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Abstract

We describe the scientific motivation, basic principles, and feasibility of a relatively new measurement
technique, radio tomography, and show how it can be used to investigate the earth’s magnetosphere. We
demonstrate that a multi-satellite radio tomography experiment can produce two-dimensional images of
plasma density in the earth’s magnetosphere at sufficient spatialg)l#ad®temporal (~10 s) resolution to
address key problems of magnetospheric physics. The imaging technique incorporates well-established
radio science methods and computed tomography. Several coplanar satellites are required in orbits that
encompass the imaged area. We suggest that the large-scale images are more valuable when combined with
in situobservations, supporting an unambiguous interpretation of i data and an investigation of the
interdependence of small- and large-scale plasma processes.

|. Introduction

Magnetospheric investigations have been gathering valirabiti observations of magnetospheric
plasma, solar wind plasma, and their electromagnetic fields for several decades. These data have been the
primary means for studying the complex plasma interactions that occur in critical boundary regions such as
the bow shock, the magnetopause [Rugssell 1995], the central plasma sheBaker et al. 1996, and ref-
erences therein], and the auroral zone. These data also are the basis of statistical models of the magneto-
sphere.

There are, however, many open questions on the global nature of magnetospheric processes which can-
not be answered with current data. Reconnection, for example, is a key process in solar wind-magneto-
spheric coupling, yet little is known about its spatial character, its temporal properties, or associated
plasma entry [e.d?aschmann et gl1979]. The central plasma sheet is the focus of the substorm process,
yet little is known about the location, size, and evolution of the dipolarization region nor its relationship
with a near-earth neutral linBgker et al. 1996]. The cusp region is critical to the origin and fate of mag-
netospheric plasmas yet little is known about the relationship between plasma entry and the state of the
subsolar recconnection regidruiselier et al, 1997]. The role of solar wind energy input at the lower-lati-
tude boundary layer is not understo®hn et al. 1997]. These open questions illustrate the need for
multi-point measurements of plasma and electromagnetic fields.

An experimental investigation that provides concurrent measurements of plasma parameters over an
extended region of the magnetosphere would have many advantages. Magnetospheric boundaries are in
constant motion making single-point observations difficult to interpret. Multi-point observations would
resolve the ambiguity of space and time and the interdependence of small-scale plasma phenomena and
large-scale magnetospheric processes could be investigated.

There are several approaches that one can use to achieve multi-point observations. In this article, we put
forth an approach which combiniessitu observations from a moderate number of spacecraft with remote
sensing that can make large-scale images of the magnetospheric plasma density. With large-scale imaging,

Page 1



thein situ observations may be analyzed unequivocally. We discuss the scientific motivation, basic princi-
ples, and instrumentation of radio tomography, and conclude that radio tomography can produce two-
dimensional images of plasma density and density turbulence of the earth’s magnetosphere at sufficient
spatial and temporal resolution to address key scientific questions. Radio tomography imaging combines
two well-established techniques, radio science and computed tomography. Column density measurements,
made by radio wave propagation experiments between two spacecraft, were implement¢égEfrtthe

sions Celnikier et al, 1983]. Computed tomography has been developed for medical applicatens [

and Wade1986;Kak and Slangyl988] and is being used to image plasma density in the ionosphere [e.g.
Fougere 1995]. We also show that radio tomography imaging can be made with satellites that can obtain
situ observations.

[l. Scientific Motivation

Magnetospheric structures and boundaries are ever changing with solar wind conditions, the interplane-
tary magnetic field (IMF), and substorm activity. In order to understand and quantify magnetospheric pro-
cesses, one must understand the electromagnetic field and plasma topology which, in spite of many years
of in situ observations, has not been mapped on a global scale. Little is known on the large-scale nature of
magnetospheric processes or how small-scale processes couple with each other over large distances. Nor
have the current statistical models of the magnetosphere been fully verified. Global scale observations are
therefore one of the natural extensions to the many years of singleipsitii,observations.

The scientific value of large-scale images would be greatly enhanced if they are interpreted in conjunc-
tion with local plasma and solar wind observations. Activity in the tail strongly depends on the southward
component of the IMF as does solar wind plasma entry in the polar cusgagetier et al. 1991] and
low-latitude boundary layet_ptko and Sonneryd995]. Magnetospheric disturbances can be directly
driven by changes in the solar wind dynamic pressure.

There is a long list of scientific interests which can be addressed by tomographic imaging. Rather than
produce such a list, we choose to concentrate on two regions of interest, the subsolar magnetopause and the
near-earth central plasma sheet. Both regions are at ~8RR:.

Subsolar Magnetopause

The process responsible for transferring the solar wind energy into the magnetosphere begins at the bow
shock, ~3 R upstream of the Earth's magnetopause. The bow shock is characterized by an increase in
plasma density and temperature, a decrease in solar wind velocity, and increased magnetic field turbulence.
Upstream of the bow shock are reflected and accelerated electron and ion fluxes which are responsible for
exciting a variety of plasma wave modes. The magnetosheath defines the region between the bow shock
and magnetopause. It contains the heated and compressed solar wind plasma with density up to four times
that of the solar wind. Detailed observations show that the bow shock is rarely, if ever, stationary. How the
bow shock, magnetosheath, and magnetopause react globally to the passage of interplanetary disturbances
such as coronal mass ejections or interplanetary shocks is a subject of current research.

The magnetopause, the boundary between solar plasma and Earth's magnetic field, is also in constant
motion, controlled by the solar wind dynamic pressure and IMF. An increased solar wind pressure com-
presses the magnetopause and moves it Earthward while a southward interplanetary magnetic field
removes flux from the day side and adds it to the tail magnetosphere. As the shocked solar wind
approaches the magnetopause, the flow deflection and its slowing down around the obstacle results in a
possible formation of a shock or standing wave structure. The formation and the evolution of a series of the
standing waves requires more quantitative studieHasgell 1995]. For exampldSEE spacecraft
observed numerous examples of a slow mode transition upstream of the magnetopause with large density
enhancements. Regions of enhanced and reduced magnetic pressure were interpreted as standing slow-
mode structures. The pile-up of magnetic field adjacent to the day side magnetopause squeezes the plasma
out of the region resulting in a low density region.

The reconnection process is central to understanding solar wind-magnetospheric coupling. Reconnec-
tion ultimately determines the size and shape of the magnetic tail and greatly influences energy flow into
the tail. Observations at the Earth's magnetopause indicate that magnetic reconnection is time dependent
and exhibits significant three-dimensional effe@agsell and Elphicl979;Scholer 1995]. Several mod-
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els of the time dependent reconnection include bursty single X- line reconn&aianidr 1988;South-

wood 1988], multiple X-line reconnectioh¢e and Fu1985], and intermittent patchy reconnection

[Russell and Elphicl979]. The three-dimensional topology results in a formation of magnetic flux ropes
with multiple reconnection sites, and strong tube-aligned flows are expected as result of the reconnection.
The reconnection is also associated with plasma acceleration events in the day-side magnetosphere.

The large-scale structure of the magnetopause needs to be determined to answer questions on recon-
nection, flux transfer events, and ultimately energy flow and solar wind plasma entry into the magneto-
sphere. The magnetopause, however, is a very thin boundary and is often difficult to study avesitwith
observations due to limited instrument resolution. Fortunately, the state of the magnetopause often influ-
ences an extended region upstream in the magnetosBaskim{ann1979]. Observations often show high
levels of turbulence and plasma wave emissions (e.g. ion cyclotron and whistler waves) in the magneto-
sheath. A plasma depletion layer is generally observed next to a low-magnetic-shear magnetopause which
indicates low transfer levels, while a weak plasma depletion layer under high magnetic shear has been
interpreted as evidence for reconnectiBhdn et al. 1994]. Comparison of the magnetic field pile up with
the plasma density in the magnetosheath can indicate the transfer level across the magnetopause. The best
signature of the location of the magnetopause and the state of the magnetopause lies in the plasma density
structure and magnetic field structure of the magnetosheath. The plasma flow velocities, turbulence, and
the ion and electron temperature are also important parameters that are needed to fully understand the
dynamic processes.

Near-Earth Plasma Sheet

The plasma sheet and its central portion, the current sheet, are the most dynamic regions of the magne-
totail. It is there that the currents supporting the anti-parallel fields of the magnetotail lobes are confined. It
is there that the energy imparted into the magnetosphere from the solar wind, stored in the form of mag-
netic energy in the Earth's magnetotail, gets transformed into particle energy or currents that influence the
auroral ionosphere, the ring current, and the geosynchronous environment. The structure and dynamics of
that region currently are studied with single point measurements from one or at most a few spacecraft. Sta-
tistical averages of single-point measurements have provided descriptions of a system in which the instan-
taneous measurements often deviate considerably from the average, thus suggesting that the system is far
more complex than the statistical models would suggest.

The extreme variability of the plasma sheet thickness has been known for a long time. During substorm
recovery, the plasma sheet can thicken to as much asvBé&teas during substorm growth phase it can be
as thin as 1 Ror possibly lessHones 1979;Pulkkinen et al.1994]. A spacecraft that performs single
point measurements cannot remain in the plasma sheet continuously because the plasma sheet oscillates
about the GSMKY (Z = 0) plane due to the Earth's rotation. In addition, even if the spacecraft is within the
nominal plasma sheet, extreme plasma sheet thinning prior to the onset of geomagnetic activity quite often
places the spacecraft outside the active region at the time of onset. Yet it is that parameter, the plasma sheet
thickness, which is important to monitor in order to theoretically understand the onset of geomagnetic sub-
storms. With multi-point measurements and global imaging, one can directly determine the plasma sheet
thickness at eack-distance on the basis of the density profile and from the change in the magnitude of the
magnetic field withz.

The evolution of the above quantities during the course of substorms and convection bay intervals is of
primary interest. It is known that the current sheet thins and moves closer to Earth during substorm growth
phase in response to the increased magnetic flux in the magnetotail lobes. The total current sheet thickness
and its profile along th¥-axis are not known, yet they are critical in determining whether current driven
instabilities may be responsible for the onset of magnetic substGoranjti, 1985;Lui et al, 1991;Wang
et al, 1990]. The quantity of interest is the location of maximum current density in relation to the location
of onset in space. We need to determine the location of the first change in the magnetic field profile, which
is indicative of the onset of magnetic field dipolarization (current disruptiam, 1991]).

There are a number of questions that can be addressed with global observations of the tail. It is known
on the basis of two satellite measurements that magnetic field dipolarization propagates tailward at a rate of
~200 km/s Jacquey et a] 1993;0Ohtani et al, 1992]. What determines the location of the magnetic field
dipolarization and how is that related to the history of geomagnetic activity in the tail? How is that related
to the ground activityHones 1979]? What is the density, and flow profile of the particles that emanate
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from the magnetic field dipolarization sit8dumjohann et al1989;Hones 1979]? Is the Earthward flow
extended irX, or does it stop just at the edge of the magnetic field dipolarization? Is the tailward velocity

of the dipolarization$ergeev et al1995] consistent with flux pile-up at the location of the dipolarization
[Birn and Hessgl991], or is it independent of that, and thus depends on external factors? What is the role
of bursty bulk flows? Do they communicate reconnection in the tail to the near-earth region of the plasma
sheet where the dipolarization process begins? Large-scale imaging and multi-point observations can pro-
vide time-dependent profiles of density, plasma flow, and magnetic field which can answer some of the
above questions.

Snapshots of the plasma sheet at different times would greatly advance our understanding of the behav-
ior of the magnetotail and the substorm process. Ideally, these snapshots would contain high spacial resolu-
tion electron and ion distribution functions and electromagnetic fields. Practically, large-scale images will
be limited to one or, at best, a few plasma parameters. The above scientific questions and others have moti-
vated the development of an imaging system that can be applied to magnetospheric plasmas.

lll. Imaging Technique

The imaging technique that we propose is radio tomography, which uses well-established radio science
techniques, wave receiving and transmission instruments, and computed tomography to form high time
resolution images of plasma density and density turbulence. It may be possible to measure the magnetic
field strength and one component of the plasma velocity with this technique when combined with multi-
point,in situ observations. In this article, we concentrate on imaging plasma density.

The basic idea is illustrated in Figure 1 which demonstrates the technique using sixteen satellites,
twelve of which are in a ~1.1gRgeocentric) by 13 Rpolar (9¢ inclination) orbit and four of which are
in a 1.6 R by ~8 R: polar orbit that focus on the sub-solar region of the magnetosphere. Figure 2 demon-
strates the technique using the same orbits in the magnetotail. The orbits were chosen to optimize both
radio tomography imaging aridl situ observations and demonstrate that both measurements can be made
with the same spacecraft. The top panels in Figures 1 and 2 display two-dimensional images of the plasma
density in the GSNKZ plane (meridianal cut) from a magneto-hydrodynamic (MHD) simulaRaedler
et al, 1997]. The color scale represents the plasma density. The two orbits, the instantaneous position of
the spacecraft, and the ray paths between the spacecraft are superimposed on the density plot.

Radio tomography imaging works as follows. The spacecraft transmit, in turn, coherently phased pairs
of discrete radio frequency signals to be received by all other satellites. The phase difference between the
signals yields a very accurate measurement of the integrated electron density along the ray path, generally
called “total electron content” (TEC). In Figures 1 and 2, there are 120 lines of sight (the 120 TEC mea-
surements are redundant). The 120 TEC measurements along with 16 local density measurements then can
be inverted to produce an image of plasma density in the region encompassed by the satellites. The bottom
panels in Figures 1 and 2 display reconstructed density images based solely on simulated TEC measure-
ments along the ray paths. The inversion technique is similar to that used in medical computed tomography
scans.

The entire tomographic cycle can be as shorts as ~10 s with each satellite transmitting, in turn, every
~0.6 s. Travel times of the signals are less than 0.3 s. The spatial resolution can be as finegasithl/2 R
the orbit configuration in Figures 1 and 2

Designing a radio tomography experiment in the Earth’s magnetosphere involves many trade-offs and
strongly depends on the region that is investigated. In this article, we concentrate on the magnetosheath and
the central plasma sheet at ~8t8 ~13 R.. The analysis and design of an experiment for the ionosphere
or plasmasphere would be substantially different from that which we present.

Radio Science Technique

Radio tomography has been applied to the ionosphere with good successdtget al, 1988;Ray-
mond 1994, Fremouwet al.,, 1994;Leitinger, 1994, Fougere 1995]. Most ionospheric tomography tech-
niques make use of path integrals of electron density. At least five different techniques have been exploited
to provide a measure of TEC. These are: Faraday rotation, differential phase, group delay, dispersive phase,
and elevation angle of arrivdbfvies 1990].

lonospheric radio experiments typically propagate between ground-based systems and spacecraft. The
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global positioning system (GPS) has also been used to map ionospheric densities. The propagation effects
of radio signals transmitted or received from ground-based systems are dominated by the dense F-layer of
the ionosphere and cannot be used to probe plasmas outside of the ionosphere. Spacecraft-to-spacecraft
propagation experiments, however, are ideally suited to study the low-density plasmas in critical regions of
the magnetosphere. Radio propagation experiments have been successfully carried out between two space-
craft in the solar wind plasma using tiS3EE spacecraftCelnikier et al, 1983].

For large-scale tomographic imaging of the magnetosphere, the two most straightforward techniques
are differential phasd.gitinger, 1994] and group delayppvies 1990]. Usually these two techniques are
combined. The differential phase technique requires two phase coherent signals to propagate through the
medium. The phase velocity of an electromagnetic wave(w,, w) in a plasma is:

Vo Oc(1+ ws/sz + ... higher order ternms Q)
wherew is the wave frequency, is the plasma frequency, aads the speed of light. The higher order
terms depend upon the wave polarization.

The expected phase differenda(;) between two coherently phased signals with frequengiesnd
Wyef, With respect taw, is, to lowest order,:

1 i wlj. (pref V(plgj (2)

Equations (1) and (2) can be combined to get:

0w D:Jl 1 U
ACDl U D}—Z_—Z—D ndL (3)
Cm’o Wy ef
wheree andm are electron charge and mass, arglthe plasma density. To first order, the phase difference
between the two signals is directly proportional to the TETr(dL ) and inversely proportional to the
probing frequencyd;).
A®, can be greater thamzin which case one needs to resolve th@biguity. This can be accom-
plished in a number of ways; the simplest uses the group delay. The delay from the group velocity differ-
ence between the two signals is also proportional to the TEC:

2

€
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97 2e,m CQD wZ gr

ref

(4)

The group delay and differential phase measurements can be combined to accurately measure the TEC
over a large dynamic range. The group delay of coded signals will yield the coarse value, and phase delay
the fine value.
In addition to the D.C. plasma density, a measure of the turbulence level comes from the RMS deviation

of A®,. Faraday rotation, proportional toxiw, 2160 in R and L modes, can be used to determine

nB [dL in some regions. The Faraday rotation along ray paths through the magnetosheath, for example,

hould be significant and measurable, reachind »8hile the Faraday rotation along ray paths through
the lobes or central plasma sheet is negligible due to the low plasma density.

Broadcasting Frequencies

For a given background, a lower-frequency system has a larger differential phagebshiénd, there-
fore, allows a more accurate determination of the TEC. Lower-frequency signals, however, are more sus-
ceptible to disturbances such as refraction and require much longer broadcasting antennae, which may lead
to technological limitations. Background is not constant as a function of frequency and therefore is an
important factor in choosing the probing frequencies.

Figure 3 displays the expected background at i he equatorial plane. There are three traces. The
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dashed line represents the cosmic background Mémafo and Brownl978;Bougeret 1984]. This radi-

ation is ubiquitous and represents the minimum background level that one can expect. The solid line is the
average noise measured by WWimd spacecraftBougeretet al, 1995] in the range from 8Ro 12 R: dur-

ing 1996-1998, near solar minimum. The dotted line represents auroral kilometric radiation (AKR) during
an intense magnetic substorm at F0eRtimated fronfrast Auroral Snapshctatellite observationg&fgun

et al, 1998a].

Windobservations show emissions at a substantially higher level than the cosmic background, particu-
larly at frequencies greater than ~3 MHz. These emissions are believed to be narrow-band, man-made
radio transmissions from earth. Below ~3 MHz, the ionosphere shields most of the man-made radio sig-
nals. This shielding should improve at solar maximum, during which, the ionospheric density increases.
Below ~600 kHz, AKR and other naturally generated radio emissions dominate. Intense AKR will be emit-
ted during interesting and perhaps critical states of the magnetosphere, so it is important that a radio sci-
ence experiment works during the strongest AKR. Inspection of Figure 3 clearly indicates that the ~600
kHz to ~3 MHz band has the lowest background, natural or man-made. There can be other natural emis-
sions that are bursty in nature, such as solar type Il radio bursts, that will temporarily increase the back-
ground. These emissions, fortunately, are brief and will disrupt << 1% of the measurements.

It may be possible to conduct a radio science experiment with probing frequencies greater than 10 MHz
if one uses a band that avoids man-made transmissions. The cosmic background decreases with increasing
frequency starting at ~3 MHz. The reduction in background, however, is offset by the smaller phase shift
(A®,). The most promising frequency range for radio science probing, considering background and tech-
nology, is at ~1 MHz.

Feasibility

We analyze a system that images regions of the magnetosphere with a probing frequency of 1 MHz
(fundamental) and a reference frequency of 3 MHz (3rd harmonic). The spacecraft depicted in Figures 1
and 2 have a typical separations of ~5x0(8 R:). The plasma densities vary from ~0.01tm the
lobes of the magnetotail to ~100 Sror more in a compressed magnetosheath. The expected TEC ranges
from 5x10:1 m2 to 5x13° m2.

A radio science receiver employing the differential phase technique measures the phase difference
(A®P,) between the two waves. The expected phase delay between two signals with frequencies of 1IMHz
and 3 MHz is (from equation 3):

AD, D8.4x10_13J'ndL (radians) (5)

wheren (plasma density) is in thandL is in m.

We consider the expected signal-to-noise r&iN)(to assess the accuracy and feasibility of the TEC
measurement. Background noise at ~1 MHz has an intensity of 32Gm?-Hz) at ~10 R the mag-
netosphere (Figure 3). The probing signals need to be detectable at a distance.dfigh Background
can be overcome with high-powered transmissions, but there are technological limitations to the radiated
power from a spacecraft which we discuss below. We consider here, a system which can radiate ~50 W at
the 3rd harmonic and ~20 W in the fundamental. The power flux in the fundamental at the receiVer, 5x10
m away, is ~6x18% W/m?. TheSN ratio at the receiver would be ~28 dB (not accounting for losses) when
averaged over ~0.1 s. For ti§#\ ratio, the phase error would be®<@rc-tangent of (S/NY). Under this
error, the minimum TEC that can be detected at 2% accuracy is ~2-38t@orresponding to an average
density along the ray path of 0.05¢m

In principle, the TEC measurement can be made at a precision several times higher than required (see
below). In practice, there will be pattern losses (~1 dB) from the transmitter, losses due to orientation of the
receiving antennae (~3 dB offset by ~5 dB less cosmic noise due to solid angle coverage of a dipole), and
occasionally a higher background. These effects in their most unfavorable state still permits an accurate
enosugh determination of the TEC to image the expected densities in the central plasma sheet, typically ~1
cm™.

Figure 3 includes two boxes which represent the relative signal strengths at the receiving spacecratft for
20 W radiated in the fundamental and 50 W radiated in the 3rd harmonic. The top of the boxes represents

Page 6



the signal strength under a spacecraft separation ogh&center 5 R and the bottom 12.5RThe

signal levels assume a receiver band width of 100 Hz; the S/N ratio can be improved an order of magnitude
by averaging over a 6.1 s transmission. Doppler shifts from spacecraft motion can be a high as 50 Hz, but
these frequency shifts will not vary significantly during the measuring period so they do not place any
restriction on the receiver bandwidth.

Figure 4a displays the expected phase shifi;§ as a function of average plasma density assuming 1
MHz and 3 MHz probing frequencies at a distance of g8Aryure 4b displays the expected error in the
TEC averaged over 0.1s. One can see that ~2% errors are achievable for TEC values dRra5x10
(average path densities of ~0.05‘%)nAccuracy can be improved by averaging over longer periods. Inter-
estingly, the accuracy of the determination of the average plasma density along a ray path, to lowest order,
does not depend upon the spacecraft separation. For a fixed plasma density, the phase error increases lin-
early with the separation as does the TEC.

There are several other possible sources of error. Appendix A discusses ray refraction from density gra-
dients. Refraction is negligible for most magnetospheric applications, but can be appreciable if the density
variations are large, for example in a compressed magnetosheath, limiting the maximum density that can
be probed (1 MHz signal at ~2% accuracy) to ~10§.cAppendix B discusses reflections from the iono-
sphere which can affect near-earth spacecratft.

Tomographic Image Construction

Tomographic techniques have been used in medical science for déasmland Wadel 985;Kak and
Slancy 1988]. Although tomographic imaging is commonly believed to be a new field, the mathematical
foundation was discussed by Radon as early as T84ahg 1983]. In its simplest form, the magneto-
spheric tomography problem can be posed as follows: given a localized region and the TEC between all
spacecraft pairs, can a unique image of the plasma density be constructed? There is a broad class of images
for which a unique solution does exist, as demonstrated through the back projection tBeacemd||
1956]. Many techniques exist to perform the tomographic inversion feugere 1995].

Tomographic inversion processes for radio propagation experiments differs somewhat from those used
in medical science. In medical imaging, the relation between fluxes of penetrating x-rays and the column
density along the ray path is logarithmic. This relation limits the dynamic range of medical scans, but
allows for detection of small variations of density about a norm. The measured phadsbshift & radio
propagation experiment is directly proportional to the TEC. Thus, radio tomography does not suffer from a
limited dynamic range and is well-suited for investigating the magnetosphere. Furthé&®mgra phase
shift, can be very accurately measured as demonstrated above, so small variations also can be detected. On
the other hand, medical scans typically have*>tumn densities (or pixels) resulting in very fine-scale
images. Magnetospheric radio tomography experiments are limibeg{Ns~1)/2 pixels, wherdg. is
the number of spacecraft. Under current technology, the images have 100 to 500 pixels. Thus, an inversion
algorithm for radio science must properly transform under-determined, unevenly-distributed TEC mea-
surements into images.

Least Squares Inversion

We discuss two types of inversion methods which can be applied to magnetospheric imaging. The
method used to reconstruct the images shown in Figures 1 and 2 employed inherently smooth, two-dimen-
sional functions to represent the density:

N-1
In[n(x, y)]= z CiD;(x, Y)In[D;(x, y)] + C\y+ Cy 41X+ Cy 10y (6)
i=0
where:
Di(x,y) = sar{(x— %)%+ (y-Y))’] )

Here,n is the plasma density aigandy; are the location of functionin the imagex,y) plane. Using
least squares analysis, the parame@eese calculated such that the computed column densities match the
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measured values. This method, initially developed to reconstruct two-dimensional distribution functions,
has the advantage of allowing the image resolution to be controlled. Th¥, setdY; can be adjusted to

have better resolution in those portions of the image that are warranted. The algorithm can be easily
adopted to include the measured density at each of the spacecraft to enhance the image. Previous and fol-
lowing images can also be weighted into the least square fit to increase resolution or accuracy.

The images in Figure 1 were constructed using TEC values that were exact while the measured values
of TEC are expected to have errors. The effects of observational errors on the reconstructed images are
very difficult to depict mathematically, so we use an empirical approach. Figure 5 displays reconstructed
images with random errors of 2% (Figure 5a) and 10% (Figure 5b). The reconstructed image of Figure 5a
(2% error) differs very little from Figure 1, except in the regions near earth where the point density is
sparse. As demonstrated by this example, empirical tests indicate that 2% error in the TEC measurement is
acceptable. The reconstructed image in Figure 5b, however, is unacceptable to the authors. The image indi-
cates structure in the magnetosheath where there was none. The image in Figure 5b, however, remains cor-
related with that in Figure 1. Even though there are spurious features, the general location, size, and shape
of the magnetosheath is retained in spite of the large errors. These data demonstrate how the tomographic
inversion process is robust under measurement error.

Another possible source of error can come from sample aliasing. Density variations with wavelengths
far less than the pixel size produce little error while variations larger that the pixel size are properly
imaged. Density variations, however, that have wavelengths of approximately the pixel spacing, or tempo-
ral variations approximately the sample time, may cause errors in the reproduced image. The image that
results from tomographic inversion may not be unique, but depends upon the inversion method. Fortu-
nately, scintillations can be used to test for the presence of small-scale structure (see Appendix C). The
least squares technique above results in a overly smooth image which does not appear to generate false
fine-scale structure, but, on the other hand, can hide actual fine structure.

lterative Reconstruction

The second inversion method that we discuss uses an algorithm modeled after the volumetric simulta-
neous iterative reconstruction technigBerfhardt et at1998 and references therein). The algorithm,
designed to reconstruct under-determined images, starts with evenly-spaced pixels, whose number can
exceed the number of ray paths. The TEC on the reconstructed pixel map is approximated by summing the
contributions that the ray path makes through each of the pixels (its length through the square pixel) times
the density assigned to the pixel (8sgnhardt et gt1998, Figure 3). The iterative process has two steps.

The difference between the actual TEC and that in the reconstructed pixel map is distributed along the ray
path in proportion the distance the ray path has in each pixel. The density is then allowed to “diffuse” to the
nearest neighbors. The diffusion is mathematically performed by convolving a mask over the entire area.
The diffusion step is followed by another TEC correction step, and so on.

The amount of density “diffusion” is controlled by a parameter called the “temperature”. With a lower
temperature, less density can diffuse into the nearest neighbors during an iteration. As the iterative cycle
continues, the “temperature” is slowly lowered. The solution converges to the a pixel representation of the
density that satisfies the TEC measurements and has the least variation between nearest neighbors, in other
words, the smoothest solution.

The under-determined reconstruction results in a “defocused” image of the actual density. If the actual
density is smooth, the reconstructed image is near perfect. Figure 6a,b displays an example reconstruction
of a smooth density image. In this example, the correlation between the initial density map and the recon-
structed image is 0.99. Figure 7a,b display a reconstruction of a moderately irregular density image. A
wave was artificially forced on the MHD simulation results (25% amplitude with@waRelength). The
algorithm reproduces the features well, but somewhat smooths out the wave. The correlation between the
initial density and the reconstructed image is 0.95. Figure 8a,b has a highly irregular initial density. The
MHD simulation results (Figure 6) were randomly varied on ¥2iRels by as much as50%. The
reconstructed image appears to be smoothed, but maintains the general appearance of the initial map. The
largest deviation comes at Y=2, X=10; a strong density enhancement is simply missing in the reconstruc-
tion. The correlation between the initial density and the reconstructed image is 0.90.

The inverted images have the highest spatial resolution where the ray paths are concentrated. The above
orbits concentrate the ray paths in the magneosheath, so that area is reproduced with the best spatial resolu-
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tion and accuracy. Areas with low ray path concentrations were not as well reconstructed. The iterative
reconstruction algorithm has similar error tolerance as the least squares algorithm. Thus, we have demon-
strated that at least two distinct reconstruction algorithms can properly reconstruct tomographic images of
magnetospheric plasma to ~1/2 rRsolution.

IV. Radio Tomography Instrument

A radio tomography experiment in the earth’s magnetosphere requires multiple satellites, each of which
are capable of transmitting and receiving radio signals. These satellites must typically encompass the
region to be imaged, but can be situated inside the image piaiiobservations are of great impor-
tance, so one must design the experiment to satisfyitbettu observations and tomographic imaging
requirements. We briefly discuss orbits, and features of transmitters and receivers that are needed to satisfy
the experimental requirements.

Orbits

The satellites must be placed in orbits such that density images can be reconstructed uniquely. There are
three clear requirements. The spacecraft must be coplanar and the TEC measurements must have a repre-
sentative sample of all directions through the image plane. The orbit design also should concentrate the ray
paths in the most critical areas. These requirements are met for the two regions specified in this article with
spacecraft placed in at least two different orbits. In Figures 1 and 2 the spacecraft are phased in two highly
eccentric orbits. The outer orbit is 1. ®eocentric) by 13 Rorbit and the inner orbit is 1.6cPby 8 Re.

Both orbits are at 0nclination. These orbits were designed so that the right ascensions of the ascending
nodes and the arguments of perigee remain the same. Thus, the spacecraft will maintain the relative config-
uration depicted in Figures 1 and 2. Typically, it is not possible to obtain a sufficient angular sampling with
spacecraft phased in only one orbit as the earth will block rays along the major axis.

Empirical tests indicate that precise positioning of the spacecraft on the image plane is not necessary.
For the magnetospheric conditions of Figures 1 and 2, for example, the spacing between the spacecraft can
vary by as much as 50% without noticeable degradation of the image reconstruction. Errors that arise from
one or more of the spacecraft lying out of the image plane cannot be easily quantified. These errors would
depend upon the density gradients normal to the image plane.

Radio Tomography Transmitter

We consider an instrument which uses 1MHz and 3 MHz frequency probing frequencies. For these
wavelengthsX, 100 m and 300 m), the natural choice of spacecraft antenna is a half-wave dipole. To max-
imize the radiated power, the antennae elements should hérlldngth (1/2\ tip-to-tip). Such tuned
dipole antennae can be very efficient and are not expected to suffer significant reflection loss or pattern loss
if the spacecraft body is comparatively small. The same antennae can be used both to transmit and receive.

Radio tomography requires two distinct-frequency carriers and it is not practical to tune both signals.
The system needs to be designed for maximum efficiency at the 3rd harmonic since more power is required
(Figure 3). A 25 m (50 m tip-to-tip) antenna system is tuned for 3 MHz with a relative band width of ~2%.
The ohmic resistance of the antenna (e.g. #26 Be-Cu wire) can be less than the radiation resistance (~75
Q), which would allow for >50% antenna efficiency. The fundamental would be untuned, and would have
far less radiated power if driven with the same voltage as the 3rd har@ahei, et al, 1995]. By driv-
ing a square wave at the fundamental frequency (1 MHz) (which has 1/3 the drive Voltage at the 3rd har-
monic) and externally tuning the antennae the fundamental can be somewhat enhanced. With optimal
matching of transmitter circuitry which can be achieved with discrete frequency systems, power converter
and other losses are such that one can achieve >30% total efficiency. Such a transmitting system would
yield ~20 W of radiated power at the fundamental and ~50 W of radiated power at the 3rd harmonic from a
250 W transmitter. This power level needs to be sustained >0.1 s every ~10 s, requiring an average of >2.5
W of power.

The transmitter requirements are well within known instrument capabilities. Wire booms of greater than
50 m tip-to-tip have been successfully deployed on several missions (most recentlyEt8&T gt al,
1998b]) and 2.5 W of average power is well within a small spacecraft resource. The constant surging of
250 W, however, may present a large stress on the power system. A 0.1 s surge at 250 W (25 J) could be
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sustained by capacitors of > 0.1 F at ~30 V. Such large capacitances have recently become available.

Radio Tomography Receiver

The radio tomography receiver must measure phase and group delays between two phase coherent sig-
nals and their relative polarization. The phase differences between a 1 MHz and 3 MHz signals (Equation
4) range from ~0.75 radians (<33 the lobe region to ~7500 radians (~1200 x%&®a compressed
magnetosheath. Differential group delays are expected to be fromatda.2 ms. There are a number of
signal processing techniques that have been developed for radio science which can be used in this experi-
ment. A receiver for the described experiment would require a combination of relative group delay and
phase difference measurements. The group delay would yield a coarse estimate of the TEC and the phase
shift a more exact value. The expected errors in the phase defapitd2group delay (~is) allow an
accurate enough determination of the TEC for tomographic inversion.

Receiving radio frequency signals in space with wire antennae is well established and, once again, has
been accomplished in many previous experiments. Typical preamplifier noise level${1€118z) and
thermal noise levels (~1x18 V/Hz at 1 MHz with 1uA of photoemission current) are far lower than the
background or signal strength and should not require any special design considerations for a radio tomog-
raphy mission.

V. Conclusions

For many yearsn situ observations of plasma and electromagnetic fields from single spacecraft have
provided the basis for investigating the magnetosphere. Many of the remaining problems, however, require
concurrent, multi-point observations so that the data can be unambiguously interpreted as spatial or tempo-
ral phenomena, and the interdependence of small-scale plasma phenomena and large-scale magnetospheric
processes can be investigated. We suggest an approach that combines large-scale imagsituwith
observations.

We demonstrated that radio tomography imaging can provide large-scale images of plasma density with
sufficient resolution (~1/2 B ~10s) to address key scientific questions of magnetospheric physics. We
have, one at a time, discussed the issues of transmission and receiving, background noise, under-deter-
mined images, measurement errors, ray refraction, ionospheric reflection, grazing incidence, and density
turbulence (scintillations). These ultimately need to be combined into a single algorithm. There exist robust
tomographic algorithms that are tolerant of error. Empirical tests indicate that tomographic inversions
require TEC observations with less than ~2% error. The frequency band between ~600 kHz and ~3 MHz
provides an excellent domain of low-noise background. A satellite-borne radio science experiment can
measure the TEC with the needed accuracy to image the plasma sheet and magnetosheath. The needed
experimental apparatus, wire booms, transmitters, and receivers are available under current technologies. A
radio propagation experiment has been flown before ofSthE spacecratft.

One of the challenges is to deploy ten to twenty satellites into the appropriate orbits. Such operations
have been done for the communications industry and, with the development of small-mass satellites, a
radio tomography experiment can be carried out with a single launch vehicle. We have been able to
describe orbits in which both situ observations and radio tomography imaging can be performed by the
same spacecraft. The combination of global imaging and multi-point, in situ observations can uniquely
advance our understanding of the magnetosphere.

Appendix A. Ray Refraction

Error in the TEC measurement can result from ray refraction. The refracted ray path not only samples
neighboring plasma rather than the plasma directly between two spacecraft, but also travels a longer dis-
tance. It is the latter effect that can introduce the most sizable error.

Ray refraction can be estimated in two ways. One may assume the density gradient is normal to the ray
path over an extended distance. In other words, the ray grazes a density boundary. With grazing incidence,
a ray can experience strong refraction, but with low probability. To understand refraction from grazing
incidence, one must estimate the density gradient and the distance that the ray will experience this gradient,
both of which are difficult to quantify. In the more typical case, the ray refracts at a boundary that it
approaches obliquely. We discuss both approaches below.
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Ray Refraction at an Oblique Boundary

In the geometry depicted in Figure 9, the probing ray, transmitted from spacecraft SC1, follows ray path
A, refracting at a sharp density boundary before being received by SC2. The reference ray follows ray path
B, a straight line between SC1 and SC2. The difference between the two path lengths depends upon the
refraction anglé6. This angle can be estimated by using Snell’'s law. For simplicity, we assume that one
side of the density boundary is a vacuum. On the other side, we use the ordinary mode dispersion, neglect-
ing a magnetic field:

W = cof) + 2K (8)
Under Snell’s law, assuming small angle refraction, ray refracd@nc@n be estimated as:
2 K
50 DEP-Z% 9)
200

wherek“ (k) is the component of the wave vector parallel (perpendicular) to the density boundary. The
difference in path length can be estimated as:

R W k?

AR = R—-RO=-2-l (10)
32 4,2
w Ky

In this example, the error due to ray refractib®/Ad,) is the ratio of the increase in phase shift from the
longer path lengthA@g = KAR) to the expected phase shift (Equation 3, assume that one half of the path is
in the region of high plasma density~= w;, and thato.es >> w):

2,2
A_q'isgﬂaz'fg (11)
A®; gy K5

From equation (11), it is clear that ray refraction can be neglected for most magnetospheric applications
sincew >> wy,. For example, the typical plasma density of the magnetosheath is ~2W&th a 1 MHz
probing frequency and a grazing angle suchlqhﬂctﬂ = 1to 10, the refractive error is ~0.02% to ~2%.
However, a severely compressed magnetopause could have a plasma density as high'%.swm am
grazing angle such thbi Ik = 10, the refractive error can exceed 10%. Ray paths that penetrate a highly
compressed magnetosheath or the plasmasphere, even for short distances, could suffer strong refraction
with a 1 MHz probing frequency.

Grazing Incidence
Refraction from an abrupt density gradient nearly normal to the raylmaih Ko is:

00 Hw,/ w (12)

Refraction of a grazing ray can be much more sevebg/(\®, [11) than that of an oblique ray. Signifi-

cant refraction from grazing incidence, however, requires a remarkably unfortunate situation whereby the
wave follows an abrupt density boundary for a distabjer{any times the perpendicular scale length of

the density gradienAD [ [dIn(n)/er]'l, wherer is perpendicular to the ray path). This condition is
roughly expressed a&iD L Dsin(@®6). which, when combined with equation (12), indicates a ray path

that follows a 100% gradierAD; 1250 km, a typical proton gyroradius) for ~E.Rn practice, the prob-
ability of such an occurrence is very low.

Finally, even though errors due to grazing incidence can be large, they have only a small effect on tomo-
graphic image construction. The effect is such to shift the position of density boundary along the direction
of the gradient. Once the tomographic image is constructed, one can iterate the inversion to correct for ray
refraction to first order. Furthermore, magnetospheric boundaries are in constant motion as are the space-
craft, so such an unfortunate ray path should appear in one or at most a few images. We conclude than
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radio tomography can be used to image densities up to ~180 cm

Appendix B. lonospheric Reflections

We examined the possibility of interference from ionospheric reflections. For spacecraft more than ~2
Re from Earth, in the worst-case scenario (perfect reflection), strength of the reflected signals can be
expressed as the small target radar equa@alvgrt et al, 1995]:

ReP, (13)
161154

whereP, is the radiated power from one spacecraft,sische mean distance from Earth to the transmit-

ting and receiving spacecraft. The power flux of the reflected signal will be less than 1% of the primary
signal if the mean distance of the from earth is more thag §ifRen that the spacecraft separationds ~

Of the 120 ray paths in Figures 1 and 2, only 2 (the vertical paths near Earth) could experience interference
from ionospheric reflections. Those ray paths could be removed from the image reconstruction if neces-
sary.

W, 0

Appendix C. Scintillations

The radio tomography experiment as designed is sensitive to structures as small gs but/vé&uld
not necessarily properly reconstruct smaller structures, so it is important to determine if, and to what
degree, small-scale structures may reduce the accuracy of the inversion. One such metric which can be
used is scintillation.

Scintillation or amplitude modulation comes from refracted rays that interfere with the primary ray. The
most effective amplitude modulations come if the refracted ray path Asl@igjer than the primary ray
path, where\ is the wavelength. Such refraction can be produced by a structure that has a scale size normal
to the ray path (or Fresnel size)SfL/ﬁ , whbres the distance between the spacecraft. Since
D 05x10° m andA = 300 m, the Fresnel size is ~1.2 X 10 (~120 km), which is very close to the
expected proton gyroradius in the magnetosheath and plasma sheet (250 Brs WittmT andr; = 500
eV). Amplitude modulations that arise from interference from refracted ray paths would therefore reflect
turbulence on ion-gyroradius scale sizes. Strong scintillation would indicate small-scale gx</eR-
lence and thus can be used as a measure of the accuracy of the tomographic inversion.
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Figure Captions

Figure 1: The top panel (a) shows a 2-dimensional cut of electron density of the sub-solar magnetosheath through
the GSMXZ plane based on a 3-dimensional MHD modRadder et a] 1997]. The orbits, instantaneous positions,

and ray paths between sixteen satellites are superimposed. The bottom panel (b) shows the reconstructed density
based solely on these 120 simulated total electron count (TEC) measurements. The spacecraft positions are indicated
with diamonds.

Figure 2: A demonstration of tomographic imaging in the near-earth plasma sheet. The display has the same format
as Figure 1; the color scales have been adjusted to fit the local plasma densities.

Figure 3: The expected wave electric field background in the near-earth magnetotail. The solid line represents
average spectra from the Wind WAVES instrument between 8 RE and 1BdREefetet al, 1995]. The dashed

line is the cosmic backgroundNgvaco and Brownl1978]. The dotted line is the estimated auroral kilometric
radiation level during a magnetic substorm based on FAST observaiigus [et al, 1998]. The rectangles indicate

the expected wave power from 2 RE (top of rectangle) to 12.5 RE (bottom of rectangles) assuming 20 W radiated
power (left rectangle) and 50 W radiated power (right rectangle) and a 100 Hz bandwidth. The signal to noise ratio
is ~20 dB, and can be improved to ~30 dB by averaging over a 0.1 second period.

Figure 4: (a) The expected phase sHifP() between 1 MHz and 3 MHz probing frequencies over a distance of ~8

Re (5x10' m). (b) The expected error in the total electron content (TEC) measurement as a function of average
column density assuming an averaging period of 0.1 s. The error is, to lowest order, independent of spacecraft
separation. The top trace is the error under 50 W radiated power, the bottom trace the error under 20 W radiated
power. Tomographic inversions require ~2% accuracy in TEC measurements, so a plasma below %0f@5 cm
example the lobe plasma, cannot be imaged.

Figure 5: Reconstructed images under 2% and 10% error. Random errors were introduced into the simulated TEC

measurements form Figure 1a before crating the images. The image in the top plot (1% error) does not display false

features in the magnetosheath and indicates that such errors are acceptable. The bottom plot (10% error) displays
features in the magnetosheath where there were none. The bottom image, however, is not completely uncorrelated
from that in Figure 1. Even though there are spurious features, the general location, size, and shape of the

magnetosheath are retained in spite of the 10% errors. These images demonstrate that the tomographic inversion
process is robust under measurement error in the TEC.

Figure 6: The density model (a) from Figure 1 and reconstructed density (b) from the iterative inversion technique.
The correlation between the original density and reconstructed density op &R is 0.99.

Figure 7: The density model (a) from Figure 1 with a 25% oscillation g ®&aRelength. (b) The reconstructed
density from the iterative inversion technique. The correlation between the original density and reconstructed
density on 1/2 R pixels is 0.95.

Figure 8: The density model (a) from Figure 1 with &8% random variation on 1/2gRpixels. (b) The
reconstructed density from the iterative inversion technique. The correlation between the original density and
reconstructed density on 1/Z Rixels is 0.90.

Figure 9. A diagram depicting ray refraction at an oblique boundary. The increased path length can cause an error in
the TEC measurement.
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Plate 1

Radio Tomograpgy Imaging of the Magnetosheath Plasma
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