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ABSTRACT
)

~

Wakes of 9,5-mm diameter non-ab.ating spheres fired at
speeds of about 5.5 km/sec into air and into NQ at a pres-
sure of 40 Torr have been observed with electrostatic probes,
Ionization is observed, immediately after passage of the pel-
let, over a region approximately 4 cm in diameter. After
0.1 msec (60 body diameters downstream), the ionized region
grows at a rate in agreement with schlieren observations of
turbulent wakes. Somewhat after 1 msec, the electron concen-
tration in a 5-cm diameter core dips precipitously, fallowed
by large subsequent fluctuations for Ng but staying vary small
for air. Regions of the wake at greater radial distances con-
tinue to contain electrons and to grow, and experience the pre-
cipitous dip further downstream. No corresponding sudden
reduction in positive ion concentration is observed, implying
that the electron loss is by attachment. The data are not yet

sufficient to describe the structure of the electron-deficient

core.
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HYPERSONIC WAKE STRUCTURE OBSERVED WITH ELECTROSTATIC PROBES

I, INTRODUCTION
In the Lincoln Laboratory Re-entry Simulating Range,
light-gas guns fire projectiles at hypersonic velocities into

chambers containing gases of known composition and pressure.

These projectiles and their wakes are observed by UHF cavities,1

spectroscopic techniques,z schlieren photography,3 and electro-
static probes. Evdlution of the probe technique has been re-
ported in the Lincoln Laboratory Project PRESS Semiannual
Technical Summaries starting in 1964 and will not be repeated
here. Previously reported probe results are compatible with
avity and schlieren measurements. The wake structure ob-
served in the experiment now under way is of enough interest
that it is felt worthwhile to present a preliminary report,
even though many aspects remain to be studied and only a quali-

tative explanation has been developed.
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1I. EQUIPMENT

Figure 1 shows the type of probe used. The collecting
electrode is a 0.12-mm diameter gold-plated cylinder exposed
for 0.1 to 0.2 mm. It is supported in Teflon within a 0.5-mm
diameter gold-plated hollow cylinder that serves as a current
return path, collecting charges of opposite sign in order that
the plasma remains neutral. Gold plating is used to facili-
tate cleaning of the probes before each shot and to minimize
probe surface contact potential differeuce. The probes are
placed radially in a plane perpendicular to the pellet path
and are supported in a brass holder which carries transparent
reticles that are photographed with the passing pellet by spark
photography in order to determine the exact trajectory of the
pellet relative to the probes. Figure 2 gives the positions
thus determined for two shots.

Currents collected by the probes are fed to bipolar '"loga-
rithmic" amplifiers whose outputs are displayed on oscillo-
scopes with various sweep rates. The amplifiers have approxi-

5 amp (saturation

mately a logarithmic response between 2 X 10~
level) and & X 10_9 amp with linear gain for smaller signals.
Their gain is frequency-independent from 0 to 100 kHz and is
useful to 300 kHz. During each shot, exponentially decaying

calibration current pulses are inserted just before the pellet

arrives at the probe station. The calibration currents decay




by a factor of ten during each 100 upsec, giving triangular
waveforms at the amplifier outputs,

For the shots reported here, one probe is biased two volts
negative and the others two volts positive with respect to the
return electrodes, which are held at the potential of the ex-

perimental chamber.
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II1. THEORETICAL CONSIDERATIONS
In the regime of this experiment, the Debye length (0.05 mm

to 0.5 mm) and electron mean-free path (10—2 mm) are comparable

3

to the probe radius. The ion mean-free path (107 mm) is much ;

jess than the probe dimensions SO that there are many ion-
neutral collisions within a Debye length; therefore, the tradi-
tional Langmuir probe theory4 does not apply. Treatments tak-
ing into account collisions5 are not applicable here because
the plasma is in motion with a velocity greater than the drift
velocity that would be exnected for an ion placed in the elec-
tric field of the probe. The fluid dynamic boundary layer
thickness is comparable to the ion mean-free path and much
smaller than the Debye length. Published analyses for probes
in moving media6 treat the collisionless case.

Cofnparison7 with UHF cavity measurcments indicates that
the average current to a positively biased probe is propor-
tionsl to the average electron density. Schlieren photographs
containing probes8 have shown that probe current onset coin-
cides with schlieren observation of wake arrival at the probe.

In the absence of a deiailed theory to relate electron or
jon density to probe current, this preliminary discussion will
be confined to the properties of the probe current, with only
qualitative reference to the ionization properties of the me-

dium itself. Comparisons with cavity and schlieren measurements




justify cont..._.. ce that probe results can yield quantitative
information about electron densities, which will be treated in

subsequent presentations of the results.
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IV. EXPERIMENTAL OBSERVATIONS

Figures 3 and 4 show the collected currents for the shots
in Figures 2a and 2b, respectively. These are typical of the
currents observed in 28 shots at a pressure of 40 Torr. The
probes are numbered as in Figure 2, and their currents are pre-
sented in numerical order from top to bottom. Probes close to
the pellet path collect current immediately after passage of
the pellet, while those further away begin collection at a
later time determined by wake growth. The triangular waveforms
at the beginning of the 20-msec sweeps are due to the calibra-
tion currents. In bcth air and N2 at a pressure of 40 Torr, the
average electron curr.nt decays exponentially during the early
wake but dips sharply between 600 and 800 body diameters after
pellet passage if the probe offset diameter (twice the distance
from the probe tip to the trajectory axis) is less than 5 cm.
For larger probe offset diameter, the dip comes later. For a
particular shot, the spread in dip times for different probes
at the same offset may be as large as the over-all spread.
Following the dip, electron currents from N2 wakes ''recover' to
values comrarable to those expected from extrapolation of the
currents before the dip and exhibit large discontinuities,
indicating well-defined boundaries of electron-rich regions
lasting for many msec. The high-frequency part of a Fourier

spectrum would be greatly influenced by these boundaries, and
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the spectrum should not be interpreted as that of a stationary
process. In air wakes the electron current following the dip
usually remains below the detection capability of the equipment,
although it sometimes recovers to a value less than for N2. In
the cases where there is recovery, the current then decays more
rapidly than in N2 but otherwise exhibits the same qualitative
behavior.

Positive ion currents collected by negatively biased
probes are from 4 percent to 40 percent of the electron currents
to positive probes in comparable positions for early parts of
the wake. Positive ion currents do not exhibit a dip similar
to the electron current dip.

In Figure 5 the time of first probe current and the time
of the sharp dip are presented as functions of probe offset
diameter. The diagonal line represents growth as the one-
third power of time in agreement with schlieren observations.
The triangles show the outer and inner edges of the schlieren-
observed "scallops'" (see below) for some of the same shots.
Along the left margin are shown bands corresponding to meas-
urement in body diameters of elapsed time since pellet passage.
These are bands rather than discrete lines because of the
spread in velocities of the pellets here reported. The "prompt
current" indicator shows the 4-cm diameter region in which probes

receive current immediately. It is dashed at its left end




since there it represents prnbes passing less than 2 mm from
the peollet surface, and no observations have been made in that
region,

Figure 6 presents the data in a somewhat different manner
with both probe offset diameter and time after pcilet passage
measured in units of pellet diameter. The coordinate axes have
been interchanged to conform with the practice of turbulent
wake studies. The outer turbulent wake boundary is indicated
by the diagonal dashed line. Regions of observed electron cur-
rent collection are to the right and below the solid line
labeled "First Current.'" The shaded area outlines the region
in which the precipitous dip in electron current is observed.
The light horizontal dashed lines represent the positions of
probes 3 and 4 of Figure 4, whose currents are presented to the
same time scale in the upper portion of the figure. Short-term
fluctuations have been omitted from these typical current wave-
forms. The difference between electron current behaviors from
air and N2 is indicated.

Figure 7 gives wake outlines at various times after pellet
passage, taken from schlieren photographs for some of the shots
reported here. Schlieren photographs for air and for N2 are
indistinguishable. Since the schlieren is at a different sta-
tion than the present probe experiment, it is not possible to

correlate probe current observations with specific portions of




the schlieren pictures. As the wake expands and moves forward,
the probe enters it in a path determined by the probe position
and the wake dynamics. Frequently the probe enters a ''scallop”
at the edge, then passes through a wake-free region before
entering the main body of the wake. Probe 1 in Figure 3 and
probe 4 in Figure 4 show this effect.

There have not yet been extensive measurements on the ef-
fects of changes in various parameters, but the following trends
are indicated by preliminary observations. Dry air at 10 Torr
and 20 Torr shows similar characteristics, although the dip is
often not so deep and the current recovery is frequently greater
than at 40 Torr. There is an indication that the dip may be
more pronounced just after the experimental chamber has under-
gone a thorough cleaning, but not enough data have been col-
lected to allow a positive assertion in this regard. If the
probe positive bias is increased at lower pressures, the dip
appears to be less pronounced; but this effect has not been

investigated at 40 Torr.
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V. DISCUSSION

UHF cavity observation of hypersonic wakes1 has af “0 1~
strated that electron concentrations averaged over the wake
cross section in air and in N2 are comparable for the first few
msec, but the electron density in air then falls much more

rapidly than in N This has been attributed primarily to

9-
attachment of electrons to oxygen in the air as it cools. The
reduction in electron density now observed in the wake core

thus suggests that the central portion of the wake cools more
rapidly than the outer regions. Such cooling has been indicated
by spectroscopic studies of similar wakes.

At 1.5 msec following pellet passage when the electron-
deficient inner region is completely es;ablished, it has a
diameter of about 5 cm, At this same time the total wake diame-
ter is 9 cm. Absence of electrons in the core may therefore be
equivalent to nearly 30 percent reduction in the total number
of free electrons. UHF cavity measurements of electron line
density have been examined for comparison with this observation.
The precision of cavity measurements is such that a 30 percent
drop in electron line density should be observable. The line
density often has fluctuations of this magnitude, but their tim-

ing is not consistent with probe results, often occurring at

times less than 1 msec. Further investigation of details of the

electron density distribution is required to resolve this apparent

discrepancy.
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From the preliminarv results reported here, the following
wake description may be deduced. Probes placed within a few
body radii of the trajectory of a sphere exhibit a current, due
to shock-heated gas (the "inviscid" wake), that decays exponen-
tially without appreciable fluctuation until the turbuvlent wake
grows to the probe position. There then follows a period of
slight current fluctuations as long as the diameter of the tur-
bulent wake is smaller than that of the inviscid wake. Large
amplitude fluctuations appeal as soon as the turbulent wake

begins to engulf cold (thus electron-free) outside air.
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