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3.6 Summary

The primary objective of the FPMU instrument suite was to provide a triple redundant,

“no false alarm”, measurement of the ISS floating potential. All three Langmuir probe

instruments (FPP, WLP, and NLP) provide the ISS floating potential value to within ±2

volts of each other, thus fulfilling NASA’s requirement of FPMU. The ni and Te values

provided by the WLP and the NLP also agree to within ±10% of both probes. This provides

a doubly redundant measurement that can be used as an input for the ISS charging model

or for validation of USU-GAIM model. The first results presented in this paper show that

the in situ density measurements agree better with USU-GAIM than with IRI. The derived

in situ temperatures are in good agreement with IRI predictions and also show small scale

structures that are not visible within the IRI results due to the model’s averaging nature.

The FPMU I-V curves from the WLP and the NLP also present an unprecedented

dataset where two Langmuir probes of different geometries are probing ionospheric plasma

in the same volume. As presented in this paper there is a lack of theory that can be used to

accurately analyze the saturation regions of Langmuir probes in mesothermal magnetized

plasma. Our analysis of the electron saturation region provides a simple procedure to derive

absolute electron density. The accuracy of the derived electron density values is evident as

they agree very well between the two different instrument geometries, as well as with the

results from ionospheric models.

The seemingly random variation in the fit value of β points towards the lack of an

accurate saturation region current expression. Furthermore, the NLP I-V curves intermit-

tently show a “negative” characteristic in the far electron saturation region that remains

unexplained. These topics will be investigated in a future paper. Thus, in the long run, the

large FPMU I-V curve dataset shall shed a unique insight into probe physics.
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Chapter 4

Derivation of Temperature and Density from Langmuir

Probe Observations with a Small Surface-to-Probe Area

Ratio

4.1 Introduction

The Langmuir probe has been the most widely used in situ instrument for the measure-

ment of plasma parameters such as electron density (ne) and temperature (Te), ion density

(ni), and as an indicator for spacecraft charging [7–9]. Although the technique itself is sim-

ple and straightforward, the accuracy of derived plasma parameters is determined by the

applicability of the theory used to analyze the data and the engineering quality of the probe.

To date there has been no theory developed that can address any typical probe geometry

in a magnetized mesothermal collisional plasma; the typical conditions experienced by a

Langmuir probe in the ionosphere. While the limitations of the theoretical understanding

of the probe physics can be overcome using appropriate assumptions or by exhaustive nu-

merical kinetic particle simulations, the restraints imposed by the engineering design and

implementation are harder to counter when reducing I-V curves to plasma parameters.

There are several challenges in engineering a Langmuir probe such that the probe’s

data is suitable for analysis. We briefly list a few here: (a) The most commonly used theory

for Langmuir probe data analysis, the Orbital Motion Limited (OML) theory [9], assumes

infinite planar probes, infinite cylindrical probes, and isolated spherical probes. Since this

is not attainable in practice, it is typically countered by placing electrically isolated guard

electrodes around the actual probe that are driven at the same potential as the probe.

The guards help mitigate end and edge effects for finite probe systems. (b) Work function

patchiness of the probe surface, due to the metal’s own surface properties or because of
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surface contamination, leads to hysteresis in the I-V curve as a probe sweeps up and down.

This is known to affect the derived Te measurements [22, 29]. This is countered by coating

the probe with an inert conductive metal/alloy layer, such as gold, titanium nitride [30],

rhenium, or molybdenum [7], and by employing in-flight cleaning of the probe surface to

remove any surface contamination [31, 33]. (c) The instrument also needs to be designed

to observe over the expected range of plasma conditions with sufficient resolution in the

observations for analysis. (d) The probe needs to be physically deployed sufficiently far away

from the spacecraft surface so as to not be influenced by the spacecraft wake or the plasma

sheath around the spacecraft. (e) Finally, the probe, plasma, and the spacecraft chassis

ground create a closed current loop. As a result, the surface area of the spacecraft has to be

much larger than that of the Langmuir probe operating in the electron saturation region to

provide for return ion currents to the plasma. If the area ratio of spacecraft surface to probe

surface is not on the order of 1000 or greater, then the spacecraft floating potential will

charge significantly negative to attract more ions to balance the electron current collected

by the probe [34]. Boyd [76] lists several early Langmuir probe measurement attempts in

space plasmas that were severely affected by inadequate payload surface area.

Of all the Langmuir probe design constraints, the hardest challenge in a sounding rocket

payload is to ensure a favorable surface-to-probe area ratio. The probe cannot be made large

due to the small payload skin area on a typical sounding rocket. This in turn limits the

magnitude of current collection, thereby imposing strong requirements on the sensitivity

and noise floor of the electronics. Within this paper we describe the data analysis of a

sweeping Langmuir probe flown aboard two separate sounding rocket payloads where the

ratio of the Langmuir probe area to that of the payload skin was about 250.

Presented in the next section is a brief overview of the rocket campaign and the details

of the instrument suite. This is followed by the analysis of the payload floating potential and

instrument behavior using a charging model implemented in SPICE (Simulation Program

with Integrated Circuit Emphasis), a circuit analysis tool widely used by electrical engineers.

We conclude the paper with a discussion and the data analysis of the I-V curves to derive
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EQUIS II Payload
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Probe (SLP)

Transmitter
(NASA Supplied)

61.6 cm

2.54 cm

2.22 cm

Heater Controller
(USU Supplied
Ground Support
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(PIP)

Monopole

Internal heater 
for cleaning

Fig. 4.1: The EQUIS II payload showing USU built instruments.

absolute plasma density and temperature.

4.2 Experiment Background and Instrument Description

The rocket investigation “Scattering Layer in the Bottomside Equatorial F-region Iono-

sphere” was part of the NASA EQUIS II campaign [77]. It was an investigation of the elec-

trodynamics of the post-sunset equatorial F-region ionosphere and the bearing this has on

the development of thin radar scattering layers that are observed in the bottom-side of the

F-region ionosphere. These thin layers appear to be a precursor to equatorial spread F and

are difficult to study with satellites due to their occurrence at low altitudes. The EQUIS II

campaign was the first sounding rocket investigation of these layers. Two salvos of sounding

rockets were launched from Roi Namur in Kwajalein atoll on August 7th and 15th of 2004.

Each of the salvos consisted of one instrumented and two chemical release payloads. The

instrumented rockets were launched westward into an equatorial spread F precursor that

was first observed from ground using the Altair radar. The instrumented rockets reached

an apogee of about 420 km. The instruments consisted of a Sweeping Langmuir Probe

(SLP), a fixed-bias DC Langmuir Probe (DCP), a Plasma Impedance Probe (PIP) operat-

ing in two different modes: Plasma Frequency Probe (PFP) and a Plasma Sweeping Probe

(PSP). All of these instruments were built at Utah State University (USU). The payload

also carried four floating spheres as part of an Electric Field Probe (EFP) built by Penn

State University.
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Figure 4.1 shows a schematic of the payload representing only USU built instruments.

The PIP boom was 86.36 cm long, 2.54 cm thick, and built out of aluminium. Of the

total boom length, the last 50.48 cm were used as the monopole PIP antenna, making it

electrically short for frequencies below 600 MHz. The antenna was used in two different

instrumentation modes of the PIP. As a PFP, the instrument was used to lock-on and track

the upper hybrid resonance of plasma with a phase-locked loop at a time resolution of 0.28

ms and a frequency resolution of 1 KHz. As a PSP, the instrument swept over a frequency

range of 0.1 MHz to 20 MHz in 257 steps observing the antenna impedance in magnitude

and phase. The entire frequency sweep was completed in 70 ms. An accurate calibration

is needed to convert the digitized data in counts to impedance in ohms. The resultant

frequency vs. impedance profile can then be analyzed with an appropriate theoretical

model such as that proposed by Balmain to derive plasma density [45]. However, due to

some engineering design issues the calibration of the PSP will require more calibration

efforts and the results are not presented in this paper.

The DCP was a 5.08 cm long cylinder located at the base of the PIP boom. It was

driven at +3 volts relative to the payload chassis ground to operate it in the electron

saturation region. In order to keep the ion sheath around the DCP from interfering with

the operation of the PIP (PIP being the higher priority instrument), the PIP was separated

from the DCP by a 7.93 cm long cylinder that was electrically isolated from the PIP but

operated at the same frequencies as the PIP.

The SLP was built out of aluminium with a length of 6 cm and a diameter of 2.22

cm. It was guarded on one side with an element of the same dimensions and at the same

potential as the SLP. The combined probe and guard assembly was at the end of a 61.6 cm

boom. With the exception of the probe and the guard, the rest of the boom was coated

with a non-conductive paint. The SLP was internally heated via a cartridge heater for

several hours before launch at 150◦C to boil off surface contamination and was launched

hot. The probe was swept in 549 equal steps from -1 to +5 volts relative to the payload

chassis ground in a triangular waveform pattern at 25 Hz, giving 50 I-V curves every second.
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Fig. 4.2: Calibration setup for the SLP: At each applied voltage step, the potential across
the resistor load was measured using a sensitive voltmeter and the observed current by the
low gain and the high gain channels was recorded in PCM counts.

The instrument used 16-bit A to D converters and measured the current in two different

channels: the High-Gain channel at a resolution of 57.9 pA/count with a range of 1.897µA

and the Low-Gain channel at a resolution of 5.85 nA/count with a range of 191.6µA.

The SLP was meticulously calibrated in a thermal-vacuum chamber over a range of

resistor loads and temperatures. The load values were chosen so as to exercise each of the

gain channels through their entire dynamic range of operation. The calibration process

is shown in figure 4.2. The SLP included a test port by which the voltage sweep of the

instrument could be computer controlled. At each step of the sweep, the voltage across the

resistive load was observed with a high-precision NIST traceable Keithley electrometer. The

on-board temperature and current observations of the load under test were also recorded

and the entire process was automated. The observed current in amperes was designed to

be directly proportional to the measured PCM counts with an added offset. The calibra-
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tion procedure determined the coefficients in the following equations, separately for both

payloads and each gain channel:

Vinst(volts)[Step#] = K1[#] + K2[#]ILowGain(PCM) + K3[#]Temperature(◦C), (4.1)

ILowGain(amperes) = α1 + β1ILowGain(PCM),

IHighGain(amperes) = α2 + β2IHighGain(PCM).

(4.2)

The rocket actively controlled its attitude to align the spin axis parallel to the magnetic

field while the rocket trajectory was nearly perpendicular to the magnetic field. Thus, the

SLP and the PIP sensors were never in the payload wake with the booms transverse to the

ram direction.

4.3 Understanding Payload Charging Through Simulations

We now develop a charging model for the EQUIS II (29.036 and 29.037) rocket payloads

to qualitatively understand the charging due to small surface-to-probe area ratio. The

model development is similar to the model developed by Barjatya and Swenson [45] for

the Sudden Atom Layer rocket payload. Based on the OML theory, the ion and electron

thermal currents (Ii, Ie) to a probe are given by

Ie(φ) = Ane
√

kBTe

2πme

(
1 + e(φ−φp)

kBTe

)β

Ii(φ) = −Ane
√

kBTe

2πmi
exp

(−e(φ−φp)
kBTe

) φ > φp, (4.3)

Ie(φ) = Ane
√

kBTe

2πme
exp

(
e(φ−φp)

kBTe

)

Ii(φ) = −Ane
√

kBTe

2πmi

(
1− e(φ−φp)

kBTe

)β
φ ≤ φp, (4.4)

where
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A Surface area Te Electron temperature

n Plasma density e Elementary charge

φ Applied potential φp Plasma potential

me Electron mass mi Ion mass

kB Boltzmann Constant

β = 0 for planar; 1/2 for cylinder; 1 for sphere.

The current due to electrons is modeled as positive current and the current due to

ions as negative current. Equation (4.3) models the electron saturation and ion retardation

region, whereas equation (4.4) models the electron retardation and ion saturation regions.

We also model the ion ram current by

Iiram(φ) = −AramenVramH[ε− e(φ− φp)], (4.5)

where Aram is the ram projected surface area, Vram is the rocket ram velocity, and ε is

1
2miV

2
ram.

Each of the above three current sources has been coded in SPICE as a voltage-

controlled-current-source. All equations collectively make up a single sub-circuit model,

as shown in figure 4.3. We model the contamination present on a current collecting surface

as a parallel combination of a capacitor Cd and resistor Rd [22]. The sheath is modeled as

another capacitance Cs in parallel with the current sources. The payload skin is modeled

as a cylinder 194.31 cm in length and 35.56 cm in diameter, and the instruments are mod-

eled with dimensions as presented in section 4.2. While the SLP was modeled without any

contamination, the payload skin and the DCP were modeled with contamination. Another

difference between the sub-circuit model used for the DCP, the SLP, and the payload skin

is manifested by different collecting areas, which are passed to the sub-circuit in a function

call. Figure 4.3 also shows the electrical circuit model of the entire payload as implemented

in SPICE.

The model was run for a plasma density of 2.5× 105cm−3 and plasma temperature of
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Fig. 4.5: Hysteresis in the SLP sweeps due to contamination on the payload skin.

1100◦K, and the results are shown in figure 4.4. The simulation time span covered four SLP

voltage sweeps (80 ms). The results show that while the voltage applied to the SLP (φSLP )

varied linearly from -1 to +5 volts relative to the payload chassis ground, the variation

relative to the plasma potential (φSLP − φp) was nonlinear. Thus, the SLP I-V curve is

“warped” in the upper electron retardation region and the entire electron saturation region.

As the payload charges increasingly negative, the DCP moves its operation from electron

saturation to electron retardation and eventually into ion saturation. As the current by the

DCP is measured only in one direction, the instrument effectively shuts off for any negative

charging of the payload greater than 3 volts. The SLP and DCP currents are plotted in

right column of figure 4.4. Figure 4.5 plots an overlay of SLP up-sweep and down-sweep.

As the SLP was modeled clean, one would not expect any hysteresis within consecutive

SLP sweeps. However, figure 4.5 shows that due to the small area ratio the contamination

of the payload skin results in some minor hysteresis in the SLP data.
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4.4 Data Analysis and Discussion

The PFP acquired a lock on the plasma upper hybrid resonance for several tens of

seconds only in the upleg portion of both the rocket flights. Thus, it provided absolute

electron density for several tens of kilometers in the F-region ionosphere. A widely used

method to acquire density measurement for the entire flight duration is to normalize the

DCP data to the PIP data, thereby providing high resolution density measurements. Figure

4.6 shows a portion of the DCP dataset. As predicted by the charging model, the DCP

data was heavily influenced by the oscillations in the payload chassis ground. Furthermore,

as the DCP was on the same boom as the PIP antenna, the PSP frequency sweep affected

the plasma sheath around the DCP. This resulted in anomalous peaks in the DCP data

whenever the PSP was operating at frequencies below the plasma upper hybrid resonance.

Due to these disturbances, the DCP data is not suitable for use as a density measurement.

Another quasi-DC measurement made over the entire flight comes from the SLP by

considering only a constant voltage step. Thus, the SLP can be considered as a set of low

spatial resolution fixed-bias DCPs. The quasi-DC data can then be normalized to the PFP
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derived absolute density to get the density profile for the entire flight. Figure 4.7 shows the

August 15th flight’s (29.037) quasi-DC data at several different voltage steps normalized to

the PFP lock derived density at 305 km altitude. Similar to the DCP that was biased at

+3 volts, the +3.1 volts quasi-DC data is heavily influenced by negative payload charging

due to small surface-to-probe area ratio. For higher quasi-DC voltages the effect seems to

be less drastic. However, it is important to note that while the normalized density below

300 km seems to be constant between different quasi-DC voltages (which is expected of

fixed-bias Langmuir probe operation), the quasi-DC derived relative density profile does

not exactly match the PFP derived density except at the point of normalization.

This observation brings into question the accuracy of the DCP method of relative den-

sity measurement that is used frequently on rocket flights. The premise of DCP operation

is that the electron saturation current is directly proportional to density, and that the mea-

surement is made at the same potential relative to plasma potential. In actuality, the probe

is applied a potential relative to the payload chassis ground. As long as the payload chassis

ground remains stable relative to the plasma potential the DCP technique works.

The problem arises due to two reasons. First, in a typical rocket flight, the plasma

temperature can change by an order of magnitude within the 100-400 km altitude range.

This changes the floating potential of the payload. Second, any additional current source to

the payload-probe system, such as electron collection by exposed potentials or triboelectric

current collection [45], will change the payload floating potential significantly. Thus, the

technique of fixed-bias DCP derived relative density measurements can be prone to signifi-

cant errors that are dependent upon the stability of the payload chassis ground relative to

the plasma.

Of further concern is a “negative” characteristic observed in the electron saturation

region of the SLP I-V curves as shown in figure 4.8. This phenomenon was observed

only in the lower altitude region I-V curves. It is present in both the upleg and downleg

trajectories for both of the rocket flights. It has also been seen intermittently on a cylindrical

Langmuir probe aboard the International Space Station (see Chapter 3). This phenomenon
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(< 250 km). The current shows a “negative” characteristic and drops with applied higher
voltages.

occurs at the very top of the voltage sweep and thus makes suspect any DCP type relative

density data obtained with large fixed-bias voltages. However, it is quite possible that these

“negative” characteristic I-V curves correspond to a non-Maxwellian plasma encountered

by both probes. At this time no fully satisfactory explanation for this phenomenon exists.

In the absence of a PFP lock on the upper hybrid resonance that lasts throughout the

rocket flight, and of the lack of accurate calibration to make use of the PSP dataset, the

only option that remains to derive accurate density profiles is to use the SLP I-V curves.

Figure 4.9 shows two consecutive I-V curves of the SLP. The minor hysteresis predicted by

the charging model due to payload surface contamination is evident. We counter this minor

hysteresis by averaging the two consecutive sweeps. While the electron saturation region

is expected to be corrupted by the “warping” of the I-V curve, the ion saturation region

and the lower part of electron retardation region is expected to remain undisturbed. We

thus use a modified version of the technique presented in Chapter 3 to analyze the SLP I-V

curves.

The Chapter 3 technique analyzes the electron saturation region of an I-V curve to
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Fig. 4.9: Two consecutive SLP sweeps, at an altitude of 390 km from the 29.037 rocket
upleg trajectory, showing the presence of minor hysteresis.

derive absolute electron density. We use a modified multi-step procedure to derive absolute

ion density from the EQUIS II SLP I-V curves. In the first step, subtraction of a line fit to

the ion saturation region from the total collected current approximately gives the electron

collection current, Ie. The location of the dIe/dφ maxima within 0.4 eV of the floating

potential (φf ) gives a first order approximation to the plasma potential (φp). The value of

φf is determined by the point where the total collected current goes to zero. By equating

the value of the ion saturation current linear fit at the location of φp to ion ram current we

get a first order approximation to the ion density.

In the second step, we assume the plasma to be quasineutral (ni = ne) and do a

non-linear least squares fit of the total collected current to

Itotal(φ) = −nieAramVram + neeA

√
kBTe

2πme
exp

(
e(φ− φp)

kBTe

)
, (4.6)

where the first term is the ion ram current and the second term the electron retardation

current. We use the density as calculated in the first step and fit equation 4.6 in a least

squares sense for only Te and φp. The nonlinear fit is done only for points within φf -0.05
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eV to φf+0.02 eV. This nonlinear fit gives a more accurate value of φp than that derived

in the first step.

In the third step, we fit the ion saturation current region of the I-V curve to equation

4.4 in a least squares sense for ni and β. In the fourth step, with the improved value of

ni and the fit value of β, we do another least squares fit for points within φf -0.05 eV to

φf+0.02 eV to

Itotal(φ) = −nieAramVram+neeA

√
kBTe

2πme
exp

(
e(φ− φp)

kBTe

)
−nieA

√
kBTe

2πmi

(
1− e(φ− φp)

kBTe

)β

.

(4.7)

This is similar to the second step, but the inclusion of the OML-type ion saturation current

expression gives a better fit for Te and φp. Finally, in the fifth step, we use the latest fit

values of Te and φp to recalculate step three and get the final value of ni. The results of

this multi-step iterative procedure to derive density and temperature are shown in figures

4.10 and 4.11.

The absolute density derived from the SLP I-V curves using the above multi-step

procedure matches the PFP derived density for the entire duration the PFP had a lock on

the plasma upper hybrid frequency. However, the density resolution at lower altitudes suffers

due to lower sensitivity of the SLP to ion current. The “bumps” in the temperature profile

above 250 km in both upleg and downleg trajectories of the 29.037 rocket are coincident

with strong shear flow of about 190 m/s as observed in the E-field data [77]. Of most interest

is the anti-correlation between density and temperature within and around the double layer

sporadic-E observed on the 29.036 rocket flight. This is shown in figure 4.12. We do not

have a satisfactory explanation for this phenomenon yet.

4.5 Summary and Conclusion

In this paper we have presented data from two sounding rocket payloads of the EQUIS

II campaign, 29.036 and 29.037. The rockets were launched into the precursor conditions

of a full-blown equatorial spread-F. The payloads carried USU built RF Plasma Impedance
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Fig. 4.10: Plasma density for both the EQUIS II (29.036 and 29.037) rocket flights.
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Probe (PIP), a fixed-bias DC Langmuir Probe (DCP) and a Sweeping Langmuir Probe

(SLP). The ratio of the payload surface area to the cumulative area of the SLP and its

guard was about 250. This small area ratio created problems with the return current to

space plasma as the SLP swept into the electron saturation region. We have developed

and presented a charging model for the entire payload and instrument combination to

qualitatively understand the effect of the small area ratio on the DCP and SLP behavior.

The model simulation showed significant charging of the payload skin as the SLP swept

into the electron saturation region. This explained the observation of the DCP shutting off

as the SLP swept into higher voltages. The simulation also showed “warping” of the SLP

I-V curves in the electron saturation region, but showed the ion saturation region and the

initial part of electron retardation unaffected. We then analyzed the ion saturation region

using an iterative procedure to determine absolute ion density and electron temperature.

The derived absolute ion density matches very well with the electron density derived from



95

the PIP when it locked onto to the plasma upper hybrid frequency.

The data presented in this paper has several implications. First, it shows that on small

sounding rocket payloads the DCP technique of relative density measurement is not very

accurate. Second, we have shown that even with a small area ratio it is possible to derive

absolute plasma density and temperature from a sweeping Langmuir probe, provided that it

is engineered to be sensitive enough to measure ion saturation current with high resolution.

Finally, the derived density and temperature profiles for the two EQUIS II rockets have

shown peculiar phenomenon both within the ionosphere as well as in instrument behavior.

On the instrument side, our dataset shows a “negative” characteristic well into the electron

saturation region where the collection current drops with higher applied voltage, while on

the ionospheric physics side, the dataset shows the presence of density and temperature anti-

correlation within and around a double layer sporadic-E. The reasons for these phenomena

are still under investigation and will be discussed in a future paper.
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Chapter 5

Summary and Future Work

In this chapter we first summarize the work done and the resulting conclusions for each

of the three projects that are presented in this dissertation. We then conclude with some

ideas for future projects.

5.1 Summary

This dissertation has consistently emphasized one thing, that although the Langmuir

probe technique for in situ measurement of plasma parameters has been around for eight

decades, deriving the parameters with accuracy from the data acquired by a Langmuir

probe immersed in space plasma is a challenging task. Chapter 2 presented the efforts on

understanding the anomalous behavior of a fixed-bias DC Langmuir probe (DCP) aboard

the Sudden Atom Layer rocket payload. Its mission objective was the investigation of

sporadic sodium layers that form almost explosively (rise-time in several minutes) in the

Earth’s mesosphere and have a full-width-half-maximum of about 1 km. Besides the DCP

the payload also carried an RF Swept Impedance Probe (SIP) that measured the input

impedance of an electrically short antenna over a range of applied RF frequencies. The SIP

data was analyzed by comparison with Balmain’s model for impedance of a short dipole

antenna in magnetoplasma to derive absolute plasma density. While both the ground-based

observations and the SIP saw a sporadic-E (Es) layer at 92 km altitude, the DCP dataset

did not show any signature of the Es layer. The absence of the Es layer in DCP data

appears similar to an electron “bite-out” that has been reported to occur in the mesosphere

region due to electron attachment to dust and ice particles.

In order to investigate the reasons for the anomalous behavior of DCP, we did an

aerodynamic simulation of the payload to understand neutral flow in the payload vicinity,
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as well as developed a charging model to understand the causes of payload charging and

the resulting behavior of DCP. Consequently, we have shown that the negative charging

of the payload surface due to triboelectric charge transfer from the meteoric neutral dust

present in the Earth’s mesosphere was the reason that the DCP did not observe the Es layer.

Although all ionospheric rockets fly through the Earth’s mesosphere, our work is the first

reported observation of the triboelectrification of a payload surface in this altitude region.

We have then further discussed another more recent mesospheric sounding rocket campaign

that USU was not involved with and presented the possibility of those payloads charging

via triboelectrification in order to explain their observed DCP dataset. In conclusion, the

work on the Sudden Atom Layer project has clearly indicated the importance of considering

the effects of triboelectrification on the interpretation of Langmuir type probe datasets in

the presence of dusty plasma, such as seen in the Earth’s mesosphere.

In Chapter 3 we presented the first data analysis results of the Floating Potential

Measurement Unit (FPMU) instrument suite that is deployed aboard the International

Space Station (ISS). The FPMU was deployed to closely monitor the ISS charging levels as

new solar panels are added to the ISS assembly and the structure grows towards its full size.

Severe charging of the ISS is a hazard for astronauts on Extra Vehicular Activity, and any

resultant surface arcing can lead to functional anomalies and surface degradation on the

ISS. All of the three Langmuir probe instruments (FPP, WLP, and NLP) provided the ISS

floating potential value to within ±2 volts of each other, thus fulfilling NASA’s requirement

of FPMU.

However, the unique and remarkable achievement of the FPMU is that it provides

a doubly redundant measurement of ionospheric plasma density and temperature from

two different geometries of Langmuir probe that agree to within ±10%. These in situ

measurements can now be used as an input for the ISS charging model and for the validation

of USU-GAIM model. A technique was developed to derive absolute electron density from

the electron saturation region of the I-V curves in a mesothermal magnetized plasma. The

accuracy of the procedure is evident as the derived electron density values agree well between
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the WLP and the NLP, as well as with the results from the USU-GAIM and IRI ionospheric

models. The first results presented in this paper show that the in situ density measurements

agree better with USU-GAIM than with IRI.

Chapter 4 presented the dataset from two separate sounding rockets of the EQUIS II

campaign launched into thin radar scattering layers which were observed as precursors to

nighttime Equatorial Spread-F. The EQUIS II payloads carried an RF Plasma Impedance

Probe (PIP) and a DCP on one axial boom, and an internally heated Sweeping Langmuir

Probe (SLP) that was guarded on one side on a second axial boom. The ratio of the payload

surface area to the cumulative area of the SLP and its guard was about 250. This small

area ratio led to negative charging of the rocket payload as the SLP swept into the electron

saturation region. We have developed and presented a charging model for the entire payload

and instrument combination. The model simulation explained the observation of the DCP

shutting off as the SLP swept into higher voltages, and also showed “warping” of the SLP I-

V curves in the electron saturation region while the ion saturation region and the initial part

of electron retardation remained unaffected. We then analyzed the ion saturation region

using an iterative procedure, similar to the FPMU data analysis, to determine absolute

ion density and temperature. The derived absolute ion density matched very well with the

absolute electron density derived from the PIP when it locked onto to the plasma upper

hybrid frequency in the lower F-region ionosphere.

The data analysis efforts on the EQUIS II dataset showed that on small sounding rocket

payloads the DCP technique of relative density measurement is not very accurate. A more

important conclusion was that even with a small surface-to-probe area ratio it is possible to

derive absolute plasma density and temperature from a sweeping Langmuir probe, provided

the instrument is sensitive enough to measure ion saturation current with high resolution.

5.2 Future Work

The work on the SAL dataset has indicated the importance for considering the effects

of triboelectrification on the interpretation of Langmuir-type probe datasets in the presence

of dusty plasma. However, the triboelectric current from neutral dust or neutral meteoric
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smoke particles (MSP) to a DCP can also be used to determine a crude estimate of the

particles’ number density and their primary metallic content.

It has been estimated that between 10 to 100 tons of meteoric material enters the

Earth’s atmosphere every day. The meteoric material evaporates upon high speed entry,

settles and is distributed over a variety of particle sizes ranging from neutral metallic atoms

and metal ions, to neutral and charged MSP. The existence of neutral and ionized metal

layers in the Mesosphere-Lower Thermosphere (MLT) region is well known and has been

observed with ground-based instruments like radar and lidar. Recently, heavier charged

dust particles have also been observed using in situ instrumentation [38, 67]. However, the

neutral MSP have never been observed in situ or by ground based observations, although

their number densities have been proposed by models [66, 78] and are widely accepted

in the science community. Further, this material is thought to be extremely important

to the dynamics and chemistry of the MLT by providing the seeds for enhanced radar

echoes from the polar summer mesosphere region (PMSE) and noctilucent clouds (NLC).

The observations of sporadic metal layers at altitude above 100 km could also imply the

adsorption of unoxidized metals on the smoke particle surface. Thus, any instrument that

can provide in situ observations of the MSP density and composition will be of significant

value to the science community.

If two surfaces come merely in contact with each other and then separate, the surface

with lower work function loses an electron to the surface with higher work function [16].

Based on this simple principle of triboelectric charge transfer we present here an idea for

a new measurement technique that utilizes fixed-bias Langmuir probes to approximately

determine the density and the primary constituent of the meteoric smoke at the instance

of the payload passage. Figure 5.1 shows a conceptual layout of such an instrument suite

designed primarily to detect neutral iron metal content of the MSP. The instrument suite

consists of three DCPs, all of which are heated to keep their surfaces clean. The instrument

suite should ideally be mounted on a boom extending far out from the any payload wake.

The three DCPs will have their surfaces coated with materials that have different work
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Fig. 5.1: An instrument suite of three DCPs with different metal coatings on their surface.

functions, φwk: platinum 111 (φwk = 5.9 eV), nickle 110 (φwk = 5 eV), and indium (φwk =

4.1 eV). The DCPs will be biased +3 volts relative to the payload skin. These cylindrical

probes are to be mounted on a 7-bore-hole extruded alumina rod that can be internally

heated using a nichrome wire.

The triboelectric current to a surface passing through a dusty environment is given

by I = eNAVram, where e is the unit elementary charge (electron) transfer between two

surfaces, N is the density of the smoke/dust particles, A is the cross section area, and Vram

is the velocity of the surface passing through the dusty environment. Assuming the metallic

composition of dust to be similar to that in meteorites [59,60], the smoke particles will most

probably be composed of potassium (φwk = 2.29 eV), sodium (φwk = 2.36 eV), calcium (φwk

= 2.87 eV), magnesium (φwk = 3.66 eV), and iron (φwk = 4.67 eV). All oxidized metals

behave, as far as contact charging is concerned, like a different metal with a work function

equal to the depth of the acceptor levels in the adsorbed oxygen, which is about 5.5 eV and

is largely independent of the nature of the metal [61,62]. Although most of the constituents

in the neutral MSP will be oxidized, the observations of sporadic metal layers (eg. iron

layers) could also imply the adsorption of unoxidized metals on the smoke particle surface.

This hypothesis can be tested by noting the difference in triboelectric current among the

three DCPs. The various metallic components of dust can be divided into two categories,

one with φwk < 4.1 eV, and the other with 4.1 eV < φwk < 5.5 eV. The presence of

unoxidized iron, as a primary metallic constituent adsorbed on the smoke particles, will

lead to deposition of electrons on the nickel-coated DCP and the acceptance of electrons

from the indium-coated DCP. This difference in triboelectric current will help us determine

the neutral smoke particle density that is carrying unoxidized iron atoms. The presence



101

of unoxidized metals with work function lower than 4.1 eV can be detected by little or no

difference in triboelectric current to the nickel- and indium-coated DCPs. The triboelectric

current to the platinum-coated DCP will give us total neutral smoke particle density as even

the oxidized particles will leave an electron on the high work function platinum DCP. The

spacecraft payload will also be required to carry an RF impedance probe to determine the

background absolute plasma density so that the current to the DCPs can be differentiated

between thermal current and triboelectric charge transfer current.

The FPMU and EQUIS II datasets open up a few questions regarding Langmuir probe

physics and behavior. First, both the datasets show I-V curves that have a “negative”

characteristic in the electron saturation region for a cylindrical probe that is not well un-

derstood. While the FPMU-NLP sees this phenomenon only intermittently, the “negative”

characteristic is prominently visible in low altitude regions during upleg and downleg of

both the EQUIS II payloads. Second, from both the datasets we have derived absolute

plasma density utilizing OML-type equations, fitting for density and β. The value of beta

varies in a seemingly random fashion between 0.5 and 1.0. This variation in β is most likely

the result of anisotropic potential distribution around the probe due to plasma wake effects.

Additional work on both these datasets addressing these questions will bring unique insight

into Langmuir probe behavior. Furthermore, the derived density and temperature profiles

during the EQUIS II campaign have also shown the presence of density and temperature

anti-correlation within and around a double layer sporadic-E. More work needs to be done

in order to understand this phenomenon.

Finally, the charging model developed in the course of this dissertation is a powerful

tool to simply and easily simulate the charging dynamics of a spacecraft. Although OML

equations were used to model the collection current, other equations can also be used

as the understanding of probe physics progresses. While mesothermal effects are easily

incorporated into the model, it will be interesting to see if rudimentary wake effects as well

as magnetic field effects can be incorporated as well.
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