. One promising solution is the use of superconduct­
ing thin-film technology to produce a highly integrated monolithic detector 
array. In many cases, concepts and designs previously developed for super­
conducting tunnel junction (SIS) mixers may be adapted for this use. The 
superconducting components under development for CMB detection include: 
high-directivity phased-array planar antennas to replace the corrugated feed­
horns; low-loss microstrip transmission lines for transporting IDID-wave signals 
across the chip, from the antenna to the detector; on-chip high-performance 
lumped-element superconducting filters for defining multiple spectral channels; 
microstrip-coupled superconducting detectors; and perhaps even on-chip po­
larization modulators. Several types of microstrip-coupled detectors may be 
used, including TES bolometers as well as kinetic inductance devices. These 
components are now under development at Caltech/ JPL. The design consider­
ations as well as the test methods and results achieved with prototype devices 
will be described. Several of the prototype devices incorporate tunnel junc­
tion detectors to allow simple measurements at helium (4 K) temperatures. 
The results to date include measurements of the millimeter-wave properties 
of superconducting microstrip lines, including their characteristic impedance, 
phase velocity, and loss; beam pattern measurements of the new phased-array 
antennas; demonstration and characterization of a microstrip-coupled TES 
bolometer using a twin-slot antenna; and the demonstration of a novel kinetic 
inductance detector with a multiplexable microwave readout. 
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Bolometric detectors can provide both the broad frequency coverage and 
the high sensitivity necessary for an orbital mission dedicated to polarimetry 
of the Cosmic Microwave Background (CMB). The goal of such a mission 
will be to accurately measure the spatial distribution of polarization to an 
extremely low level of fractional polarization and over a wide range of angular 
scales. The calibration of any instrument designed to achieve this goal will be 
a challenge. 

There is little experience to date in the use of bolometric polarimeters 
at millimeter wavelengths. Polarization-sensitive bolometers (PSBs) made of 
crossed, free-standing absorbers embedded in cicular waveguide have been 
used in balloon-borne experiments (BOOMERanG) and are planned to be 
used in the near future in ground-based experiments (BICEP and QUEST) 
and, ultimately, on the High Frequency Instrument (HFI) on Planck. These 
detector systems provide high rejection of many common-mode signals that 
would otherwise confound attempts to measure small fractional polarization. 
The challenges to proper calibration of these detector systems differ signifi­
cantly from those of HEMT-based systems, and the calibration strategies and 
system requirements are correspondingly different. 

Antenna-coupled bolometric systems are currently envisioned for a post­
Planck mission. The calibration of these systems will be similar in many 
respects to that of the PSB-based systems now in use. Experience gained 
over the next 2 to 3 years in calibration of ground-based and balloon-borne 
experiments will be crucial to understanding the proper design of a post-Planck 
orbital mission dedicated to CMB polarimetry. 
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EXPERIMENTAL ISSUES FOR THE EINSTEIN INFLATION 
PROBE 

Gary Hinshaw 
Code 685, NASA Goddard Space Flight Center, Greenbelt, MD 
20771 

NASA Headquarters' Office of Space Science has put out a call for mis­
sion concept studies for a planned "Einstein Inflation Probe". The goal of 
this mission would be to search for primordial gravity waves generated during 
a period of inflationary expansion in the early universe. Gravity waves from 
inflation produce a faint but characteristic pattern in the polarization of the 
cosmic microwave background (CMB) radiation. Thus a sensitive CMB polar­
ization experiment might be the only way to probe physics at the grand-unified 
theory (GUT) scale, exceeding by 12 orders of magnitude the energies studied 
at the Large Hadron Collider. A detection of gravity waves would represent 
a remarkable confirmation of the inflationary paradigm and set the energy 
scale at which inflation occurred when the universe was a fraction of a second 
old. Even a strong upper limit to the gravity wave amplitude would be signif­
icant, ruling out many common models of inflation, and pointing to inflation 
occurring at much lower energy, the supersymmetry or electroweak-symmetry 
breaking scales, if at all. 

In this talk I will present an overview of the scientific case for the Einstein 
Inflation Probe and highlight some of the experimental challenges the mission 
poses. Some of the open experimental questions that need to be addressed are 
1) The degree to which astrophysical foregrounds, including polarized Galactic 
emission and gravitational lensing, will compromise the detection of gravity 
waves. 2) The degree to which systematic errors can and must be controlled 
and verified to reach the required measurement accuracy. 3) The choice of 
detector, polarimeter, and other experimental technologies required to meet 
sensitivity, systematic error and calibration budgets. 
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REIONIZATION OF THE UNIVERSE 

Nick Gnedin 
University of Colorado 

Cosmological reionization, the process of ionization of the bulk of cos­
mic gas by ultra-violet radiation from primeval galaxies, is by far the most 
dramatic event that occurred in the recent history of the universe. I will 
overview recent observational and theoretical progress in our understanding 
of a general process of reionization, its stages, sources of ionizing radiation, 
and time-scales. I will present the latest numerical simulations of reionization 
and will highlight their limitations and successes. I will then describe the the­
oretical progress that will be achieved in the nearest future as next generation 
numerical tools are being developed. I will emphasize the role and importance 
of the observational data from the recent discoveries of high redshift quasars by 
the Sloan Digital Sky Survey, and the measurement of large optical depth for 
Thompson scattering in the polarization component of the Cosmic Microwave 
Background by the Wilkinson Microwave Anisotropy Probe satellite. 

I will also discuss the observational opportunities for studying reioniza­
tion that are going to open to us with the development of the next generation 
radio telescopes, LOFAR and later SKA, in this and the next decade. I will 
describe studies of the redshifted 21 cm emission and absorption from neu­
tral hydrogen, currently considered to be the main observational approach to 
mapping the distribution of neutral and ionized gas in the early universe. I 
will mention possible observational strategies that can be attempted with LO­
FAR and SKA within the next decade, the role of galactic and extra-galactic 
foregrounds, and approaches for substructing them. 
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WMAP DETECTION OF EARLY REIONIZATION 

Alan Kogut 
NASA's GSFC 

The Wilkinson Microwave Anisotropy Probe (WMAP) has mapped the 
full sky in Stokes I, Q, and U parameters at frequencies 23, 33, 41, 61, and 
94 GHz. We detect correlations between the temperature and polarization 
maps significant at more than 10 standard deviations. The correlations are 
inconsistent with instrument noise and are significantly larger than the up­
per limits established for potential systematic errors. The correlations are 
present in all WMAP frequency bands with similar amplitude from 23 to 94 
GHz, and are consistent with a superposition of a CMB signal with a weak 
foreground. The fitted CMB component is robust against different data combi­
nations and fitting techniques. On small angular scales the WMAP data show 
the temperature-polarization correlation expected from adiabatic density per­
turbations. The data for £ > 20 agree well with the signal predicted solely 
from the temperature power spectra, with no additional free parameters. The 
existence of correlations on super-horizon scales provides significant support 
for inflationary cosmologies. We detect excess power on large angular scales 
compared to predictions based on the temperature power spectra alone. The 
excess power is well described by reionization at redshift 11 < z < 30 at 95% 
confidence. A model-independent fit to reionization optical depth yields results 
consistent with the best-fit ACDM model, with best fit value T = 0.17 ± 0.04 
at 68% confidence, including systematic and foreground uncertainties. This 
value is larger than expected given the detection of a Gunn-Peterson trough in 
the absorption spectra of distant quasars, and implies that the universe has a 
complex ionization history. I will discuss the WMAP data and its implications 
for reionization in the early universe. 
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PROBING THE REIONIZATION HISTORY OF THE UNI­
VERSE 

Haiman, Z. 
Columbia University 

The recent discovery of a high optical depth 7 to Thomson scattering 
from the Wilkinson Microwave Anisotropy Probe (WMAP) data implies that 
significant reionization took place at redshifts z > 6. This discovery has 
important implications for the sources of reionization, and allows, for the first 
time, constraints to be placed on physical reionization scenarios out to redshift 
z ,..., 20. Using a new suite of semi-analytic reionization models, we show that 
the high value of 7 requires a surprisingly high efficiency € of the first generation 
of UV sources for injecting ionizing photons into the intergalactic medium. We 
find that no simple reionization model can be consistent with the combination 
of the WMAP result with data from the z ,..., 6 universe. Satisfying both 
constraints requires either of the following: (i) H2 molecules form efficiently at 
z ,..., 20, survive feedback processes, and allow UV sources in halos with virial 
temperatures Tvir < 104K to contribute substantially to reionization, or (ii) 
the efficiency € in halos with Tvir > 104K decreased by a factor of 30 between 
z ,..., 20 and z ,..., 6. We discuss the relevant physical issues to produce either 
scenario, and argue that both options are puzzling from a theoretical point 
of view, although they are allowed by current data. In detailed models of 
the reionization history, we find that the evolution of the ionized fractions in 
the two scenarios have distinctive features that Planck can distinguish at 30" 
significance. At the high WMAP value for 7, Planck will also be able to provide 
tight statistical constraints on reionization model parameters, and elucidate 
much of the physics at the end of the Dark Ages. The sources responsible for 
the high optical depth discovered by WMAP should be directly detectable out 
to z ,..., 15 by the James Webb Space Telescope. 
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COSMOLOGICAL REIONIZATION 

Renyue Cen 
Princeton University 

Cosmological reionization process is likely to be very complex. Cos­
mological and perhaps equally importantly astrophysical processes related to 
galaxy formation come to play. Therefore, probing the reionization process is 
potentially extremely rewarding scientifically in terms of understanding cos­
mology and galaxy at high redshift. In fact, recent Wilkinson Microwave 
Anisotropy Probe (WMAP) has already produced very exciting results, indi­
cating that the universe was reionized at an epoch much earlier than indicated 
by the quasar absorption spectrum observations by the Sloan Digital Sky Sur­
vey (SDSS). However, the SDSS observations appear to firmly point to a pic­
ture where the universe experienced a dramatic change in its ionization state 
at z 6, mostly likely being a transition from a significantly neutral state to a 
highly ionized state of the intergalactic medium in a very brief period of time, 
normally termed the completion of the reionization (Le., the relatively short 
overlapping period of HII regions). This suggests that the universe may have 
experienced more than one reionization, as recently suggested (Cen 2003). 
The actual evolution of the intergalactic medium from z 30 to z 6 may be even 
more complex than the double reionization picture. It is therefore extremely 
useful to find direct probes for the reionization process. While ongoing CMB 
experiements such as WMAP will continue to firm up the results and future 
CMB experiments such as PLANCK surveyor will provide more accurate re­
sults, radio observations afford a unique window to the high redshift universe. 
Specifically, properties of the intergalactic medium and small galaxies at high 
redshift are expected to show dramatic differences under different reionization 
histories. Therefore, direct radio observations such as through hydrogen 21 
cm lines may hold a key to unlock the mystery. 
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21-CM LINES FROM MINIHALOS BEFORE AND DURING 
COSMIC REIONIZATION 

Shapiro, P.R. 
Dept. of Astronomy, University of Texas 

In the standard Cold Dark Matter (CDM) theory of structure forma­
tion, virialized minihalos (with virial temperatures up to 10,OOOK) form in 
abundance at high redshift (z i, 6) during the cosmic "dark ages." The hy­
drogen in these minihalos, the first nonlinear baryonic structure to form in 
the universe, was mostly neutral and sufficiently hot and dense to emit sig­
nificantly at the 21-cm line. We have calculated the emission from individual 
minihalos and the radiation background contributed by their combined effect. 
Minihalos create a " 21-cm forest" of emission lines. We predict that the angu­
lar fluctuations in this 21-cm background may be detectable with the planned 
LOFAR and SKA radio arrays, thus providing a direct probe of structure 
formation during the "dark ages." Such a detection will serve to confirm the 
basic CDM paradigm while constraining the background cosmology parame­
ters, the shape of the power spectrum of primordial density fluctuations, the 
onset and duration of the reionization epoch, and the conditions which led to 
the first stars and quasars. The minihalos which emit this 21-cm background 
will also cause a "21-cm forest" of absorption lines, as well, in the spectrum 
of radio continuum sources at high redshift, if the latter came into existence 
before the end of the reionization epoch. Reionization exerted a strong feed­
back effect on the minihalos, when the ionization fronts which photoionized 
the intergalactic medium encountered individual minihalos, which trapped the 
I-fronts and were photo evaporated by them. We have studied this process in 
detail, including the first gasdynamical simulations of minihalo photoevapo­
ration which include radiative transfer. Recent observations by WMAP of 
polarization of the cosmic microwave background which fluctuates on large 
angular scales imply that reionization was already well underway by redshift 
z = 15, while observations of the Gunn-Peterson effect and the Lyman alpha 
forest at lower redshift imply that reionization did not end until about z = 
6. We will discuss the implications of these observations for the predictions of 
minihalo 21-cm lines and the role and fate of minihalos during reionization. 
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FOREGROUNDS FOR 21CM OBSERVATIONS OF NEUTRAL 
GAS AT HIGH RED SHIFT 

S. Peng Ohl, Katherine Mack2 

1 Dept. of Physics, UC Santa Barbara 
2Theoretical Astrophysics, Caltech 

We investigate a number of potential foregrounds for an ambitious goal 
of future radio telescopes such as the SquareKilometer Array (SKA) and Low 
Frequency Array (LOFAR): spatial tomography of neutral gas at high redshift 
in 21cm emission. While the expected temperature fluctuations due to ume­
solved radio point sources is highly uncertain, we point out that free-free emis­
sion from the ionizing halos that reionized the universe should define a minimal 
bound. This emission is likely to swamp the expected brightness temperature 
fluctuations, making proposed detections of the angular patchwork of 21cm 
emission across the sky unlikely to be viable. Ha observations with JWST 
could place an upper bound on the contribution of high-redshift sources to the 
free-free background. An alternative approach is to discern the topology of 
reionization from spectral features due to 21cm emission along a pencil-beam 
slice. This requires tight control of the frequency-dependence of the beam in 
order to prevent foreground sources from contributing excessive variance. We 
also investigate potential contamination by galactic and extragalactic radio re­
combination lines (RRLs). These are unlikely to be show-stoppers, although 
little is known about the distribution of RRLs away from the Galactic plane. 
The mini-halo emission signal is always less than that of the IGM, making 
mini-halos unlikely to be detectable. If they are seen, it will be only in the 
very earliest stages of structure formation at high redshift, when the spin tem­
perature of the IGM has not yet decoupled from the CMB. We also discuss 
the effects of early reionization (as suggested by WMAP observations) on pro­
posed 21cm observations. Early reionization produces an entropy floor which 
suppresses small-scale structure such as mini-halos, but also results in a wam, 
partially neutral IGM which is ideal for 21cm observations. 
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THE 21 CM FOREST AND REIONIZATION 

Steven Furlanetto 
California Institute of Technology 

Recent observations of the cosmic microwave background and high­
redshift quasars suggest a significantly more complicated reionization history 
than had previously been supposed. It now appears that an early ionized 
phase may have stalled or even recombined before a second generation of 
sources could fully reionize the universe. We describe one potential method 
to distinguish the different reionization scenarios that have been proposed: 
measuring the amount of small scale structure in the intergalactic medium 
(IGM) through the "21 cm forest." When the line of sight to a high redshift 
radio source intersects "minihalos" (Le., gas clumps too cool to form stars) or 
proto-filaments in the IGM, the neutral hydrogen in these objects creates weak 
absorption features that are potentially observable by the next generation of 
radio telescopes. "Standard" structure formation models predict that a sub­
stantial fraction of baryons are locked up in these objects, but the heat and 
entropy injected by an early ionization episode suppresses small scale struc­
ture and eliminates the absorption signal. The abundance of absorbers in a 
patch of the IGM therefore constrains the ionization history of that patch. In 
addition, the mean-density IGM provides a small optical depth that depends 
on both its current temperature and the radiation background; the mean level 
of absorption therefore provides a measure of the instantaneous state of the 
IGM. We describe the characteristics of the expected absorption signatures, 
including their number density, optical depth, and equivalent width, and how 
these quantities depend on the radiation background and IGM properties. We 
conclude by discussing their observability with instruments such as the Low 
Frequency Array and the Square Kilometer Array. 
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LOW FREQUENCY RADIO TELESCOPES 

Neb Duric 
University of New Mexico 

The region of the electromagnetic spectrum below 250 MHz remains 
largely unexplored despite the fact that low frequency radio astronomy was 
born at these frequencies. Using the Very Large Array (VLA) as a benchmark, 
meaningful exploration of this region of the spectrum requires angular reso­
lution of order 1 second of arc and sensitivity approaching 1 mJy/beam for 
integrations of a few minutes in duration. The technical challenge associated 
with detecting and processing signals that have passed through the ionosphere 
and have been polluted by radio frequency interference has kept this branch of 
radio astronomy instrumentation from developing to the level of a VLA-type 
instrument. 

The Low-Frequency Array (LOFAR) is an instrument that is being de­
signed to perform at sensitivities and resolution comparable to the VLA. I 
describe the planned operating characteristics of LOFAR and the proposed 
solutions for correcting ionospheric-based phase errors and excising radio fre­
quency interference that will allow for imaging performance rivaling that of 
the VLA. 

A major science driver for LOFAR is the potential ability to detect radi­
ation from the Epoch of Re-Ionization. Other science topics that LOFAR will 
address include The Origin of Cosmic Rays, Space Weather, The Search for 
Extrasolar Planets and Probing Fundamental Constants. The ability of LO­
FAR to maximally impact these science topics, will depend on the layout of the 
instrument, the manner in which the instrument is scheduled and used and the 
degree to which it can made virtual (digitized and buffered for time-reversed 
observations). I will discuss the various schemes that have been proposed to 
allow LOFAR to overcome the technical challenges of processing data at low 
frequencies and achieving the broadest possible science productivity. 

370 



]4-9 

MOLECULAR GAS AT THE END OF COSMIC REIONIZA­
TION 

Walter, F. 
NRAO, P.O. Box 0, Socorro, NM 87801 

The highest redshift quasar currently known so far (J1148+5251 at a 
redshift of z=6.4) is only one of the few sources which show a complete Gunn 
Peterson trough in optical spectra, indicative of a significantly neutral (>1%) 
universe at these look-back times. Likewise, recent WMAP measurements 
suggest that the Epoch of Reionization had a fairly complex history, extending 
from z rv 6 to 15. Our recent detection of carbon monixide (CO) emission in 
the quasar J1148+5251 using the Very Large Array and the Plateau de Bure 
Interferometer shows that massive reservoirs of molecular gas, the fuel for star 
formation, are already present in systems rv850 Myr after the Big Bang (i.e. 
when the universe was only 1/16 of its current age). The detection of CO also 
implies a relatively enriched cold interstellar medium and puts constraints 
on the metal production of the earliest population of stars in the universe. 
Observations of molecular gas in objects located in the Epoch of Reionization 
also give the best estimate for the redshift of the host galaxy which is difficult 
to determine from optical spectra. A careful inspection of optical and radio 
spectra enable us to derive the extent of the ionizing sphere around the quasars 
which contribute to the reionization of the universe (csomological Stromgren 
spheres). Future instruments such as ALMA will be instrumental in resolving 
the molecular gas disks of quasar host galaxies in the Epoch of Reionization. 
Such studies will help to constrain the dynamical masses of some of the first 
luminous structures in the universe. 
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SUBMILLIMETER GALAXIES 

Glenn, J. 
University of Colorado 

A cosmic far-infrared background radiation, with integrated flux approx­
imately equal to the integrated optical and ultraviolet extragalactic starlight, 
was discovered by COBE. This radiation arises from interstellar dust heated 
by star formation and active galactic nuclei. It has been partially resolved into 
galaxies by deep surveys with the SCUBA camera on the James Clerk Maxwell 
Telescope at >. = 850/-tm, and the MAMBO camera on the IRAM 3D-meter 
telescope at >. = 1.3 mm. Several hundred sources have been detected with 
characteristic brightnesses of several mJ y. The sources appear to have a mean 
redshift of approximately 2.5, luminosities in excess of 1012 solar luminosities, 
and star formation rates of 100 to 1000 solar masses per year. Because of these 
very large star formation rates, it has been proposed that these submillimeter 
sources are elliptical galaxies or spiral galaxy bulges.in formation. 

Two new instruments have come on line at the Caltech Submillimeter 
Observatory, Bolocam and SHARC II, that will enable surveys for extremely 
rare, bright sources, and sub millimeter photometry of the galaxies. Bolocam 
is a feedhorn-coupled, millimeter-wave bolometer camera with a large field-of­
view (8 arcminutes) and SHARC II is a submillimeter camera with a: fully­
sampled focal plane array of bolometers. 

Because they are so dusty and the submillimeter beams are large, it has 
been very difficult to identify optical counterparts of these galaxies to mea­
sure their properties and correlate them with know populations of galaxies. 
Photometric techniques have been used to estimate redshifts, however, recent 
progress has been made in determining redshifts spectroscopically. Galax­
ies are first detected by their radio emission then their submillimeter bright­
nesses are measured. The interferometric radio astrometry enables optical 
spectroscopy. In addition, a new generation of spectrometers is under con­
struction that will enable redshifts to be measured directly from rotation CO 
lines. 
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COHERENT FOCAL PLANE ARRAYS FOR THE BEAST 
TELESCOPES AT WHITE MOUNTAIN. 

Williams, B., Meinhold, P. , Lubin, P. M 
, Levy, A., Stebor, N., Childers, J. , O'Neill, H., Marvil, J. 

Physics Department, University of California, Santa Barbara 

HEMT focal plane arrays offer significant advantages for ground based 
experiments and below 100 GHz are the most sensitive detectors to date when 
operated within the earth's atmosphere. We will show some comparisons be­
tween HEMT based and bolometer based detectors when used for similar sys­
tems. 

The Background Emission Anisotropy Scanning Telescope (BEAST) is 
a large low background telescope designed for Cosmic Microwave Background 
(CMB) measurements. The telescope is optimized for large focal plane arrays 
and minimum cross polar contamination. The first focal plane instrument for 
the telescope was a mixed Ka and Q band HEMT array. To date, the system 
has flown on two suborbital balloon flights and operated for an extended period 
of time at the UC WMRS high altitude (13000') site on White Mountain in 
the Eastern Sierra. We will discuss and present data from these observations. 
We are currently fielding a second set of the optics with a Q and W band 
polarization sensitive array to the same site. We will describe the radiometer 
and results obtained as of the conference. 

Our future plans call for a much larger HEMT array in Q and event ally 
Wband (more than 50 elements), to be fielded on the BEAST optics at WMRS 
or possibly South Pole. In addition to the array we will describe a novel 
polarization modulor appropriate for large arrays. The modulator is optically 
coupled (free space), low loss, and can be used over a very wide range of 
frequencies. We will briefly describe this concept and present some test data. 
The modulator concept could enhance many planned polarization instrument 
designs. 
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A 32 ELEMENT FOCAL PLANE ARRAY FOR 85-115 GHZ US­
ING MMIC PREAMPLIFIERS 

Neal Erickson!, Ronald Grosslein!, Sander Weinreb2 

, Ronna Ericksonl , John Wielgusl , Vern Fathl ,Karen Wernerl 

lUniversity of Massachusetts, Amherst, MA 
2Jet Propulsion Lab, Pasadena, CA 

A 32 pixel focal plane array has been built for radio astronomy use in 
the 85-115 GHz range. The array uses cryogenic InP MMIC preamplifiers, and 
has an overall receiver noise temperature of 40-80K. With an IF bandwidth of 
15 GHz, the entire signal band may be covered with single sideband response 
using just two fixed LO's. The array consists of two nearly identical 16 element 
sub-arrays in opposite polarizations, combined with a polarizing grid. 

The input amplifiers are the best wideband MMIC low-noise devices 
made to date and were fabricated using InP technology at TRW. At 20 K their 
typical noise is 35-55 K from 85-115 GHz. Tthese chips deliver a wideband 
gain (cold) of 20 dB, at best low-noise bias. They are housed in a compact 
block with WR10 waveguide ports. A second stage amplifier has higher noise 
but flatter gain. The two MMIC's cascaded produce 40 dB gain. 

Two isolators are needed in the system, one on the input and the other 
between the two MMIC stages to ensure stability. A very compact isolator 
has been developed for this application with an insertion loss of 0.4-0.6 dB. 
The isolators have a well-shielded magnetic field to permit close packing with 
minimal interactions. 

The input feeds are square corrugated horns, with an aperture 25 mm 
square. Square horns are most easily packed in an array, and with corrugated 
E-plane walls, they achieve symmetric low side-lobe patterns. The aperture 
and most of the horn at room temperature. Toward the waveguide end there 
is a 0.2 mm gap in the wall, and the remainder of the horn is at 20 K. The 
gap is a very effective thermal insulator and has choke grooves in the walls to 
minimize signal loss. The horns require a correcting lens made from grooved 
teflon, which also serves as the vacuum window. 

The cryogenic subharmonic mixer uses commercial beam-lead 
antiparallel-pair diodes, and has a conversion loss of 10-15 dB across the band 
with an LO power of only 8 mW. The mixer operates single sideband through 
the use of effective LO frequencies above and below the signal band. LO is 
provided at 40 and 60 GHz by four 220 m W power amplifiers driven by a 
multiplier chains, which are each diplexed and split 16 ways. 
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CAPMAP: A 16 ELEMENT ARRAY FOR MEASURING THE 
POLARIZATION OF THE CMB 

Hedman, Matthewl , CAP MAP Collaboration2 

1 U of Chicago 
2Princeton, U. Chicago, U. Miami, JPL 

The polarization of the Cosmic Microwave Background (CMB) provides 
important information about the dynamics of the hot, dense phase of the 
early universe, and if it can be measured sufficiently accurately, it can probe 
the growth of structure and even the primordial gravity wave content of the 
universe. However, this polarized signal is extremely faint (one part in 100,000) 
so accurate measurements are a significant experimental challenge, requiring 
specialized instruments. 

This presentation will describe the CAP MAP experiment, which is an 
effort to measure the polarization of the CMB using correlation polarimeters 
and a 7-meter off axis telescope. During early 2003, we had our first observing 
season with an array of 4 polarimeters. This winter we will have an array of 16 
polarimeters, 12 operating in W-Band (84-100 GHz) and 4 in Q-Band (35-45 
GHz). 

Each polarimeter in the array is a heterodyne system with low-noise 
HEMT RF amplifiers and 2-18 GHz analog correlators. In order to extract 
the tiny polarized signal from largely unpolarized radiation, these polarimeters 
include phase switches which modulate the polarized signal at 4 kHz, well 
above the l/f knee of the amplifiers and the atmosphere. Each polarimeter 
views the sky through a separate feed horn and lens system, which is located 
in the focal plane of the 7-meter telescope. 

In order to perform optimally, the two arms of each polarimeter must be 
adjusted so that they have the same effective phase lengths at all frequencies. 
We have devised methods for measuring the phase difference between these 
arms in a non-invasive way, using appropriately polarized signals injected into 
the radiometers. Furthermore, we have developed methods for calibrating 
these polarimeters using metal plates to inject calculable polarized signals 
into the radiometers. These techniques will have useful applications for future 
large coherent arrays. 
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FOCAL PLANE ARRAYS FOR THE VLA? 

Walter Brisken 
National Radio Astronomy Observatory, PO Box 0, Socorro, NM 
87801 

The NRAO Very Large Array (VLA) is currently undergoing a first set of 
upgrades which will allow for much greater observing bandwidths and complete 
tuning capabilities over the 1.2 to 50 GHz frequency range. A second set of 
upgrades will add new antennas and antenna pads to allow greater and lower 
resolutions respectively. This upgrade also includes adding UHF observing 
capabilities to all of the antennas, which would provide complete coverage 
over the 0.24 to 1.2 GHz range. Vivaldi element focal plane arrays are being 
investigated as a possible wide-band solution which would cover part or all of 
the UHF band. 

Although Vivaldi arrays have been built to operate over 5:1 bandwidth 
ratios; arrays with smaller bandwidth ratios are more appealing for radio as­

tronomy focal plane applications because they can be optimized for a better 
match over the operational band and fewer elements are required to adequately 
tile the focal spot. A possible plan for the VLA upgrade is to use a 2m by 2m 
dual-polarized array containing about 100 elements for the 0.24 to 0.44 GHz 
portion of the band, a scaled down version of this for the 0.44 to 0.8 GHz 
range, and a cooled, high performance horn feed for above 0.8 GHz. 

Many aspects of the Vivaldi arrays still need to be investigated. These 
include array phasing over large bandwidths, cancellation of spillover, mutual 
coupling of the elements, manufacturability, and others. This talk will focus 
on the beam forming aspects of Vivaldi arrays when used in a prime-focus 
system. The potential for synthesizing multiple beams will be discussed. 
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TECHNOLOGIES FOR VERY LARGE MMIC BASED FOCAL 
PLANE ARRAYS 

Charles Lawrence, Michael Seiffert, Todd Gaier 
Jet Propulsion Laboratory 

We describe a new technology which enables very large focal plane ar­
rays using MMIC HEMT amplifier technology. The technique involves the 
integration of all high frequency components in a single compact hybrid pack­
age. The standard package is modified for waveguide inputs on the lid. No 
connectors are needed as the modules are DIP-style plug-in assemblies. The 
open bottom carrier lends itself to automation and thus mass production. In 
the focal plane array the modules are mounted on a "motherboard" for bias 
and signal distribution. The motherboard and all of it's components operate 
at 20 K for optimal noise performance. Bias control circuits and readouts 
are located on nearby circuit boards, mechanically coupled, but thermally 
isolated from the motherboard, comprising a complete receiver "stack". We 
will describe how this technology is being developed into the 90 GHz QUIET 
polarimeter array for CMB observations. The array elements are each pseu­
docorrelation polarimeters with 15-20 GHz bandwidth. Each polarimeter is 
fed with the output of a left-right circularly polarized orthomode transducer. 
Each receiver has DC outputs carrying the Stokes Q and U parameters of 
the incoming signal. Bias controls are provided by a separate printed circuit 
board located in the stack, but at 300K. The bias controls are remotely pro­
grammable through an addressed serial bus. Readout electronics including low 
noise video preamplifiers and signal demodulation and data multiplexers are 
also located on a different board in the stack and are connected to a control 
and acquisition computer. via a single cable with less than 100 leads. This 
technology is being developed initially into a 91 element array for CMB obser­
vations, but is completely scalable to arrays as large as 1000 elements. We will 
also describe how this technology can be used for millimeter-wave heterodyne 
array receivers, particularly with narrow IF. 
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HETERODYNE ARRAY RECEIVERS FOR THE FAR­
INFRARED 

Walker, C.l, Groppi, C.l, Kulesa, C.1 

, Golish, D.l, Hedden, A.1, Kooi, J.2 

, Lichtenberger, A.3, Chin, G.4, Narayanan, G.5 

, Weinreb, S.2, Prober, D.6 
1 University of Arizona 
2California Institute of Technology 
3Univerity of Virginia 
4Goddard Spaceflight Center 
5University of Massachusetts 
6Yale University 

In the wavelength regime between 300 and 60 microns there are a num­
ber of atomic and molecular emission lines that are key diagnostic probes of 
the interstellar medium. These include transitions of [CI~, [NI~, [01], HD, 
H2D+, OH, CO, and H20. In Giant Molecular Clouds (GMCs), evolved star 
envelopes, and planetary nebulae, these emission lines can be extended over 
many arc minutes and possess complicated line profiles that can only be disen­
tangled using high resolution (R = AI ~A > 106) spectroscopy. Observations 
of these lines are crucial to understanding the delicate interplay between the 
interstellar medium and the stars that form from it. The only instruments 
capable of realistically providing the required spectral resolution and spatial 
coverage for these studies are heterodyne array receivers. While the possibil­
ity of large format (~ 10) array receivers has been discussed for more than 
two decades, only recently have advances in mixer and local oscillator (LO) 
technology, device fabrication, micromachining, digital signal processing, and 
telescope design made the construction of such an instrument tractable. In our 
talk we will discuss how recent advances in these technologies can be imple­
mented to develop integrated, far-infrared heterodyne arrays. For frequencies 
::; 1 THz the arrays will utilize SIS devices and solid-state LO sources. Above 
,...., 1 THz the arrays will use HEB mixing devices and either laser LOs (for large 
format arrays) or solid-state LOs (for modest size arrays). Efficient, compact 
waveguide mixer mounts can now be fabricated well into the THz range. The 
new generation of MMIC amplifiers can provide both the low-noise perfor­
mance and low-power consumption required by THz imaging arrays. The IF 
output of each array pixel can be processed by commercially available single­
chip, auto-correlator spectrometers. 

Large format array receivers could be deployed on a number of exist­
ing and planned observatories, with the potential of increasing their mapping 
speed by more than an order of magnitude. In our presentation we will present 
the detailed design of a 1.5 THz array for the AST IRO telescope at the South 
Pole. 
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THE COBRA CORRELATOR SYSTEM 

Hawkins, D. W. 
Caltech-OVRO 

The COBRA Correlator System is an FPGA (field programmable gate 
array) based correlator system used to implement both wide bandwidth con­
tinuum and narrow bandwidth spectral line correlator systems. The system 
consists of three major components; downconverters, digitizer boards, and cor­
relator boards. The downconverters produce output bandwidths of 500MHz, 
250MHz, 125MHz, 62.5MHz. Bandwidths lower than 62.5MHz are imple­
mented using FIR filters in the digitizer board FPGAs. The correlator is 
implemented as a lag correlator, with a frequency-channel count that depends 
on bandwidth as; 16-channels at 500MHz, 32-channels at 250MHz, and 64-
channels for lower bandwidths. The change in channel count (which is half 
the number of lags) is due to the parallelism required in the correlator logic 
at wider bandwidths. 

The first application of the COBRA Correlator System hardware is the 
implementation of the Owens Valley Radio Observatory's (OVRO's) 10m di­
ameter, six telescope interferometer, 4GHz bandwidth, COBRA Wideband 
Correlator. The 4GHz bandwidth is processed by the correlator as eight 
500MHz bands. A detailed description of the correlator, and results from 
this system will be presented. 

The COBRA hardware will also be used to implement the University 
of Chicago SZA and the CARMA correlator systems. Both of these arrays 
will be located in the Owens Valley (or on a mountain peak nearby). The 
SZA array consists of eight 3.5m telescopes and will have an IF bandwidth 
of 8GHz. CARMA will consist of the six 10m OVRO antennas plus nine 6m 
antennas from the BlMA array. The CARMA array will initially process 4GHz 
of bandwidth. This 4GHz will be processed using eight COBRA subsystems; 
providing for 4GHz of continuum, or a mixture of continuum and spectral line 
bands over the 4GHz IF. Detailed descriptions and results for the correlators 
for these arrays will be presented. 

One significant issue in digital correlator design, whether the correlator 
be lag (XF), or frequency (FX) based, is the distribution of data between the 
digitizer and the correlation hardware. The CARMA system expects to be able 
to operate several sub-arrays containing a variable number of telescopes, and 
will eventually contain focal-plane arrays on the larger telescopes. Options for 
implementing a correlator system with flexible (dynamically reconfigurable) 
interconnects will be discussed. 
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THE ATA IMAGER UPDATE 

Urry, W. L. 
University of California - Berkeley 

The Allen Telescope Array will be a unique instrument in its ability 
to conduct several experiments at once. It will have the ability to observe 
in several independent directions within the primary beam of the individual 
antennas. Four 100 MHz dual polarization IFs can be independently tuned to 
anywhere within the .5 to 11.2 GHz RF band of the front end. SETI searches, 
pulsar experiments and imaging can be conducted at the same time. All tun­
ing and pointing functions including fringe stopping and delay compensation 
are provided by the array for all of the instruments that will use it. The ATA 
imager is one of those instruments. It will have two 100 MHz IF ports available 
to it for a total bandwidth capability of 200 MHz. A modest prototype corre­
lator for only 4 antennas has been developed in order to test various concepts 
and to develop VHDL code that will be used in the 350 antenna version. It is 
a 100 MHz correlator in an FX architecture with 1024 frequency channels and 
it measures all 4 Stokes parameters. The current status of the imaging back 
end will be discussed. 

As I presented at this conference two years ago, the ATA imager relies on 
an FX correlator architecture. In order to avoid the severe channel to channel 
sidelobes produced by using the FFT as a filterbank, a polyphase technique 
is used. The severe problem of distributing the signals from the polyphase 
filterbank to the correlator is solved by using a corner turner of unique design 
which converts the 350 streams of 1024 channels into 350 streams of antennas 
of 3 frequency channels each. Each correlator is presented with a sequential 
stream of ali of the antennas where all 61425 baselines are computed as the 
data enters one antenna at a time. 

There have been some changes to the architecture of the correlator since I 
last presented it at this conference two years ago. One innovation enables us to 
replace a significant amount expensive FPGA memory with less expensive off 
chip memory while preserving the basic idea of a pipeline correlator with low 
chip to chip wiring and easy expandability. This innovation requires the use of 
inexpensive memory as a signal buffer to reorder the frequency channel samples 
as they emerge from the polyphase filter bank. The large memory signal buffer 
also enables us to gain a great deal of flexibility in our implementation of the 
switched corner turner. The modifications required to a corner turner as the 
system is expanded will be discussed. 
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THE EVLA CORRELATOR 

David Fort 
National Research Counil of Canada, Herzberg Institute of Astro­
physics, Dominion Radio Astrophysical Observatory 

The main features of the EVLA are its ability to handle 16 GHz of 
bandwidth from each antenna and continuous frequency coverage from 1 GHz 
to 50 GHz. To support these features enhanced receivers, a new fiber optic 
transmission system and a new correlator are necessary. The correlator is 
being designed, constructed and tested at the Dominion Radio Astrophysical 
Observatory in Penticton, British Columbia, Canada. An overview of the 
hardware architecture and features of the correlator will be presented. The 
system is divided into the station, baseline and phasing sub-systems. In this 
talk, emphasis will be given to the station sub-system. One of the main 
features of the correlator is the division of each of the eight 2 GHz basebands 
into sixteen sub-bands for hardware efficiency and flexibility. The filter chip, 
which is responsible for forming the sub-bands, will be examined in some 
detail. This chip allows input sample rates of up to 4096 Msamples/s and 
output sample rates down to 62.5 Ksamples/s. Also included in the chip is a 
programmable delay that allows the sub-bands to produce synthesized beams 
offset from each other, a quantizer with associated calibration measurements 
and a tone extractor for VLBI phase calibration. The filtering is done by a 
4-stage FIR filter with up to 512 taps per stage and allows a decimation of up 
to 16 per stage. The first stage can deal with 4-bit or 8-bit input samples and 
can be arranged as a single decimate-by-16 filter or as 16 individual filters for 
VLBI fractional bit correction. 
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THE ALMA CORRELATOR 

J. C. Webber, R. P. Escoffier, C.M. Broadwell 
, J. Greenberg, R. Treacy 
National Radio Astronomy Observatory, 520 Edgemont Road, 
Charlottesville, VA 22903 

The status of the correlator under construction by the NRAO for the 
Atacama Large Millimeter Array (ALMA) radio astronomy observatory is pre­
sented here. The NRAO, in collaboration with other North American and 
European scientific agencies, is developing the ALMA radio astronomy array, 
planned to consist of a main array of 64 12-meter diameter antennas and a 
compact array built by the National Astronomical Observatory of Japan of 
four 12-m and twelve 7-meter antennas. The instrument is to be used for 
observing astronomical sources at 31 to 950 GHz at a 5000 meter elevation 
site in the Atacama desert of Chile. The correlator under development will 
process the outputs of the 64 antennas that are to comprise the main array 
of the ALMA observatory using a bandwidth of 16 GHz per antenna. The 
system, designed using a conventional XF architecture, works at a clock rate 
of 125 MHz. Antenna-based electronics in the correlator include fiber optic 
receiver cards to recover digitized samples from the remote telescopes, digital 
FIR filters for bandwidth selection, delay lines, and signal conditioning logic to 
packetize the output of the high-speed digitizers in order to drive lower-speed 
correlator circuits. An application-specific integrated circuit (ASIC) has been 
designed for use in measuring the cross- and auto-correlation coefficients. Each 
correlator ASIC has 4096 lags, including 20 bits of integration and 16 bits of 
secondary storage for the results. Prototype units of this ASIC have been 
received and tested successfully. Prototype logic cards for both station-based 
and baseline-based applications in the correlator have been evaluated, includ­
ing the correlator card with 64 of the 4096-lag ASICs mounted. All cards 
tested so far have demonstrated acceptable functional and speed character­
istics. System testing of a prototype 2-antenna correlator is complete. It is 
planned to incorporate an enhanced digital filter card with multiple selectable 
output bands, increasing the spectral resolution at the wider bandwidths and 
permitting operation as a digital hybrid correlator. The architecture of the 
selected digital filter will be addressed. 
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A NEW VERY HIGH RESOLUTION INTERFERENCE 
METHOD WITH POTENTIAL FOR RADIO ASTRONOMY 
APPLICATIONS 

Minkoff, J 
ITT Aerospace Communications Division 

A scheme for interference rejection at an array is presented, in which the 
interference,represented as vectors, is removed by an operation in which none 
of the physical array characteristics such as beam width and resolution come 
into play. As a result, observation of signals of interest from weak sources, 
intact, unaffected by the presence of interfering signals from stronger sources 
arbitrarily close in angle to the weaker sources, is possible. The essential 
limit on this capability is determined solely by receiver noise. Rejection of up 
to M-l interfering sources with an array of M elements is accomplished by a 
single operation. The method seems especially well suited for radio-astronomy 
applications. 

In this approach the rejection is accomplished by projecting the interfer­
ence, represented as vectors, into the null-space of a matrix: a null-space trans­
formation(NST). The interference is transformed into the zero vector. The 
scheme differs fundamentally from conventional beamforming/nulling schemes 
in that the projection operation is applied directly to the observables, the array 
outputs, rather than to beam steering vectors. The geometrical relationship 
between the signal and interference subspaces is irrelevant; the issue of sub­
space orthogonality does not arise. Beamforming plays no part. None of the 
limitations associated with physical array characteristics such as beamwidth 
and resolution come into play, which yields an intrinsic high-resolution in­
terference rejection capability not present in conventional schemes employing 
beamforming/nulling operations. There is no fundamental limitation on the 
minimum angular separation between an interfering source that can be re­
jected and a signal of interest that can be recovered intact, undesturbed by 
the process. Excluding possible implemental hardware issues, which we do not 
consider here, the practical limit on the extent to which this property of the 
scheme can be realized is determined solely by receiver noise. Other desirable 
properties of the scheme are (2) for N interfering sources an array of only M = 
N+l elements is necessary; MiiN is unnecessary. (3) interference rejection is 
accomplished by a single matrix multiplication independently of the number 
of interferers. (4)The interfering signals are removed selectively at each array 
element with signals of interest completely recoverable. As evidence of this, 
beam patterns after interference rejection, if desired, are identical to what 
they would be with no interference, and coherent summation over the array 
of the recovered signals yields the usual 10logM dB improvement in signal­
to-noise ratio. Results of computer experimnts are presented validating all 
aforementioned assertions. 
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A MULTIPURPOSE SPECTROMETER FOR SETI AND RA­
DIO ASTRONOMY 

Parsons, A., Werthimer, D. 
UC Berkeley 

We describe a low cost spectrometer technology for applications in SETI, 
FX correlators, pulsar and general radio astronomy. 

Each of the new spectrometer boards processes two polarizations, each 
polarization with up to 150 MHz bandwidth and 64 million channels. The 
compact pci board utilizes four 200 MHz 8 bit ADC's for analog input, and 
176 digital I/O lines for optional digital input and/or fast readout. The signal 
processing is implemented in a Xilinx Virtex II Field Programmable Gate 
Array chip, which can be dynamically programmed for various applications. A 
smaller additional Xilinx FPGA is used as a reconfigurable backend processor 
which can pass data off to an independent computer. 

The spectrometer uses a polyphase filter bank (PFB) to implement a 
bank of steep cut-off bandpass filters, providing a significant improvement 
in signal-to-noise and out-of-band-rejection over the common FFT algorithm. 
The PFB uses a biplex pipelined architecture which allows data to be input 
and output at the full sample rate, and can do two polarizations simultaneously 
with no extra cost in hardware or data flow rate. The board will also have the 
ability to digitally down-convert a single side band signal to provide excellent 
image rejection. 

Spectrometers are currently planned for use at Berkeley, Arecibo, and 
JPL. The SERENDIP V SETI sky survey will utilize Arecibo Observatory's 
upcoming seven beam L band feed array and 21 spectrometer boards for a 2.7 
billion channel instrument. The JPL SETI sky survey plans to use 200 of these 
boards to cover 20 GHz band with 25 billion channels. The Allen Telescope 
Array plans to use the polyphase filter bank design in the FX correlator. We 
hope others will find these boards or the FPGA based spectrometer designs 
useful. 
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WIDEBAND ANALOG LAG CORRELATION SPECTROME­
TERS FOR RADIO ASTRONOMY 

Andrew Harrisl, Stephen Maas2, Stephanie Zonakl 

lDepartment of Astronomy, University of Maryland, Colllege 
Park, MD 
2Nonlinear Technologies, Long Beach, CA 

Increasing mixer and front-end amplifier bandwidths make heterodyne 
spectrometers with many gigahertz of instantaneous bandwidth possible. The 
science drivers for such instruments include millimeter-wave spectral searches 
for distant objects with poorly known redshifts, submillimeter and far-infrared 
observations of Doppler-broadened spectral lines from galaxies, and observa­
tions of pressure-broadened atmospheric lines. Modest spectral resolution is 
sufficient for these observations. 

There are a number of reasonably mature and proven technologies for 
broadband microwave spectrometers suitable for astronomical spectroscopy 
(Harris 2003a,b provide brief reviews): acousto-optical spectrometers, digital 
correlation spectrometers, and analog correlation spectrometers. 

Here we summarize our work on a~alog auto- and cross-correlation spec­
trometers. Analog correlators obtain their wide bandwidths by a combination 
of transmission line delays and direct voltage multiplication in transistor or 
diode mixers. WASP2 is a compact, low-power correlator with approximately 
33 MHz resolution over 3.75 GHz bandwidth (Harris & Zmuidzinas 2001). 
Correlator bandwidth in these spectrometers is limited by the transistor multi­
plier circuit. We show new results from a custom MMIC Gilbert-cell multiplier 
circuit that provides bandwidths of more than 20 GHz. 

Correlation spectrometers find use both as autocorrelators and 
cross-correlators. Autocorrelators are useful for for single-dish radiome­
ters; cross-correlators are essential for spatial interferometers and multi­
channel continuous-comparison radiometers. 

References: 

Harris, A.1. & Zmuidzinas, J., "Wideband Lag Correlator for Heterodyne 
Spectroscopy," Rev. Sci. Inst. 72, 1531-1538 (2001); Harris, A.I., "Heterodyne 
Spectrometers with very Wide Bandwidths," Pmc. SPIE International Sym­
posium on Astronomical Telescopes and Instrumentation, ed. T.G. Phillips & 
J. Zmuidzinas, Proc. SPIE 4855,279-289 (2003a); Harris, A.I., "Heterodyne 
Spectrometers," in Proc. Far-IR, Sub-MM & MM Detector Technology Work­
shop, eds. J. Wolf J. Farhoomand, and C.R. McCreight, NASA/CP-211408, 
in press (2003b) 
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STATISTICS OF CORRELATION OF QUANTIZED NOISE 
LIKE SIGNALS 

Gwinn, C.R. 
Physics Dept., UC Santa Barbara, Santa Barbara CA 93106 USA 

Radio-astronomical signals are invariably noiselike, with Gaussian statis­
tics. All astrophysical observations seek to determine the variance or covari­
ance of that Gaussian noise, between signals with different spectral, temporal 
or other domains. For example, the autocorrelation function is an estimatE 
of the covariance of the electric field from a source with some time lag; itl 
Fourier transform is an estimate of the spectrum. Similarly, the Stokes pa· 
rameters are variances and covariances among electric fields with differen1 
polarizations. Because results are usually averaged over many samples, thE 
covariances estimated from such observations are completely characterized b~ 
a deterministic part (the mean); and a random part (the standard deviation 
or noise). At radio frequencies, that covariance is estimated by correlating thE 
underlying noiselike signals. Commonly, the astrophysical signals are quan· 
tized before correlation. This quantization describes the signals using just ~ 

few levels, characterized by signal thresholds and weights at the correlator. 

The underlying covariance of the signals affects the noise of the measure( 
correlation. In combination with effects of quantization, increasing covarianCE 
can increase or decrease the noise. I present analytical expressions for thE 
expected noise, as a function of the covariance, and of the thresholds ane 
weights of the quantization scheme. Results match those of Cooper (1970) all( 
others in the limit of small covariance. The results also agree with compute] 
simulations of correlation. I find that the optimal quantization scheme dependl 
on the expected covariance. Interestingly, correlation of quantized noiselikE 
signals can yield higher signal-to-noise ratio than would correlation of thE 
underlying continuous signals. I discuss these effects for auto- and cross­
correlation functions, and for estimates of spectra obtained from them. 
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A VERY WIDEBAND ANALOG AUTOCORRELATION SPEC­
TROMETER 

Neal R. Erickson, Robert Goeller, Gopal Narayanan 
University of Massachusetts, Amherst 

A receiver system is being built which will cover the widest instantaneous 
bandwidth ever utilized by an astronomical heterodyne receiver. The entire 
75-111 GHz band will be covered with a low noise frontend and a backend 
spectrometer having 30 MHz resolution. The receiver is intended for astro­
nomical use in searching for the highly redshifted spectral lines from galaxies of 
unknown redshift. The receiver will use InP MMIC based low noise amplifiers 
operated at 20 K, and will operate with two dual polarization feeds. 

The four receivers have a combined IF bandwidth of 144 GHz, and 
the entire band must be spectrally processed simultaneously. A spectrometer 
using analog autocorrelation (used by Harris and Zmuidzinas) is being refined 
to permit much wider bandwidth at significantly lower cost. The basic idea is 
as follows. A signal is split two ways and sent in both ends of a long tapped 
delay line. The taps sample a small amount of each signal, and the tapped 
signals are then multiplied. The set of multiplied tapped signals forms the 
autocorrelation function, which is then Fourier transformed to generate the 
spectrum. 

In this new design the delay lines cover a frequency range of 0-8 GHz, a 
considerable increase over the 4 GHz previous bandwidth. One improvement 
that makes this possible is the use of tap resistors on quartz substrates with 
much lower parasitic capacitance than ceramic substrates. No analog multi­
pliers are used, but instead the taps are simply summed and detected with 
biased silicon diodes. A square law detector is an excellent multiplier, but 
it also produces total power terms. If the two tap signals are A and B, the 
detector output is: A2 + B2 + 2 AB, and the only part that is desired is AB. 
The unwanted parts are readily eliminated by phase switching the signal to 
one delay line by 180 degrees, which causes the sign of only the AB term to 
change. AC processing of the signal captures only the desired part. Biased 
silicon diodes make excellent square law detectors, with a very wide dynamic 
range. After amplification, the signal is directly digitized, before any further 
signal processing, using a low cost 18 bit sigma-delta converter. 

The delay lines themselves and the AID converters all will be assembled 
into a single multilayer, double sided circuit board, with 64 lags in each sub­
unit (one tapped line) and 256 lags on a complete circuit board. Each board 
will include an FPGA to multiplex the AID converter outputs, and minimize 
the interconnection complexity. Considerable signal processing, including syn­
chronous detection of the phase switch modulation and beam switching, and 
some averaging, will be done in the FPGA. 
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COMPUTATIONAL MODELING EVIDENCE OF A NON­
THERMAL ELECTROMAGNETIC INTERACTION MECHA­
NISM WITH LIVING CELLS: MICROWAVE NONLINEARITY 
IN THE CELLULAR SODIUM ION CHANNEL 

Stoykov, N.l, Jerome, J.2, Taflove, A.3 , Pierce, L.4 
1 Rehabilitation Institute of Chicago, Chicago, IL 
2Department of Mathematics, Northwestern University, Evanston, 
IL 
3Department of Electrical and Computer Engineering, N orthwest­
ern University, Evanston, IL 
4Honors Program in Medical Education, Northwestern University, 
Evanston, IL 

This paper reports the results of a detailed, one-dimensional computa­
tional study of the response of the cellular sodium ion channel to an amplitude­
modulated microwave electric field excitation. We have extended and applied 
a hydrodynamic model that integrates a system of four coupled partial dif­
ferential equations which includes the Poisson-Nernst-Planck equations as a 
limiting case. The simulation code for our model is adapted from that cre­
ated by C.-W. Shu of Brown University, and is used with permission. We 
believe this to be the initial application of such modeling technology to the 
electromagnetic bioeffects problem. 

Our computational model is based upon the dynamic conservation law 
formulation. The spatial dimensions of the model are in the order of nanome­
ters in length, and the temporal events analyzed occupy time scales ranging 
from subpicoseconds to tens of nanoseconds. Because this is much less than 
the duration of channel gating pulses (which are typically in the millisecond 
range), we are thus examining the open channel. By applying the previ­
ously developed, essentially non-oscillatory (ENO) shock-capturing scheme, 
our model can accurately treat a variety of complex, nonlinear fluid behavior 
including the formation of propagating shock waves. 

Our model indicates that the cellular sodium ion channel exhibits an 
electrical nonlinearity at microwave frequencies which generates an intermod­
ulation spectrum when excited by an amplitude-modulated electric field. In­
termodulation products having frequencies in the biologically meaningful low­
frequency range below 1,000 Hz appear possible. This is a new nonthermal 
microwave interaction mechanism with living tissues. There exist potential 
impacts in commercial and defense technology areas. 
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EFFECTS OF CELLULAR PHONES RADIATION EXPOSURE 
ON HUMAN IMMUNE SYSTEM WHITE BLOOD CELLS IN 
VITRO 

Aly, A. and Barnes, F. 
University of Colorado at Boulder 

Effects of Cellular Phones Radiation Exposure on Human Immune Sys­
tem White Blood Cells in Vitro. 

Ashraf Aly, and Frank S. Barnes. Department of Electrical Engineering, 
University of Colorado, Boulder, Colorado, USA 

ABSTRACT The rapid worldwide growth in the use of mobile phones 
has raised the concerns about the public exposure to mobile phones radiation 
and the possible interaction between the radio frequency electromagnetic ra­
diation and the biological effects on human tissues, particularly the brain and 
the human i=une system. Our goal is to help the public users to find answers 
to their concerns, and also help the communication companies to create a new 
generation of mobile phones with reduced risks to humans. Evidence has been 
reported about the possible health effects such as; brain tumor, blood-brain 
barrier (BBB) permeability function, sleep problems, cognitive function, DNA 
damage, i=unity system function, stress reaction, and increased incidence 
rate of traffic accidents due to using mobile phone during driving. The aim 
of this paper is to study the effects of mobile phones radio frequency radia­
tion on the immune system by investigate the activity and behavior of human 
leukocytes (white blood cells) upon exposure to radiofrequency fields in vitro. 
This is done by investigating the ability of leukocytes to track the cyclic-Amp 
concentration gradient, and study the cells behavior. We used blood from 
healthy Adults donors, and observed the effects of applying radio frequency 
electromagnetic fields (for 15 min each time) on leukocyte cells from digital 
NOKIA cellular phone (mOdel 3390b) which operate at frequency range from 
1850 MHz to 1910 MHz. Our observations to date of the chemotactic response 
shows no change in the leukocytes velocity, but we observed an effect on the 
movement direction. The chemotactic direction is vertical, which is parallel 
with mobile phone position. Significant change in leukocytes behavior, in­
clude changing shape much faster than the normal case (without applying RF 
radiation). The cells were shrinking, expanding, and rolling. 

Key words: mobile phones; radiofrequency; chemotactic effect; human 
leukocytes. 
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INITIAL INVESTIGATIONS WITH A BROADBAND CROSS­
POLARIZED ANTENNA FOR BREAST CANCER DETEC­
TION 

Yun, X., Johnston, R.H., Fear, E.C. 
University of Calgary 

The limitations of current breast imaging technologies encourage inves­
tigation of complementary approaches to assist in early tumor detection and 
cancer diagnosis (Mammography and beyond, S.J. Nass et al, eds., National 
Academy Press, Washington, 2001). One such approach is microwave imaging, 
which detects tumors using the significant difference in electrical properties of 
malignant tumors and fatty breast tissues. Confocal microwave imaging (CMI) 
was introduced by Hagness et al (S.C. Hagness et aI, IEEE Trans. Biomed. 
Eng., 45, 1470-1479, 1998). CMI involves illuminating the breast with a pulse 
of microwaves by an antenna, and recording reflections at the same antenna. 
Significant reflections are expected from malignant tumors. To avoid the large 
reflections expected from the chest wall, cross-polarized reflected waves may 
be observed (S.C. Hagness et al, IEEE Trans. Antennas Propag., 47,783-791, 
1999). As a test of this approach, we designed a broadband bowtie antenna 
and investigated the application of this antenna to tumor detection. 

The antenna consists of a pair of crossed bowtie metal planar antennas 
embedded in a dielectric, which is similar to fatty tissue. The antenna is 1.66 
cm in length, 1.66 cm in width, and Imm in depth. The computer simulations 
of this antenna and simple breast models are performed with the WIPL-D pro­
gram (B.M. Kolundzija et aI, WIPL-D Electromagnetic modeling of composite 
metallic and dielectric structures, Artech House, Boston, 2000). The breast 
model consists of a homogeneous half-space of fat (Er=9, 0"=0.4 Sjm). The 
space above the antenna is also filled with a lossy substance representing fat. 
Prolate ellipsoidal or spherical tumors (Er=50, 0"=7 Sjm) are placed below the 
antenna. 

The antenna embedded in fatty tissue (without a tumor present) is sim­
ulated, and antenna characteristics S11 and S12 indicate that the antenna 
operates reasonably well from 2 to 4.25 GHz. We also examine the changes in 
frequency responses with different tumor shapes, sizes, locations and depths. 
As an ellipsoid tumor moves from the centre of the antenna, the magnitude of 
the response decreases. For spherical and ellipsoidal tumors in approximately 
the same location, different frequency responses are observed. It appears feasi­
ble to detect a 4.8 mm long and 1.6 mm wide ellipsoidal tumor at a depth of 5 
cm. Finally the effects of changing tumor orientation are examined. Response 
increases as the tumor rotates from 0 to 45 degrees relative to the xy axes of 
the antenna and decreases as the tumor rotates in the xz plane from 0 to 90 
degrees. Initial experimental verification of the antenna performance has been 
performed, and testing with simple breast phantoms is ongoing. 
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MAGNETIC RESONANCE IMAGING AT LOW AND HIGH 
FIELDS: AN ELECTROMAGNETIC PERSPECTIVE 

Ibrahim, T.S. 
The University of Oklahoma 

Magnetic resonance imaging (MRI) is a powerful medical diagnostic 
technique, which is based on the nuclear magnetic resonance (NMR) phe­
nomenon. In the medical diagnostic field, NMR is the absorption of radiofre­
quency (RF) energy by the nuclei of the human bodys atoms, which are in the 
presence of an external static magnetic field. The advantages of MRI among 
other medical diagnostic techniques are its non-invasive nature, versatility, 
excellent tissue contrast and sensitivity to flow and diffusion. As a result of 
its unprecedented power, MRI scanners now permeate the nation hospitals. 
Indeed, it can be argued that MRI is the premier diagnostic imaging tech­
nique, not only for its past achievements, but also for its unparalleled research 
potential. 

The advancement of MRI as a radiological instrument has been associ­
ated with a constant drive towards higher magnetic field strengths resulting 
in higher operational frequencies. More powerful magnets bring the promise 
of enhanced signal to noise ratio (D. 1. Hoult and R. E. Richards, J. Magn. 
Reson., 24, 7185, 1976), exquisite resolution (R. Gruetter, S. A. Weisdorf et. 
aI, J. Magn. Reson., 135, 260264, 1998), and reduced scan times. At the 
same time however, MRI at higher frequencies adds significant engineering 
complexities to the MRI experiment, most notably in designing safe, versatile, 
and high-performance RF coils. 

In this work, computational and theoretical electromagnetic analysis of 
several RF coils used in MRI are presented at Larmor frequencies for op­
eration up to 11 Tesla. The electromagnetic interactions with phantoms and 
anatomically detailed head models are studied at different field strengths. The 
electromagnetic computational tool of choice in this work was the finite dif­
ference time domain (FDTD) method. Combined with measurements using 
an 8 Tesla MRI system, currently the most powerful clinical magnet in the 
world and a 1.5 Tesla system, the FDTD method is utilized to study, analyze, 
and eventually design RF coils. The combination of FDTD modeling, experi­
ments, and infrared imaging gives a new perspective onto the electromagnetics 
associated with low and high field clinical imaging. Ultra high field (8 Tesla) 
human MRI images will be presented, which outline a new vision for this 
imaging modality. Experimental and theoretical approaches centered on the 
application of FDTD method will demonstrate the need for solid engineering 
approaches if MRI is to continue its meteoric ascent in human medicine. 

398 



B/KI-5 

LOW FREQUENCY AC AND DC MAGNETIC FIELD EF­
FECTS ON WHITE BLOOD CELL MOBILITY 

Zhou, Rongl, Rathnabharathi, Kalani 2, Aly, Ashraf 3 
, Barnes, Frank4 

lUniversity of Colorado at Boulder, ECE Dept, Room ECEE 121, 
Boulder, CO, USA 
2University of Colorado at Boulder, ECE Dept, Room ECEE 121, 
Boulder, CO, USA 
3University of Colorado at Boulder, ECE Dept, Room ECEE 121, 
Boulder, CO, USA 
4University of Colorado at Boulder, Engineering Center, OT 250, 
Boulder, CO, USA 

Electric power is used all over the world. But the generation, trans­
mission, and use of electric energy is associated with the production of weak 
electric and magnetic field (EMF), which are emitted by power distribution 
lines, transformers, service wires, and electrical panels as well as by home ap­
pliances. Although there are lots of papers to study the biological effects of 
electromagnetic fields, the possible relationship between human exposure to 
ELF magnetic field and adverse health effects such as cancers and leukemia is 
still a subject of considerable contemporary interest and debate. This paper 
is focused to explore the possibility that low frequency AC and DC magnetic 
field can affect the ability of white blood cells to track a concentration gradi­
ent of chemoattractants such as cylic-AMP, which is known to control various 
cellular processes such as proliferation and gene expression. We adopt a quan­
titative method for measuring the concentration gradients that could cause 
white blood cells or leucocytes to move across a microscope slide in a rela­
tively straight line along the concentration gradient of the second messenger 
chemoattractant. In order to avoid the adverse influence of temperature, we 
always keep the slides temperature within 3761616;C 3961616;C. Through high 
resolution microscope and monitor system, weve observed random movement 
of white blood cells in the very beginning without DC magnetic field, and 
directional movement with DC magnetic field, which direction depends on the 
polarity of DC magnetic field. For the low frequency AC magnetic field, white 
blood cells move more randomly compared with DC magnetic field. Higher 
the AC frequency is, more randomly white blood cells move. 
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LOW FREQUENCY AC AND DC ELECTRIC FIELD EF­
FECTS ON WHITE BLOOD CELL MOBILITY 

Rathnabharathi K.N., Aly A., Zhou R. ,Barnes F.S. 
University of Colorado, Boulder, USA 

This is an experimental study on the mobility of human white blood 
cells (mainly polymorphonuclear leucocytes) when exposed to external elec­
tric fields. Using the Stripe Source Diffusion Technique and Cyclic-AMP 
(Adenosine3, 5-monophosphate) as the chemoattractant, well-defined chemo­
tactic fields are created on microscope slides. This is done by placing a stripe 
of the chemo-attractant on one side of the microscope slide and then slowly 
sliding the cover slip over it. Observations are made based on the polarity, in­
tensity, and distribution of the applied electric fields at temperatures ranging 
from 36C to 39C. Initially we performed some experiments on the mobility of 
the leucocytes due to changes in temperature and observed that the optimal 
performance of the leucocytes were in the temperature range of 36C to 39C. So 
far in our experiments with the electric fields we have observed that leukocyte 
motion changes according to the direction of the applied fields. In most of our 
experiments the leucocytes showed positive and negative chemotaxis based on 
the polarity of the electric field when the field distribution was parallel to the 
concentration gradient. When the electric field was in the same direction of 
the concentration gradient we got positive chemotaxis and vice versa. Also 
the velocity of the leucocytes changes with the applied fields; in most cases 
we observed a decrease in the velocities of the white blood cells once the fields 
were applied. The cells which were initially moving with some velocity would 
start reducing its speed when exposed to these fields. Our experiments are still 
in the preliminary stage and more experiments are expected to be performed 
before definite conclusions can be reached. 
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In a cancer treatment set-up, a water-bolus is placed between the aper­
ture antennas (applicators) and the body for matching and cooling during 
hyperthermia. Reliable field simulations are possible if the entire system is 
modeled using experimental field data from a liquid muscle-like phantom and 
applying a Gaussian Beam Model (GBM) to the data to prescribe practical 
aperture and incident fields, thus improving numerical simulations of SAR 
(specific absorption rates) [1]. Equation (1) represents the GBM where a = al 

+ ja2 and b = bl + j~ are source parameters in the principal E- and H-planes 
and Eo a constant. 

E(x, y, z) = 

Eo.exp( -jkz) /sqrt [(z-a) (z-b )].exp( _jx2 ) /[2( z-a) ].exp( _jy2 /[2( z- b)] (1) 

Preclusion of the aperture-bolus-air-fat-muscle interface fields can cause erro­
neous simulations. An optimal incident field in the muscle can be attained 
by optimizing the water-bolus thickness for both coherent and incoherent hy­
perthermia, but optimal inter-element spacing of arrays is only necessary for 
incoherent hyperthermia [2]. 

GBM simulations of field distributions or SAR from multi-element array 
applicators for use in superficial hyperthermia have been reported [3, 4]. These 
predictions, supported by experimental data, have demonstrated that arrays 
of current sheet applicators (CSAs) can achieve a much larger effective field 
size (EFS) than a single applicator and that the penetration associated with 
coherent arrays may be increased over that achieved for incoherent operation. 
Practical implementation of such arrays involves inter-element spacing and 
the use of a water-bolus, both of which must be optimized prior to routine 
use in the clinic for cancer therapy. To this end this paper presents GBM 
simulations of applicator array performance in layered media (bolus-air-fat­
muscle) to achieve contiguous and optimal EFS and improved penetration of 
cancerous muscle tissues, such as breast cancer. 

References: [1] (M. L. D. Lumori, IEEE Trans. MTT, 48, 1522-1530, 
2000), [2] (M. Prior, M. L. D. Lumori J. W. Hand, IEEE Trans. Biomed. 
Engr., 42, 694-698, 1995), [3] (M. L. D. Lumori, et al.,Phys. in Med. and 
Biol., 35, 387-397, 1990), [4] (M.L.D. Lumori, et al., IEEE Trans. MTT, 38, 
1623-1630, 1990). 
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Electromagnetic hyperthermia is a promising treatment for a variety 
of types of cancer, especially when used in combination with chemical and 
radiation treatment modalities. However, in the past, two major obstacles 
have hampered repeatable demonstrations and, thus, clinical acceptance of 
this technology. First, at the frequencies typically employed, the human body 
behaves as an inhomogeneous and dispersive medium, making the prediction 
and control of the electromagnetic power deposition pattern difficult. Sec­
ond, the lack of a reliable noninvasive temperature monitoring technique has 
hampered clinicians ability to prevent undesired heating of healthy tissue, at 
the same time failing to provide a method to judge the success of meeting 
temperature-based treatment goals. The combination of these difficulties has 
lead to an uneven trail of successes, spanning almost two decades. 

In this talk, two recently developed approaches to overcoming the afore­
mentioned difficulties are described. In the first approach, a patient-specific 
computational model is built as part of a pretreatment planning process. Then, 
this computational model is used to optimize the hyperthermia applicator and 
provide some idea of the feasibility of the treatment. Novel approaches for 
computationally efficient optimization, even in the face of underlying nonlin­
ear dynamics, are emphasized. In the second, complimentary approach, non­
invasive temperature measurements, acquired via magnetic resonance imaging 
(MRI) , are employed to continually re-optimize the hyperthermia applicator 
as treatment progresses. In this way, the negative impact of both modeling er­
rors in pretreatment planning and physiological changes on treatment efficacy 
can be minimized. Throughout the talk, the novel features of our approach 
will be highlighted, and the feasibility of the system will be demonstrated with 
simulation and experimental results. 
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TRAWIDEBAND MICROWAVE HYPERTHERMIA MODAL­
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It is well known that the effect of radiation therapy and chemotherapy 
for breast cancer treatment can be enhanced using microwave hyperthermia. 
The persisting challenge, however, is to preferentially heat the cancerous tissue 
without harming superficial and surrounding healthy breast tissue. Sophisti­
cated adaptive focusing algorithms have been developed for use in narrowband 
phased-array hyperthermia treatment, but they rely upon invasive feedback 
probes located within the breast. 

In this talk, we propose a new non-invasive ultrawideband (UWB) mi­
crowave hyperthermia approach for breast cancer treatment. This approach 
uses a recently developed UWB space-time microwave imaging method, rather 
than feedback probes, to ensure that the transmitted energy is focused on the 
lesion. The tumor is localized by sequentially transmitting low-power UWB 
pulses from antennas located near the surface of the breast. The received 
backscattered signals are passed through a space-time beamformer that is de­
signed to image backscattered signal energy as a function of location. The 
microwave backscatter signals obtained during this scan of the breast inher­
ently contain the information needed to tightly focus high-power pulses at the 
site of the tumor. Thus, by utilizing similar focusing techniques and launching 
high-power signals from all antennas simultaneously, energy can be optimally 
focused in the breast. 

We present a numerical investigation of the feasibility of focusing energy 
to specific locations in the breast using space-time filtering prior to transmit­
ting the signals across the antenna array. The initial feasibility study is done 
using 2D computational models of the breast. The evaluation is done in two 
steps. First, the transmit focusing procedure is simulated and the deposited 
electromagnetic energy (SAR) distributions within the breast are calculated 
using an FDTD solution to Maxwells equations. The FDTD model includes 
the dispersive properties of biological tissue, as well as the heterogeneity of the 
breast derived from MRI data. Second, the SAR distributions are used in an 
FDTD solution of the bioheat equation to calculate temperature distributions 
in the breast. Focusing efficacy is measured using both SAR and temperature 
distributions. The results of the initial study show extremely good focusing 
of both SAR and temperature for various target locations within the breast. 
This indicates that use of this approach for hyperthermia treatment of breast 
cancer is promising and should be further investigated. 
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AN INVESTIGATION OF THE ELECTROMAGNETIC AND 
THERMAL EFFECTS ASSOCIATED WITH OPERATION OF 
THE WIRELESS TELEMETRY LINK AND IMPLANTED 
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Keyoor Gosalia, Gianluca Lazzi 
Department of Electrical and Computer Engineering, NC State 
University, Raleigh, NC 

Communication between the extra ocular and intraocular units of a dual­
unit prosthesis takes place via a wireless telemetry link (inductive power trans­
fer and microwave data communication). In this work, the data telemetry link 
is established at two frequencies of 1.45 GHz and 2.45 GHz by designing ap­
propriately sized extraocular (25 x 25 mm) and intraocular (6 x 6 mm) patch 
antennas using the Finite Difference Time Domain (FDTD) method. Cou­
pling measurements were performed between these antennas at a separation 
of 25 mm both in free space and with the intraocular antenna embedded in 
an eye phantom. As compared to coupling in free space, when the intraocular 
antenna is immersed in the eye phantom, an improvement in coupling is ob­
served (4-6 dB at 1.45 GHz and 1-2 dB at 2.45 GHz) both numerically and 
experimentally. These results indicate that the eye ball acts as a dielectric 
lens and improves the coupling performance of the wireless link. The power 
deposited in the head and eye tissues due to operation of the data teleme­
try link is computationally evaluated in terms of the specific absorption rate 
(SAR) at both the frequencies for a maximum transmitted power of 50 mW. 
Computed peak 1-g SAR at 1.45 GHz is 0.985 W /kg and at 2.45 GHz is 1.158 
W /kg and hence are within the IEEE stipulated limit of 1.6 W /kg. 

Also, to determine the increase in the natural steady state temperature 
in the head-eye tissues due to the operation of an implanted chip, several 
3-dimensional thermal simulations have been performed by discretizing and 
numerically implementing the Bio-Heat equation. The thermal simulations 
account for variation in the location, size and power dissipation level of the 
implanted chip. For a constant power dissipated of 12.4 mW, it was observed 
that when the chip was placed between the ciliary muscles of the eye, the 
temperature increase in the vitreous cavity and on retina was less by O.loG 
and 0.07°G respectively as compared to the case when the chip was located 
in the center of the vitreous cavity. Also, a larger chip dissipating the same 
amount of power reduced the temperature increase on the vitreous cavity and 
retina by 0.11 °G and 0.02°G respectively. Detailed results characterizing the 
microwave data telemetry link and thermal elevation incurred in the head 
model will be presented. 
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