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Abstract The STEREO/WAVES experiment is designed to measure the electric component
of radio emission from interplanetary radio bursts and in situ plasma waves and fluctuations
in the solar wind. Interplanetary radio bursts are generated from electron beams at interplan-
etary shocks and solar flares and are observed from near the Sun to 1 AU, corresponding to
frequencies of approximately 16 MHz to 10 kHz. In situ plasma waves occur in a range of
wavelengths larger than the Debye length in the solar wind plasma Ap &~ 10 m and appear
Doppler-shifted into the frequency regime down to a fraction of a Hertz. These phenom-
ena are measured by STEREO/WAVES with a set of three orthogonal electric monopole
antennas. This paper describes the electrical and mechanical design of the antenna system
and discusses efforts to model the antenna pattern and response and methods for in-flight
calibration.

Keywords Sun: magnetic field - Sun: flares - Sun: coronal mass ejections

1 Introduction

The STEREO mission has as its primary science goal the study of the generation, evolu-
tion, and propagation of Coronal Mass Ejections (CMEs). CMEs that propagate into the
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heliosphere are called Interplanetary Coronal Mass Ejections (ICMEs) and are known to
drive strong interplanetary (IP) shocks as they propagate through the heliosphere and often
contain magnetic flux ropes (or “magnetic clouds”) carrying plasma thought to be remnants
of solar filaments and loops.

As ICME-driven IP shocks propagate, they accelerate electrons by a fast-Fermi process
(Wu 1984; Leroy and Mangeney 1984); the efficiency of fast-Fermi acceleration is thought
to be a strong function of shock tangent angle, being most efficient at nearly perpendicular
shocks (e.g. Krauss-Varban and Burgess 1991). The electrons accelerated at the shock front
stream into the solar wind and form beam-like features, due to advection (Fitzenreiter et
al. 1984; Bale et al. 1999). These beams are unstable to the growth of Langmuir waves
and Langmuir waves propagating in the inhomogeneous solar wind may mode-convert
by linear (Kellogg 1986; Bale et al. 1998) and/or nonlinear (Cairns and Melrose 1985;
Goldman 1984) processes into freely propagating o-mode radiation at the electron plasma
frequency f,.(r) = JV4mn(r)e?/m, and its harmonic 2 fpe» where n(r) is the heliospheric
plasma density at a distance r from the Sun.

These radio emissions, from CME-driven IP shocks, are known as “IP type II bursts” and
are observed to drift in time from high to low frequencies. Since the emission frequencies
are related to the local plasma density, IP type II bursts can be used to track CMEs from
near to the Sun to 1 AU. For typical heliospheric density profiles, this corresponds to fre-
quencies of 20 MHz (near the Sun) to 20 kHz (near 1 AU). IP type II bursts exhibit fine
structure that may be related to shock structure (Bale et al. 1999), an important considera-
tion for theories of energetic particle acceleration at shocks. The primary measurement goal
of the STEREO/WAVES (S/WAVES) experiment is to resolve these IP type II bursts in fre-
quency and time, to measure their direction of arrival (e.g. Fainberg et al. 1972), and use
these measurements to infer CME speed and acceleration, shock structure, and heliospheric
density. S/WAVES will also measure the fast-drifting radio emission from solar flare elec-
trons, called “type III” radio bursts. Type II and III radio emission are observed at 1 AU
to have intensities from approximately 10'2 Jy (10~'* W/m? Hz) for very large events and
down to the level of the galactic synchrotron spectrum at a few MHz (approximately 10°
Jy or 10%° W/m? Hz) (Novaco and Brown 1978), which defines the instrument noise level
requirement.

Another science goal for STEREO/WAVES is the measurement in situ of the plasma
waves involved in the plasma radiation process and collisionless shock physics. Langmuir
waves are driven unstable by shock-accelerated electron beams and mode-convert to the ob-
served radio emission. The mechanism of mode-conversion from Langmuir to radio waves is
still poorly understood and polarization measurements from S/WAVES are essential. Lang-
muir waves in IP radio bursts and the terrestrial foreshock are observed to have amplitudes
from above the thermal noise level to approximately 100 mV/m (e.g. Bale et al. 1997) at the
local plasma frequency f,, (1040 kHz at 1 AU). Electric field noise at collisionless shocks
is observed to have similar amplitudes and is primarily Doppler-shifted f = vy, /Ap, where
Ap is the local Debye length; this corresponds to measured frequencies up to a few kHz at
1 AU.

Some secondary sciences goals are the measurements of low-frequency electric field and
density fluctuations (Bale et al. 2005; Kellogg et al. 2006) probably associated with the
Alfvénic turbulent cascade and the measurement of the plasma thermal noise spectrum in
CME filament material (Meyer-Vernet and Perche 1989; Larson et al. 2000). Although these
measurements are scientifically very compelling (indeed perhaps more fundamental than the
primary science!), they do not drive S/WAVES instrument requirements (next section). The
overall STEREO/WAVES experiment is described in a companion paper (Bougeret et al.
2007).
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Table 1 Antenna science

requirements Science objective Antenna requirement
Radio direction finding L<9m
Radio sensitivity Cp < 150 pF and maximum L

2 Antenna Science Requirements

The primary S/WAVES science requires the measurement of the electric field component of
radio emission from 16 MHz down to approximately 20 kHz, corresponding to free-space
wavelengths of 18.75 m to >15 km. The need to do direction-of-arrival analysis requires
an electrically short antenna (2L < A/2) to minimize sidelobes and phase perturbations near
the antenna quarter-wave resonance. The desire to observe the galactic synchrotron spectrum
(as the instrument background), however, argues for more sensitivity and therefore longer
antennas. The in situ plasma wave measurement goals also benefit from longer antenna
elements. These requirements are summarized in Table 1.

At radio frequencies, the voltage gain of the antenna system goes as G ~ C,/(C4 +
Citray), Where C 4 is the antenna capacitance and Cyyr,y is the stray capacitance; Cqy includes
the “base” capacitance Cyp of the antenna with respect to the enclosure as well as cable and
preamp input capacitance and is discussed more in Sect. 5. Therefore to maximize system
sensitivity, the base capacitance must be minimized. Previous experience from the Wind,
Ulysses, ISEE, and Cassini radio instruments suggested that Cp must be less than 150 pF
(requirement) with a desired goal of Cg < 100 pF. A simple expression for the reactance
of a monopole antenna (of length L, radius a, and wavenumber k) above an infinite ground
plane (Balanis 1997) gives the antenna free-space capacitance

N 2 e€g tan(kL)
T (og(L/a)—1) &k

Ca )]
which takes a value of approximately 63 pF for a single L = 6 m monopole (with a 2.3 cm
average diameter) at long wavelengths kL < 1. A preliminary measurement of the antenna
base capacitance, done in the lab on an engineering model, gave a value of about 50 pF.
Further measurements of base capacitance are described in Sect. 5. The above values imply
a gain of G ~ 1/2 at radio frequencies, which is considered to be quite good.

The secondary science goals of measuring low frequency (to DC) electric fields would be
better carried out with a “double-probe” antenna system similar to that on the Polar, Cluster,
and FAST satellites (e.g. Harvey et al. 1995). A double-probe uses a current-biased probe
extended on a boom (or wire) away from the spacecraft (see Pedersen et al. 1998).

3 Sensor Electrical Design

The S/WAVES antennas measure both the electric fields of freely propagating radio emission
at frequencies above f),, and in situ plasma waves and DC fields. In addition, the antenna
floating voltage is sensitive to the ambient electron density, as discussed in the following.
Electric fields in the plasma couple to the antenna both resistively and capacitively
(Fig. 1 illustrates this). In sunlight, the antennas emit photoelectrons with a characteristic
(e-folding) energy of a few volts (e.g. Grard 1973). The antennas therefore charge positively
with respect to the plasma and draw a return current from the thermal electron and the emit-
ted photoelectron population. An electron sheath forms around the antenna with a thickness
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Fig. 1 A cartoon of the electrical design of an S/WAVES antenna. The antenna element is coupled both
resistively and capacitively to the plasma, as well as being coupled to the antenna enclosure and spacecraft,
as discussed in the text. At radio frequencies (f 3> fpe), the antenna capacitance is effectively that of a
monopole in vacuum and the coupling is purely capacitive

given approximately by the Debye length of the photoelectrons A, (e.g. Gurnett 1998 and
references therein).

At DC and very low frequencies (typically less than a few hundred Hz), the antenna—
plasma coupling is primarily resistive with the “sheath” resistance being given by the slope
of the current—voltage curve (which of course depends on the thermal electron flux in the
plasma). For an unbiased antenna in sunlight, this is approximately R, ~ V,,/I., where V,
is the photoelectron energy (typically a few volts) and I, = A n.e vy, is the thermal electron
current on the antenna (of area A). In the solar wind at 1 AU, we would expect values like
R, ~0.75 MQ.

Photoelectrons that leave one surface and are collected on another can be a source of cur-
rent that flows between the antenna and the ground surfaces (antenna enclosure, spacecraft,
solar panels, etc.). This is a short circuit to the measurement and is represented by a “base”
resistance Rp. From Fig. 2, it can be seen that the antenna gain at low frequencies is ap-
proximately G ~ Rp/(Rp + Rg). Since the sheath resistance Rg can be a strong function
of the plasma thermal current (which varies), it is desired to make the base resistance Rp
as large as possible. Ideally, this is accomplished by having very long booms (wire or rigid)
to hold the sensor far from any ground surfaces. Insulating coatings and/or voltage-biased
surfaces may also be used to erect a barrier between the probes and the spacecraft ground.
For S/WAVES, no such accommodations have been made, since DC/LF measurements are
not a primary science goal. Kellogg and Bale (2001) measured the base resistance on the
Wind spacecraft, which uses long, thin wire antennas in the spin plane and short rigid an-
tennas along the spin axis. They found a base resistance (for the wire antennas) that varies
weakly with electron flux (Rg ~ A + B /flux, where A and B are constants) and takes values
from 50 M2 to 300 M€2, depending on whether the antenna base is shadowed or in sunlight.
Scaling those results to the S/WAVES antenna diameters (with shaded bases) gives a base
resistance between 1-10 M.
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Fig. 2 Schematic of the electrical design of an S/WAVES antenna and preamp. The antenna impedance and
base impedance have both resistive and capacitive components (see Fig. 1). Circuit elements in the gray box
are real components within the preamplifier and have the values given in Table 2. Waveform and spectral
measurements are high-pass filtered into a high-impedance FET (Vo). The antenna floating voltage is also
produced at Vapm

Table 2 Values for circuit

elements in Fig. 2 Component Value

Sheath resistance Ry ~0.75 MQ
Antenna capacitance Cs ~ 40 pF
Base resistance Ry ~1-10 MQ
Base capacitance Cp ~ 60 pF

Cy 100 pF

Cy 100 pF

Ry 100

Ry 33 MQ

R3 33 MQ

R4 150 MQ

At high frequencies (f > f,.), the electric field of a radio wave is only coupled to the
plasma very weakly. In this case, we can ignore the plasma and consider the antenna to be
in a vacuum. As discussed in Sect. 2, the antenna gain is then given by G ~ C4/(Cs +
Cp) and the design goal is to minimize the stray or “base” capacitance Cp between the
antenna elements and any conducting structure (discussed in Sect. 5). For S/WAVES this
was achieved by paying special attention to overall design and materials; for example, the
roller surfaces which are in contact with the antenna element were anodized and isolated on
insulating axes.

The basic design of the S/WAVES antenna system is a set of three orthogonal monopoles.
Ideally, one would use three orthogonal dipole antennas, however mass and accommodation
constraints did not permit this. While a monopole extended normal to an infinite ground-
plane will behave as a dipole, the spacecraft is not an infinite groundplane and the final
antenna pattern is different from that of a dipole. This effect is discussed is Sect. 5.
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4 Antenna Mechanical Design

Each antenna assembly consists of a 6 m long Beryllium—Copper (BeCu) “stacer” element
installed in a magnesium and aluminum housing that provides launch storage, deployment
means, and support at the proper orientation. Figure 3 shows a CAD drawing of an antenna
unit with the external covers removed. The basic components of a unit are the stacer antenna
element, a flyweight brake mechanism, a deployment assist device (DAD), and a release
mechanism (SMAR) to deploy the sensor. These components are described in the following.
Figure 4 is a photograph of a deployed antenna unit.

Each spacecraft has three antenna assemblies mounted to a single interface plate which is
integrated to the anti-sun side (—X deck) of the spacecraft. When deployed, the three anten-
nas form a mutually orthogonal pattern, equi-angular from the spacecraft deck. As shown in
Fig. 5, the antenna elements deploy to form three edges of a cube whose corner touches the
spacecraft. Projected onto the —X deck of the spacecraft, the antennas are separated by 120°
clock angle. Although not shown in Fig. 5, the “Z” antenna passes closest to the IMPACT
instrument boom Luhmann et al. 2007.

A transformation matrix

Si-
Si-

M =|- 0
2
5ok A

takes a vector from the antenna coordinate system to the spacecraft coordinate system
Xse = M| - Xane. This transformation does not include the perturbations of the antenna pattern
due to electrical coupling with spacecraft structure (i.e. the “effective” antenna vectors); that
effect is discussed in Sect. 5.

(@3]

RS
—_ §|_

4.1 Stacer Antenna Elements

A stacer is a rolled, constant helical pitch, fixed diameter flat spring. The strip width, thick-
ness, roll diameter, and helical pitch are selectable, allowing a stacer to be tailored for op-
timum properties for each application. Stacers range in size from 1-10 meters in length,
from 4-55 mm in diameter at the tip, and can provide extensive force from almost noth-
ing to >200 N. Trade studies can balance mass versus length, force, stiffness, etc. In the

Fig.3 CAD drawing of an
antenna unit, without covers,
showing the flyweight brake,
stacer antenna element, and the
deployment assist device (DAD)

P

flyweight brake

antenna element

DAD
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Fig. 4 A complete deployed
antenna unit. The external
housing is designed to point the
deployed antenna
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Fig. 5 The deployed configuration of the S/'WAVES antennas. The deployed antennas form vertices meeting
at the corner of a cube. The antennas are labeled X, Y, and Z and the spacecraft coordinate system is defined

with +Xs/¢c, +Ys/c,and +Zs,c

last 30 years, more than 650 units have been used in aerospace applications, from sounding
rocket sensors to gravity gradient booms with large masses on the end. Most applications
use the stacer as a boom with the sensor(s) mounted directly on it; for the S/WAVES anten-
nas the stacer itself is the antenna element. For this program, the selected spring material
was the traditional beryllium copper (Be—Cu). This alloy (CDA172, XHMS temper) has
a modulus (E) of ~131 GPa and a yield strength of ~1,200 MPa. To ensure repeatability
of deployment, the hidden edge of the strip is coated with PermaSlik RMAC: molybdenum
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Fig. 6 Beryllium copper stacer antenna element. The aspect ratio is exaggerated here for display purposes

disulfide in an epoxy binder. To minimize the optical intrusions of the stacer antennas for the
other instruments on the spacecraft, the natural matte copper-colored surface was selected.

At deployment, the formation of the stacer starts with the initial coil winding inward from
the (larger diameter) storage canister onto a cylindrical tip piece, which is slightly larger than
the free-coil diameter of the stacer. Thus the stacer grabs the tip piece tightly, and as the tip
deploys, the subsequent coils stack up on the prior, producing the characteristic spiral ap-
pearance. The typical helix angle provides for significant overlap, such that a section taken
at any point along the stacer would yield at least two thicknesses of strip material. Since
the outer layer of strip is rolled to the same diameter as the inner layer, the outer grips the
inner with a force normal to the surface. Thus between layers significant inter-coil friction
exists and prevents inter-coil slipping for small disturbances. This gives the stacer one of its
more useful properties: it behaves as a thin-walled tube for small displacements, with similar
bending strength and stiffness. If a larger displacement occurs, the coils slip, dissipating the
strain energy, serving as a friction damper. The damping ratio value is typically 5-15% for
the non-slipping regime, and can reach 30-40% with the slipping. Of course, the displace-
ment limit is buckling, as any tube would experience when the material is taken beyond its
yielding strength.

The motive force for the deployment is the stored strain energy that is input to the system
when the stacer is stowed. The strip is flexed against the inner wall of the canister, laying
each coil inside its predecessor, and expanded tightly against the inside of the can.

When deployed, the S/WAVES stacer antenna elements are approximately 6 m long with
a tip diameter of 15.2 mm and a base diameter of 32 mm; this gives a surface area of about
0.45 m?. The mass of each stacer element is approximately 1 kg.

When compressed (stowed) it is a very compact package: the 6 m element fits in a cylin-
der 53 x 106 mm long. When released, this stored strain energy is reclaimed, giving the
motive effort needed to extend the stacer along its path. The stacer generates a higher force
at the beginning of stroke which drops off at the end of stroke. When stowed, the stacer
is in a “meta-stable” state. If left unconstrained, it could deploy in either direction, there-
fore a back plate on the canister is required to ensure the correct deployment direction. To
ensure that it deploys properly, with a well-formed helix gripping tightly on the tip piece,
a deployment assist device (DAD) is incorporated.

4.2 Deployment Assist Device (DAD)

The Deployment Assist Device (DAD) guides the stacer element from its stowed configu-
ration and also acts to provide effective rigidity to the deployed element by securing it at
a second point.

As mentioned, a stacer when stowed in its canister is in a meta-stable configuration. It is
wound out against the inner wall of the canister, and does not immediately develop a large
force in the deployment direction. At initial motion, the stacer moves slowly in the axial
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Fig. 7 Deployment assist device
(DAD). The upper panel shows
the DAD before antenna
deployment, with the antenna tip
piece held by trap doors. In the
lower panel, the fully deployed
antenna is held by roller nozzles,
electrically isolated from the
DAD itself

direction as the first coil pivots to grip the tip piece. The coils then form one at a time in the
center of the can, pushing the previously formed coils outward along the deployment axis.
It has been seen through many years of development that the stiffness and repeatability of
the formed stacer can be enhanced by the use of an initiator that gives the first couple of
coils a velocity boost. This is achieved by incorporating a spring-driven set of rods that are
temporarily connected to the tip piece via trap doors. These springs pull the stacer out of the
canister with ~90 N force, giving a strong initial impulse to the deployment. By the time
the DAD reaches end of its 100 mm stroke and stops, the stacer has reached full velocity
and the flyweight brake is spun up to speed. The stacer, continuing to deploy, pops the doors
open, allowing it to continue deploying to full length unobstructed.

At this time the second feature of the DAD becomes functional: the roller nozzle is in
contact with the outer surface of the stacer, giving strong radial support with low longitudinal
drag. As the diameter of the stacer increases, the roller nozzle expands to accommodate
it. The roller nozzle incorporates a set of four radially symmetric roller bearings that are
mounted into a bell crank mechanism. The upper and lower plates of the nozzle are joined
via springs, and supply the centering force for the rollers. The stiffness of the nozzle is
set by the spring value, and is tailored for each application. As the stacer deploys and its
diameter increases, the rollers are forced apart, compressing the springs, centering the stacer.
Any offset from center lowers the force on the side away from the offset, and increases by
a similar amount the side in the offset direction, giving a double centering force. Axial drag
is typically less than 2 N while the centering force is ~50 N. The DAD is shown in Fig. 7.

4.3 Shape Memory Alloy Release (SMAR)

Deployment is initiated when the Shape Memory Alloy Release (SMAR) is triggered. The
SMAR uses the interesting phase change properties of a 50% titanium—50% nickel alloy
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Fig. 8 SMAR and filter board

(trade named Nitinol initially) to provide the actuation of each of the S/WAVES antenna el-
ements. This device, pioneered by TiNi Aerospace in cooperation with UCB-SSL, takes
advantage of the ~4% dimensional change in the drawn alloy wire when heated above
its transformation temperature. This lengthening allows a ball detent mechanism to release
a spring-loaded retracting pin. Since there was a low design load requirement (@ 50 Gs),
a standard P10-605-4.5RS with roller tip providing 45 N of retraction force was selected.
When an electric current is passed though the Ti—Ni wire, it heats up, changes phase, elon-
gates, and releases the pin, which retracts, allowing the stacer to deploy. The main benefit of
using an SMAR, aside from increased safety as no explosives are incorporated, is that the
flight unit can be tested over and over again (hundreds of cycles), and can be simply reset
using a hand tool, with no temperature- or time-dependent constraints. A filter circuit was
inserted in line with the SMAR trigger wires to remove any noise from the spacecraft firing
circuits that could be conducted into the antennas. The SMAR and filter are shown in Fig. 8.

4.4 Flyweight Brake

After the SMAR has been triggered, kick springs push the DAD rods out of the tubes giving
the stacer a good initial velocity. The stacer continues to recover the stored strain energy
as it uncoils during extension, so the deployment velocity would continue to accelerate un-
less/until a balance between drag and push is achieved. This balance is never reached by the
bare stacer, so the deployment velocity unchecked can reach a run-away condition, with the
possible issues of rivet shearing, strip tearing and resultant separation from the assembly or
other damage as consequences. As with every stacer, a means to limit deployment velocity
(or travel) is incorporated. For the S/WAVES Antennas, a flyweight brake mechanism is used
to govern the stacer velocity. Similar to the device found on dial telephones that regulates
the rotation rate, the flyweight brake supplies braking force proportional to the rotational
speed of its weight assembly. At the beginning of deployment, the FWB is not up to speed,
and provides no resistive drag as the brake shoes are not touching the brake drum. Once the
DAD has completed its stroke, the FWB is up to speed and the shoes are engaged. If the
force (speed) increases, the flying brake shoes are centripetally accelerated against the brake
drum harder, increasing the braking force and slowing the rotational velocity. As the speed
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Fig. 9 Flyweight brake (without
the Dacron string)

then decreases, the centripetal acceleration of the shoes decreases, allowing the deployment
speed to stabilize. Over a wide range of forces, the brake typically can control the speed to
+10%. For S/WAVES, a deployment velocity of ~2 m/s was chosen. This allows a strong
momentum to build, but is slow enough to be controlled, preventing damage to the stacer
at the end of travel. The stacer tip piece is connected to the brake assembly by a woven
Dacron (parachute “shock”) cord. To dissipate the final momentum at the end of the stroke,
the Dacron cord stretches, absorbing the shock from the stacer coming to a sudden halt. The
flyweight brake mechanism is shown in Fig. 9.

4.5 Mechanism Operation and Safety

When the SMAR is triggered, the restraint pin pulls out of the tail of the stacer tip piece.
The deployment assist device (DAD) gives the stacer an initial kick for the first 100 mm of
travel. By this time, the initial coils of the stacer are fully formed around the tip piece, and
the flyweight brake has been spun up to speed, limiting the speed of deployment to ~2 m/s,
giving a total deployment time of ~3 s.

The stacer is not retractable once deployed. Re-stowing is achieved by removal from
the spacecraft, and hand retraction whereby the stacer is compressed into its canister and
the lanyard and flyweight brake are rewound. Finally, the SMAR is reset, reinstalled, and the
spool lock is set.

The primary method for retaining the stacer is the SMAR. It has a stainless steel pin that
is inserted into the tail of the stacer tip piece. It retracts only upon spacecraft command, and
is the method for deployment on orbit. A safety pin inserts into the rear part of the tip piece
to provide a redundant method of keeping the stacer from deploying at undesired times. This
pin is a red-tag item, meaning it must be removed prior to launch. It can be removed from the
exterior of the unit. Additionally, an RF tight test cap incorporating a method of attaching
to the antenna to provide input for instrument verification and calibration, has the ability to
capture a released stacer, should there be an unexpected deployment event when the safety
pin is removed. The test cap is also a red-tag item. This three-tier approach gives the antennas
excellent defense from unexpected deployment and potential contact with support personnel.
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4.6 Verification

The S/WAVES qualification activities were based on GEVS SE, as modified by JHU-APL
for mission-specific needs. The test regime selected for the STEREO mission was
Protoflight, meaning new (unflown or non-heritage) hardware is tested with a combina-
tion of prototype (EM) levels (i.e. temperature or vibration) with flight (FM) durations.
This method is typically used to shorten development times by eliminating the engineer-
ing/qualification model fabrication and test period. However, the S/'WAVES Team did build
up an engineering model, and tested it to the protoflight levels. The main changes and ad-
ditions to the testing regimen: Level 300 cleanliness, UV + Visible light inspection, no
silicones used for fabrication, and testing for silicone residuals. Vibration levels were taken
from the Delta II users manual modified by APL analysis for the stacked configuration.

Validation of deployables must balance the desire to prove beyond question that the
mechanism will deploy in space with the requirement to avoid wear and damage to the de-
vice. This breaks down to: How many times? GEVS provides a minimum number, and each
program defines how many additional operations are required. There is a concern regarding
wear margin, too. The design must show that it is sufficiently robust to survive testing and
flight without degradation. The EM served this purpose, getting many deployments more
than the FMs did. After inspection of the EM, a test plan was developed, reviewed, and
implemented. The EM was deployed more than 15 times throughout the program while the
FM units were deployed 4 times: 2 in ambient conditions and 2 in thermal vacuum.

Testing large deployables in a simulated space environment is difficult, and ensuring
that the test actually verifies functionality is critical. Deploying the antennas horizontally
was chosen as it is easy to develop a 6 m long test rig that rests on stands, and can be
used in thermal vacuum deployment tests. This consisted of an aluminum track, with a low-
friction trolley to guide the tip piece down its length. A 6 m long x 210 mm diameter tube
was attached to an existing thermal vacuum chamber allowing the deployment track to be
installed inside for thermal vacuum deployments. The length measurements and deployment
times are more accurate horizontally than if deployed vertically as the stacer behaves more
uniformly when not subjected to an axial gravity load. Each antenna assembly was subjected
to seven hot/cold cycles at high vacuum (10~ Torr). At the final temperature cycle, each unit
was deployed once hot and once cold.

The first natural (cantilever) frequency of each antenna element was measured using
a small accelerometer, after the second ambient deployment. Measurements of the cantilever
frequency fy and damping ratio showed a family of values clustering around fy ~ 0.6 Hz
and an average damping ratio of 5.2%.

5 Base Capacitance Measurements

As discussed in Sect. 2, the gain of the antenna system at high frequencies is determined
by the level of stray capacitance. In this context, sources of stray capacitance are the “base”
capacitance, capacitance in the semi-rigid coax cables between the antennas and preamps,
and the input capacitance of the preamps. Cable and preamp-input capacitance are measured
easily in the lab: for S/'WAVES, cable capacitance is approximately C¢c = 13 pF and the
measured input capacitance of the preamps is Cpy =~ 22 pF.

The base capacitance is more difficult to measure, since an accurate measurement re-
quires that the antenna be deployed and it is measured in parallel with the antenna free-space
capacitance Cy (1).
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Fig. 10 Measurements of the 100
capacitance of an S/WAVES

antenna. The upper black points

are measured capacitances vs 801
antenna length. The lower black
points are the theoretical

antenna capacitance + 32 pF
measured capacitance

expectation C 4 for a monopole t"g

against a ground plane (1). The o 601 [

red points are C 4 plus 32 pF, g

which represents the base 35

capacitance §_ 401 r
O

antenna capacitance

201

length (m)

To understand the base capacitance, an S/'WAVES flight spare unit was deployed in the
high bay at the Space Sciences Laboratory at UC Berkeley. The unit was mounted to deploy
normal to a 1 m x 1 m horizontal conducting plane and suspended from the tip by a 2 m
nonconducting string from a crane. The exterior of the antenna unit was to connected to
the ground plane. The capacitance was measured at the SMA connector on the antenna box
using a BK Precision 878 LCR meter (operating at 1 kHz). Following this measurement,
the antenna was lowered, 1 m of stacer was cut from the end, the length and diameter were
measured, and it was suspended and tested again. This process was repeated until only 14 cm
of the stacer antenna extended beyond the base of the deployment unit.

The results of these measurements are shown in Fig. 10. The upper set of black dots
shows the measured capacitance as a function of antenna length. The lower black dots show
the theoretical free-space antenna capacitance C4 (1) as a function of length (and radius,
which varied at the antenna length was cut). The set of red dots shows the free-space ca-
pacitance C4 plus 32 pF, which agrees well with the measured values. For antenna lengths
greater than 4 m, the theoretical curve overestimates the measured capacitance. This is be-
cause (1) is valid for an infinite groundplane and this approximation becomes weaker with
longer antenna lengths.

These measurements suggest a value of Cp ~ 32 pF for the base capacitance. Then the
total stray capacitance of an antenna unit is Cyyay ~ Cp + Cc + Cpy ~ 32 pF + 13 pF +
22 pF = 67 pF, which gives an antenna gain of approximately G &~ C4/(C4 + Cyyray) ~ 1/2.

6 Modeling of the S/WAVES Antennas

The three monopole antenna elements are used by S/WAVES to sense the electric field of
radio waves. Due to radiation coupling between each other and with the spacecraft body and
appendages the reception properties of the antennas differ from what one would expect from
the respective “stand-alone” monopoles. In the present context the so-called effective length
vector / is most suitable to represent the reception properties. It comprises the electrically
effective length and direction of an antenna, thereby representing the relation V = h E
between the voltage V received from an electromagnetic wave and its electric field E. For
the mentioned reasons the effective length vectors h X h y and h z of the SYWAVES antennas
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X, Y, and Z deviate considerably from the respective mechanical elements. Several methods
are applied to determine these vectors as well as the antenna capacitances. The focus is on
the quasi-static frequency range, where the wavelength is much greater than the dimension
of the antenna-spacecraft system. In this range, the effective length vectors are real and
constant quantities, therefore in-flight calibration is feasible (whereas at higher frequencies,
the antenna pattern is complicated and modified by spacecraft structure—this makes in-flight
calibration very difficult).

6.1 Simulations and Rheometry Measurements

Computer simulations and rheometry measurements are performed, providing completely
independent approaches. The computer simulations are based on wire-grid modeling, where
the whole spacecraft structure is represented by a mesh of wires covering the spacecraft
surface. Several smaller features which show no significant influence on the results were
omitted in the final modeling. The main features which affect the reception properties most
are the solar panels, the high-gain antenna and the IMPACT boom (Fig. 11). For the rheom-
etry measurements, a more detailed model is devised (Fig. 12). Rheometry is an electrolytic
tank measurement adapted to antenna analysis, which was developed at the Observatoire de
Paris-Meudon in the early 1970s. It proved very suitable for the determination of effective
length vectors of many spaceborne antenna systems. For the measurement of the S/'WAVES
antennas a similar set-up was used as for the Cassini/RPWS antennas (Rucker et al. 1996) at
Graz and a new rheometry facility was built at UC Berkeley. Both rheometry models were
1/30 scale.

The results of the numerical and the experimental approach agree within the inherent
inaccuracy of the methods. The table in Fig. 14 shows the averages of the effective length
vectors as obtained by the two methods, from both Graz and Berkeley. The Berkeley results
include only rheometry results, as no wire grid simulations were done at Berkeley. The ac-
curacy is about 5-6 degrees for directions and 5% for the effective lengths. The mechanical
antenna elements are also shown for comparison. The spacecraft coordinate axes are defined
as follows: The X-axis is directed opposite to the boom, the Y -axis parallel to the axes of the
solar panels and directed as shown in Fig. 10, the Z-axis completes the right-handed triad.
The antenna axes are given in spherical coordinates with regard to the reference frame (—Z,

Fig. 11 Wire-grid model of
STEREO spacecraft with
S/WAVES antennas (red). The
components which affect the
antenna reception properties most
are the solar panels (blue), the
high gain antenna (gray), and the
IMPACT boom (tapered vertical
rod)

X-8iC
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Fig. 12 STEREO spacecraft
model used for the rheometry
measurements in Graz. Only two
of the S/WAVES antennas are
visible

Fig. 13 Definition of spherical
coordinates 0 and ¢ in the
spacecraft-fixed reference frame
for the representation of effective
and mechanical antenna axes

(in the latter case the origin is
identified with the respective
antenna feed)

Y, X), i.e. colatitude 0 from +X and azimuth ¢ from —Z towards Y (Fig. 13). The Graz
results are also given for open and loaded antenna ports. In this context the loads are the
base capacitances Cp of the respective antennas, consisting of receiver input capacitances,
cable, and mounting capacitances. Measurements of the individual capacitances gave the
same total Cp = 90 pF for each antenna, which was implemented in both methods. The
results show clearly that the effective lengths for open ports are about half of the respective
mechanical antenna lengths, which is a well-known result for the ideal dipole. However, the
effective axes significantly differ from the respective mechanical ones. One also can clearly
see that the base capacitances further reduce the effective lengths dramatically, and even
cause an offset of the effective antenna directions. This effect is due to the radiation cou-
pling between the antennas (directly or via the spacecraft body) and confirms the importance
of the base capacitances. A detailed study of the antenna system including the dependence
of the reception properties on various spacecraft features (e.g. the rotation angle of the high
gain antenna which gradually changes in the course of the mission) will be published in
a separate paper.

To transform from measured voltages Vy, Vy, V; on the antennas (where X, Y, Z sub-
scripts denote the antenna coordinate system) into an “electric field” in the spacecraft coor-
dinate system, a transformation
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h [m] 0 [deg] ¢ [deg]

Physical antennas X 6.00 125.3 —120.0
Y 6.00 125.3 120.0

z 6.00 125.3 0.0

Open feeds (Graz) hx 2.98 126.0 —141.2
hyo 3.85 118.8 128.7

hzo 2.34 133.0 21.5

Open feeds (UC Berkeley) hx 3.04 127.0 —148.0
hyo 3.95 120.8 123.6

hz 2.45 132.6 22.6

w/base caps (Graz) hx 1.17 120.2 —135.0
hy 1.44 114.5 127.1

hz 0.97 124.5 15.5

Fig. 14 Mechanical antenna lengths and directions of S/WAVES antennas X, Y, and Z compared with the
effective length vectors for open feeds and for a load (base capacitance) of 90 pF at each antenna. The given
results are averages of rheometry measurements and wire-grid simulations, with the exception of the Berkeley
results, which include only rheometry measurements

E X VX
E, =M, | W ,
E: ) s VZ) ant

where

hx cosOx hy sinfx singy —hy sinfx cos gy
M2_l = | hycosby hysin6ysingy —hy sinfy cos ¢y
hzcosOz hzsinfzsing; —hzsinfz cos ¢z

can be applied using the effective lengths and angles from the table in Fig. 14.
6.2 Anechoic Chamber Measurements at High Frequencies

S/WAVES measurements also include the Fixed Frequency Receiver (FFR) which oper-
ates at high frequencies above the antenna resonance. For the FFR, two monopoles are
used as a dipole and any combination is selectable (i.e. dipole X-Y, Y-Z, or X—Z); these
dipoles will have an electrical resonance around 25 MHz while the FFR operates at 30.025
or 32.025 MHz. Furthermore, at these frequencies it is no longer possible to neglect the
influence of the spacecraft and its appendages. These effects may give rise to unexpected
secondary lobes and cause lower gains in the primary lobes.

To understand these effects, an electrical model of the STEREO spacecraft was built
at 1/10th scale and antenna patterns were measured in an anechoic chamber at the CNES
facility in Toulouse, France. In order to keep the same ratio of the wavelength to spacecraft
dimension, the testing frequencies are multiplied by 10. The testing campaign consisted of
measurements on the three dipoles at various frequencies (300, 320, 340 and 360 MHz) and
various orientations of the scale model. Facilities consist of an anechoic chamber including
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Gain{dB)

Theta(*y

Fig. 15 Antenna gain at high frequencies from anechoic chamber measurements with a scale model. The
coordinate system is shown in the spacecraft schematic (upper panel)

a large parabolic reflector providing a plane wave. Both components of the electric field
were measured in the horizontal and vertical position (E, and E,), which are associated
using (2):

Eup = 10log(E; + E?) 3)

with Ej and E, in V/m. Finally, the absolute gain was determined and calibrated by com-
parison to a reference antenna. As an example, the Fig. 15 shows the resulting radiation
patterns of the dipole 1-2. This is plotted in a Cartesian representation, where the X -axis is
the 6 angle from —60° to +-60° and the Y -axis is the antennas gain for a given orientation.
More specifically we are interested in the antenna gain in direction of the sun (i.e. for 6
neighboring 0°). Taking into account the localization of the antennas on the (backside of
the) spacecraft, it is clear that their gain is not optimal in direction of the Sun. For 6 = 0°,
the gain disparities are about 2 dB depending on the frequency. The gain is between —2 dB
and —4 dB for dipoles 1-2 and 1-3, and slightly weaker for the dipole 2-3 which is in the
shadow of the solar panels. Since the gain at the frequencies 300 MHz and 320 MHz are less
disturbed by the spacecraft configuration (especially true for dipole 2-3), the corresponding
frequencies (30.025 and 32.025 MHz) were chosen for the design of the FFR.
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7 In-Flight Antenna Calibration

In order to calibrate the STEREO/WAVES electrical antenna system, in-flight antenna cal-
ibration is necessary. In-flight calibration includes the characterization of the equivalent ef-
fective dipole antenna directions and the calibration of the antenna system gain (antenna
capacitance, base capacitance and antenna effective lengths). The antenna gain and the an-
tenna and base capacitances are inferred using the galactic background radiation, as was
done for the Cassini/RPWS electrical antenna system (Zarka et al. 2004). The effective an-
tenna directions are calibrated with spacecraft rolls. The methodology of this calibration is
described in Vogl et al. (2004). The reference radio source used for calibration is the Earth
auroral kilometric radiation (AKR). The spacecraft rolls have been programmed at about
120 Rg (Earth radii) from the Earth, so that the spacecraft is far enough from the Earth
to be able to assume that the AKR sources are in the Earth direction, and that the signal
to noise ratio (SNR) is high enough to get an accurate result. We assume that the posi-
tion of the source is known and that the emissions are purely circularly polarized (Kaiser
et al. 1978). It is then possible to invert the direction finding measurements and obtain the
antenna directions and relative lengths. As described by Vogl et al. (2004), the “effective”
antenna vector should ideally point towards the selected radio source twice per roll in or-
der to perform the calibration. This ideal geometrical configuration could not be met in the
case of the STEREO/WAVES antenna calibration sequences because of spacecraft pointing
requirements. However, as shown by Cecconi and Zarka (2005), the data has to be carefully
selected in order to get accurate calibration results. The two critical criteria are the SNR
and the angular distance between the antennas and the reference radio source direction. We
define «; the angular distance between the ith antenna and the direction of the radio source,
and B;;, the angular elevation of the source over the plane defined by the ith and jth antennas.
It has been shown by Cecconi and Zarka (2005) that the data selection for accurate antenna
parameters calibration are: (a) 15° < o; < 45°, B;; > 10° and SNR > 20dB in the case of
the ith antenna direction calibration (using measurements on antenna i and j), (b) o; > 20°,
aj > 20° and SNR > 20dB, when calibrating the /;/h; antenna length ratio. These data
selections are compatible with the spacecrafts rolls programmed for the in-flight antenna
calibration of the STEREO/WAVES electrical antenna system.

8 Summary and Early Results

The S/WAVES antennas completed qualification and acceptance verification for use in flight
for the NASA STEREO mission and were integrated onto the spacecraft in early 2005.
STEREO launched on October 25, 2006, and the S/WAVES instrument was powered up on
October 27. The S/WAVES antennas were deployed successfully on the Ahead spacecraft on
October 27, 2006, at approximately 16:42, 17:00, and 17:24 UT (X, Y, and Z respectively).
Shortly after deployment, spacecraft controllers noted a slight (~107> radians amplitude)
spacecraft wobble at the antenna cantilever frequency (approximately 0.6 Hz); the spacecraft
attitude control system has been adjusted to correct for this motion. On October 29, 2006,
the Behind spacecraft antennas were deployed successfully (at 21:24, 21:59, and 22:22 UT
for X, Y, and Z). Early data confirm that the S/WAVES antennas work well.
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