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Multipoint Measurements are a “bridge” between Laboratory 
and Space Plasma Physics 

“Magnetospheric Constellation: Past, Present and Future” 
Vassilis Angelopoulos and Harlan Spence 

Geophysical Monograph 109, pp. 247-262 (AGU, 1999)

“Looking to the future, I believe that progress requires bunches of satellites, though 
these are as yet in no published program. One is continually conscious of this need for 
reasons which have a direct analogue on the ground... Since satellites are being launched 
singly, the scientific returns are less than they could be.”  
Jim Dungey, Inaugural lecture as Professor of Physics at Imperial College, 1966.
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Kilo-Satellites & Constellations

Science Closure and Enabling Technologies for Constellation Class Missions, 
edited V. Angelopoulos and P. V. Panetta (Berkeley, 1998)

"a constellation composed of several hundred satellites 
appears to be within the scope of a Solar-Terrestrial Probe line 
mission costs” 

“The Kilo-Satellite Constellation Concept,” Harry Petschek, et 
al., pp. 51-57, (Berkeley, 1998).

“Deployment of ~80 autonomous micro-satellites to monitor 
the Earth's magnetosphere and measure the plasma and 
magnetic field in the near-equatorial magnetosphere is a 
necessary and sufficient condition for answering long standing, 
high priority questions … [and] mission concept is technically 
feasible and fiscally modest” 

“On the Necessity and Feasibility of an Equatorial 
Magnetospheric Constellation,” Vassilis Angelopoulos, et al., pp. 
14-21, (Berkeley, 1998).



Room yet to expand multi-point measurements  
from “clusters” to “bunches” to “constellations” 

MMS (4) THEMIS (3+2)



Two Approaches to  
Multipoint Measurements in the Lab

• Movable sensors in reproducible and/or coherent plasmas 
(only in the lab) 

➡ Simultaneous multipoint sensors in transient, turbulent, or 
chaotic plasmas (also in space constellations)



Movable 
Probes

Movable Probes in “Reproducible” Lab Plasmas 

ing to their global mode structures, notably their radial struc-
tures, time independence, and rigid rotation. The only major
departure between the two cases is the radial phase structure:
constant phase, independent of radius for HEI, and a spiral
phase structure for the centrifugal mode.

B. Mode structure from polar diagnostic

In addition to obtaining the mode structure from the
multiprobe correlation technique, it is possible to use the
polar imaging array to obtain qualitatively similar results.
The array consists of 96 detectors, comprising 8 radial posi-
tions and 24 azimuthal ones. In a single slowly evolving
discharge, the entire mode structure can be observed as a
function of time, in comparison with the probe correlation
analysis !which requires many discharges with different

probe locations". The polar array can also be used to con-
struct video images of polar flux dynamics, as well as time
averaged equilibrium and fluctuation contour plots, some ex-
amples of which are shown here. Interpolation for the con-
tour plots was made using a quintic interpolation scheme.

Polar diagnostic data at each radial position, consisting
of a given number of detectors, was Fourier decomposed and
represented with m=1–3 modes. A singular value decompo-
sition was performed to solve for the sin!m!" and cos!m!"
coefficients of each mode, which determine the relative am-
plitudes and phases and the radial mode structure of the in-
stability at the eight radial detector position. The phases, not
shown here, indicate roughly rigid rotation at 25 kHz as well
as some radial phase shift, similar to what was measured by
the multiprobe correlation technique.

Since the centrifugal modes are quasicoherent, small
time windows #100 "s were selected to make mode struc-
ture analyses. Averages over several oscillation periods are
used for the presented data.

Figure 8 shows results from the polar imaging diagnos-
tic, with detector positions mapped to the equatorial plane
along field lines and marked by small circles. Again, results
here are shown for the low bias m=1 dominated regime. A
polar plot of the net polar electron current is shown in Fig.
8!a", with the equilibrium electron ring clearly visible. The
fluctuations for the same discharge, Fig. 8!b", display a clear
m=1 structure with some suggestion of the spiral structure
alluded to previously; the dotted lines are contours of nega-
tive current, while the solid ones are of positive current. Fig-
ure 8!c" displays the relative amplitude frequency spectrum
as measured by the polar imager; the resolution is blurred
compared with Fig. 4!b" since the fast Fourier transform
!FFT" time window sampled is small and also since it is an
average of FFTs from all of the detectors; however, the
dominant m=1 mode at $25 kHz is clearly present. The
normalized radial mode amplitude for the three lowest
modes are also plotted in Fig. 8!d" and show qualitatively
similar profiles to Fig. 6, with m=1 being the largest. As in
the correlation analysis, higher m modes are seen to be
broader and peaked at larger radii.

In comparing the mode structures from the two methods,

FIG. 6. Normalized magnitude of the correlation function between two
probes as a function of the radial position of one probe for the m=1, 2, and
3 azimuthal components numbers. Solid lines are computed Fourier compo-
nents from the nonlinear simulation.

FIG. 7. !Color". !a" Total phase of the correlation function between two
probes as a function of the radial position of one probe for the three lowest
harmonics. !b" The radial phase for the m=1 mode at three different times
during a discharge. Solid line is the result of numerical simulation. !c" Re-
constructed m=1 component of the interchange mode.

055703-7 Excitation of the centrifugally driven interchange… Phys. Plasmas 12, 055703 !2005"
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Supersonic Rotation (Mach > 1)

Example: Saturated, Coherent Centrifugal Interchange Mode

Rotating Laboratory Magnetosphere



083510-2 Roberts et al. Rev. Sci. Instrum. 86, 083510 (2015)

FIG. 1. CTX plasma and magnetic field with the locations of the particle
shaker, floating potential probe, and camera. The trajectory of the particles is
indicated by the red dashed line and the field of view of the camera by the
yellow lines.

has aspects similar to the dispenser of Wang and Ticos16–18

though is designed for direct deposition of a controllable
number of particles. The shaker consists of a small cylindrical
PZT piezoelectric, 19 mm in diameter with a wall thickness of
2.5 mm. The inner surface is grounded to the probe body and
the outer surface is connected to an external power supply.
The cylinder is filled with particles (shown in Fig. 2, right) and
is assembled with a cap and compression screw. The end cap
has a 6 mm hole, with stainless steel wire mesh spot welded
to cover the hole. The spacing of this mesh can be varied
depending on the particle diameter. Teflon washers isolate
the piezoelectric from the conducting probe body and end
cap. For these experiments, we used particles 350-425 µm in
diameter, and a mesh with 500 µm openings, double layered.
This particle size was chosen after previous experiments with
fine (10 nm) diamond dust resulted in clumping, preventing
an accurate estimate of diameter and mass, and often leading
to enhanced rocketing e↵ects and rapid ablation. Polystyrene
(C8H8) provided an inexpensive and monodispersed particle,
with low atomic number.

When the shaker is filled with particles, for the given
mesh and particle sizes, the particles jam in the mesh. By
oscillating the shaker in small pulses (10 ms), the particles are

FIG. 3. Larger image recorded at 4 kfps showing the plasma and magnet on
the right. Inset showing the location of the 50 kfps imaging relative to the
magnet, with particles.

freed and fall through the mesh. The piezoelectric is driven by
applying a ±20 V sine wave at 90.5 kHz. This is slightly o↵
the cylinder’s natural resonance of ⇠91 kHz. Compensating
for the time of flight of the particle releases above the plasma,
we achieve reliable injection of particles into the plasma on
over 90% of shots taken.

We image the plasma and particles using a Phantom V
7.1 fast camera (shown in Fig. 1) sampling at 50 kfps with
8 bit resolution, as well as a Sony HDR-AS15 sampling at
0.1 kfps (not shown) providing an orthogonal view of the
particle trajectories. Images from the Sony camera indicate a
spread of ⇠2 cm in the axial direction. As such, our analysis
uses only Phantom data, assuming free-falling particles on a
2D plane.

Fig. 3 shows an image recorded at 4 kfps (exposure of
200 µs) displaying the plasma and location of the magnet.
The small inset box outlined in red is from a separate shot
recorded at 50 kfps (exposure 17 µs), illustrating the location
of the particles in the plasma. The enlargement shows the
four detected particles. Note the low pixel count per particle.
All analysis was performed with 50 kfps data, frame size
of 512 ⇥ 64 pixels. At the focal plane, there are roughly
40 pixels/cm.

FIG. 2. Left, rendering of the particle “shaker.” Note the small, mesh covered hole on the end cap. Right, 350-425 µs polystyrene particles next to dime for
scale.
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High-Resolution Measurements of Plasma Turbulence Requires a Different 
Approach… Simultaneous Multi-Points (like satellite constellations)

(a) Fast Videography/Polar Imaging of Density Fluctuations 

(b) Global Reconstruction of Potential / Density Fluctuations 

(c) Measurement of Inward/Outward Moving Plasma Flux Tubes 

Example: Tracking free-falling dust “constellations”
Roberts, et al. Rev Sci Instrum 86, 083510 (2015).



96 Sensor 
Polar Imager

24 Edge Probe Array

(See Poster: Tony Qian / Tues PM Undergrad)(See Poster: Melissa Abler / Wed AM)



Jack Capon’s Maximum-Likelihood Method for  
High-Resolution Detection of Power Spectrum (1969)
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TABLE II 
PARAMETERS FOR 21 NOVEMBER 1966 KURILE ISLANDS EVENT 

Date: 
Region: 
Origin time: 
Latitude: 
Longitude: 
Distance: 
Azimuth: 
Depth: 
Body-Wave Magnitude: 

21 November 1966 
Kurile Islands 
12:19:27 
46.7N 
152.5 E 
64.3' 
312' 
40km 
6.0 

... w.w 
' I I I I I l I I 

12:50. 12·!15 l3.05 13:10 1:H5 1245 12:50 12-55 13:00 t3.Q5 1310 13-T5 

2! NOV 66 
KURILE ISLANDS EVENT 

Fig. 6. The long-period waveforms for 21 November 1966 
K urile Islands event. 

eters are given in Table II. 1"fre LPZ Rayleigh surface waves 
of this event are shown in Fig. 6. The results obtained by 
measuring the frequency-wavenumber spectrum over the 
entire LPZ Rayleigh surface-wave train, as indicated in 
Table I, are given in Fig. 7 for frequencies of 0.03, 0.04, 
0.05 Hz. It is known that the beating, or modulation, of the 
envelope of these surface waves, as shown in Fig. 6, is caused 
by multiple path propagation, especially at shorter periods, 
cf. [6]-[8]. This multipath propagation effect is shown 
quite clearly at 0.04 Hz where two peaks are resolvable. One 
peak is at an azimuth corresponding to the initial wave 
arriving along the great circle path between LASA and the 
Kurile Islands, while the other peak shows the later multi-
path arrival propagating from the northwest. 

In order to determine the time ·delay between the multi-
path arrivals at LASA, for the 25-second period group, the 
frequency-wavenumber spectrum was measured over suc-
cessive 200-second-long blocks of time, as indicated in 
Table I. The results are given in Fig. 8, which, for simplicity, 
shows only the high-resolution results. Fig. 8(a) shows that 
the initial 25-second period group arrives from approxi-
mately the azimuth of the event, while Figs. 8(b}-(d) show 
the later arrivals coming from a more northerly direction. 
The time delay between the multipath arrivals appears to 
be about 200 seconds, since the emergence of a secondary 
peak to the north is visible in Fig. 8(b). The group velocity 
for these waves at the 25-second period is about 3.3 km/s so 
that a path length difference of about 660 km or 6 degrees 
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Fig. 7. Conventional and high-resolution frequency-wavenumber spectra 
for 21 November 1966 Kurile Islands event: 12:40:00 to 13:40:00. 
(a} Frequency= 0.03 Hz. (b) Frequency= 0.04 Hz. (c) Frequency 
=0.05 Hz. 

exists. between the two multipath arrivals. Similar results 
have been obtained by Evemden by measuring phase ve-
locities with a tripartite array [7], [8 ]. In addition, Evemden 
gives a theory to explain the causes of the multipath propa-
gation of Rayleigh surface waves. 

We now discuss the application of our results to SP noise. 
The transfer function of the SP system is shown in Fig. 9. 

“High-Resolution Frequency-Wavenumber Spectrum Analysis,” Proc. IEEE 57, 1408 (1969).
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Fig. I. General arrangement of the large aperture seismic array. 

TABLE I 
PARAMETERS USED OF FREQUESCY·WAVESt:MBER SPECTRUM 

Sampling Array Nominal Number of Frequency 90% Added 
Number of Confidence Amount DATA Rate Aperture Number of Samples per Resolution Blocks=M Limits Incoherent (Hz) (km) Sensors=K Block=N (Hz) (dB) Noise=R 

LPZ noise 200 21 
LPZ Rayleigh surface-wave event 

(entire wave) 200 21 
LPZ Rayleigh surface-wave event 

(200 seconds at a time) 1 200 21 
.SP noise 10 36 25 

LASA consists of 21 subarrays of 25 short-period (SP) 
vertical seismometers as indicated in Fig. I. At the center of 
each subarray there is a three-component set oflong-period 
(LP) seismometers oriented in the vertical (Z). north-south 
(NS), and east-west (EW) directions. 

As mentioned previously. a direct segment. or block aver-
aging, method of spectral estimation was employed. The 
weights 1, j= 1, · · ·. N were used, cf. (10) so that a 
Bartlett frequency window was used in the spectral estima-
tion [4 ]. The seismic data considered was LPZ noise, LPZ 
Rayleigh surface-wave events, and SP noise. The parameters 
used in the measurement are given in Table I. The results of 
the conventional frequency-wavenumber spectrum mea-
surement program are displayed, at a fixed frequency, as 
contours of 10 log [P(i., k)/P maxl vs k"', ky, where P m•x is 

100 0.01 36 ± 1.2 0 

100 0.01 36 0 

100 0.01 2 0.05 
100 0.10 36 ± 1.2 0 

the maximum value of P. The wavenumber coordinates are 
in cycles per kilometer. The wavenumber grid on which P 
is computed consists of 61 x 61 points. The level of the con-
tours varies from 0 to 12 dB in steps of 1 dB. The display of 
the high-resolution results is similar to that of the conven-
tional results with the only exception that the contour levels 
are incremented by 2 dB. It should be noted that if a wave is 
propagating from the north with a velocity corresponding 
to the wavenumber k 0 , then the wavenumber spectrum re-
sults will show a peak at the point kx=O, k,= lkol/2n, i.e., 
the peak will appear above the origin of the wavenumber 
axes. 

The transfer function of the LP system is shown in Fig. 2. 
The results of both the conventional and high-resolution 
frequency-wavenumber spectrum measurements for LPZ 

21 × 25 = 525 sensors (!!)
Large Aperture Seismic Array (LASA)

Belmont, Sahraoui, and Rezeau, "Measuring and understanding space 
turbulence," Adv in Space Res. 37, 1503 (2006). 

(Special thanks to Dr. Yasuhito Narita (yasuhito.narita@oeaw.ac.at) for suggesting this method)

mailto:yasuhito.narita@oeaw.ac.at
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TABLE II 
PARAMETERS FOR 21 NOVEMBER 1966 KURILE ISLANDS EVENT 

Date: 
Region: 
Origin time: 
Latitude: 
Longitude: 
Distance: 
Azimuth: 
Depth: 
Body-Wave Magnitude: 

21 November 1966 
Kurile Islands 
12:19:27 
46.7N 
152.5 E 
64.3' 
312' 
40km 
6.0 

... w.w 
' I I I I I l I I 

12:50. 12·!15 l3.05 13:10 1:H5 1245 12:50 12-55 13:00 t3.Q5 1310 13-T5 

2! NOV 66 
KURILE ISLANDS EVENT 

Fig. 6. The long-period waveforms for 21 November 1966 
K urile Islands event. 

eters are given in Table II. 1"fre LPZ Rayleigh surface waves 
of this event are shown in Fig. 6. The results obtained by 
measuring the frequency-wavenumber spectrum over the 
entire LPZ Rayleigh surface-wave train, as indicated in 
Table I, are given in Fig. 7 for frequencies of 0.03, 0.04, 
0.05 Hz. It is known that the beating, or modulation, of the 
envelope of these surface waves, as shown in Fig. 6, is caused 
by multiple path propagation, especially at shorter periods, 
cf. [6]-[8]. This multipath propagation effect is shown 
quite clearly at 0.04 Hz where two peaks are resolvable. One 
peak is at an azimuth corresponding to the initial wave 
arriving along the great circle path between LASA and the 
Kurile Islands, while the other peak shows the later multi-
path arrival propagating from the northwest. 

In order to determine the time ·delay between the multi-
path arrivals at LASA, for the 25-second period group, the 
frequency-wavenumber spectrum was measured over suc-
cessive 200-second-long blocks of time, as indicated in 
Table I. The results are given in Fig. 8, which, for simplicity, 
shows only the high-resolution results. Fig. 8(a) shows that 
the initial 25-second period group arrives from approxi-
mately the azimuth of the event, while Figs. 8(b}-(d) show 
the later arrivals coming from a more northerly direction. 
The time delay between the multipath arrivals appears to 
be about 200 seconds, since the emergence of a secondary 
peak to the north is visible in Fig. 8(b). The group velocity 
for these waves at the 25-second period is about 3.3 km/s so 
that a path length difference of about 660 km or 6 degrees 
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Fig. 7. Conventional and high-resolution frequency-wavenumber spectra 
for 21 November 1966 Kurile Islands event: 12:40:00 to 13:40:00. 
(a} Frequency= 0.03 Hz. (b) Frequency= 0.04 Hz. (c) Frequency 
=0.05 Hz. 

exists. between the two multipath arrivals. Similar results 
have been obtained by Evemden by measuring phase ve-
locities with a tripartite array [7], [8 ]. In addition, Evemden 
gives a theory to explain the causes of the multipath propa-
gation of Rayleigh surface waves. 

We now discuss the application of our results to SP noise. 
The transfer function of the SP system is shown in Fig. 9. 
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Fig. 5.1. Optimum detector for a known signal in additive Gaussian noise when the observation 
interval is large 

filter frequency response GJA.) from (5.13) as 

where 

[ 
K ]1/2 

Hn()..)= i,t1 q;k(A.) ' 

H.w(A.)=H:(A.)Hn(A.), 
K 

I q;k(A.) 
A;(A.) = __ 

I q;k(A.) 
i,k= 1 

i=1, ... ,K 

(5.17) 

(5.18) 

(5.19) 

(5.20) 

and {q;k} is the inverse ofthe matrix {s;k(A.)}. It should be noted that if {q;k(A.)} is 
the inverse of {S;k(A.)} then 

The implementation of the optimum detector, for the case of a known 
signal, is shown in Fig. 5.1. The output ofthe ith sensor is delayed, or advanced, 
by the appropriate time and then applied to a convolutional digital filter whose 
frequency function is A;(A.). Ali such outputs are then summed and applied to 
the convolutional digital filters whose frequency responses are Hn(A.), H.w(A.). 
The filter H n(A.) is a whitening filter since the spectrum of the noise at its in put is 
[Hn(A.)r 2 , as will be shown in Sect. 5.5.2. The filter H.w(A.) is matched to the 
whitened signal. The output of the matched filter is applied to the comparator 
where it is compared with a threshold. This threshold is determined in the usual 
way, as discussed by Helstrom [5.5]. Ifthe threshold is exceeded, then a decision 
is made that a signal is present; otherwise, the decision is made that signal is 
absent. 

Jack Capon’s Maximum-Likelihood Method for  
High-Resolution Detection of Power Spectrum (1969)

Nonlinear Filters Depend upon  
Full Cross-Correlation Matrix, Cij-1

Large Aperture Seismic Array (LASA)

“High-Resolution Frequency-Wavenumber Spectrum Analysis,” Proc. IEEE 57, 1408 (1969).



Multiprobe Measurements to Understand Turbulence in 
Magnetospheric Geometry

• Imaging global chaotic structures  
[Brian Grierson, et al., Phys Plasmas 16, 055902 (2009)] 

• Regulating turbulence with phase-controlled current injection  
[Thomas Roberts, et al., Phys Plasmas 22, 055702 (2015)] 

• Plasma compressibility and turbulence in magnetospheric geometry   
[Darren Garnier, et al., Phys Plasmas  24, 012506 (2017)] 

➡Tony Qian [Tues PM Undergrad Poster] High-resolution measurement 
of turbulent (ω, k) power spectrum in a turbulent laboratory 
magnetosphere 

➡Melissa Abler [Wed AM Poster] Exciting the cascade in a turbulent 
laboratory magnetosphere 

High-Resolution Power Spectrum from 
Ensemble Cross-Correlation Matrix

}



Enceladus: The Source of Saturn’s E-Ring

Cassini-Huygens (1997-2017)



(a) Photograph of LDX with Li Pellet Injector (b) Graphic Showing Li Pellet Trajectory

Li Pellet 
Injector

Fast 
Cameras Fast 

Cameras
Li Pellet 
Trajectory

t1 = 6.0235 s

t2 = 6.0305 s

Li Pellet Injection Provides Internal Particle Source and  
Cools Plasma Core

×5 Peak Density  
×3 Electrons  
÷3 Energy

15 ms  
Pellet travels @ 175 m/s  

1 mm3

Li Pellet 

After Li Pellet 



Entropy Mode Physics
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Rosenbluth, “Low-Frequency Limit of Interchange Instability,” Phys Fluids 11, 869 (1968).

Kesner, Phys Plasmas, 7, 3887 (2000) (Linear drift-kinetics) 
Ricci, Rogers, Dorland, and Barnes, Phys Plasmas, 13, 062102 (2006) (Linear gyro-fluid)

Unique and Important profile parameters:  
ωn* ~ ωd  and  ωp* ~ γ ωd  and  η ~ 2/3
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Entropy Mode Reverses Direction with η
η < 2/3 

Outward Particle Flux
η > 2/3 

Inward Particle Flux
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Ensemble Cross-Phase: Two Probes
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High-Res Power Spectra: Sixteen Probes

ω/2π ~ m 0.7kHz

Forward (Electron) Drift Reversed (Ion) Drift

ω/2π ~ – m 0.5kHz

Power Spectrum |δΦ(ω,m)|2

η < 2/3η > 2/3

(See Poster: Tony Qian / Tues PM Undergrad)



High-Res Power Spectra: Sixteen Probes

ω/2π ~ m 0.7kHz

Forward (Electron) Drift Reversed (Ion) Drift

ω/2π ~ – m 0.5kHz

Power Spectrum |δΦ(ω,m)|2

η < 2/3η > 2/3

(See Poster: Tony Qian / Tues PM Undergrad)
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Whole Plasma Imaging of Entropy Mode Structure 
Rotating Global Modes, Chaotic Amplitudes and Phases, Inverse Cascade
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Grierson, M. Worstell, and M. Mauel, Phys Plasmas 16, 055902 (2009).

Proton “Aurora” in the Lab
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High-Resolution Power Spectrum
21 Sensors
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Regulating Turbulent Convection with an “Artificial Ionosphere” 
(Current Injection Feedback)

T.M. Roberts, Mauel, and Worstell, "Local regulation of interchange turbulence in a dipole-confined 
plasma torus using current-collection feedback," Phys Plasmas 22, 055702 (2015).

Ionospheric 
Resistance: 

Σ < 0 or Σ > 0

(See Poster: Melissa Abler / Wed AM)



High-Resolution Power Spectrum
21 Sensors
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Summary
• “Progress requires bunches of satellites”  

      - Jim Dungey (1966) 

• Laboratory instruments demonstrate and 
validate methods for multi-point measurements 
of plasma dynamics, turbulence, and transport. 

• Capon’s maximum likelihood method for 
multipoint measurements show high-resolution 
details of the nonlinear cascade and turbulent 
spectra in laboratory magnetosphere.

MMS 
THEMIS

(See Posters: Melissa Abler and Tony Qian)


