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TECHNICAL NOTE 3177

ION TRACER TECHNIQUE FOR ATRSPEED MEASUREMENT
AT LOW DENSITIES

By W. B. Kunkel and L. Talbot
SUMMARY

A study has been made of the serodynemic and production-detection
problems assoclated with ion tracer velocity measurement technqiues, with
particular emphasis on those aspects unique to low-density gas dynamics.

A critical survey was made of the various techniques which have been
employed and specific suggestions are offered relative to the successful
use of ion tracer velocity measuring methods at low densities. A descrip-
tion is also included of some experimental work which was carried out
with an lon-pulse airspeed indicator developed by the Ames Aeronautical
Laboratory Low Pressures Group of the National Advisory Committee for
Aeronsutics for use in low-density wind tunnels,

INTRODUCTION

In recent years considersble interest has been directed toward the
use of ion tracer techniques for the measurement of gas velocities. The
methods holding the most promise appear to be those in which small packets
or clouds of ionized molecules are produced at some point in the gas flow
field. These "marked" packets can be detected electrically and hence
their time of transit between any two points along & streamline can be
measured.

Although much useful information is currently available on the ion
tracer technique for velocity measurement (refs. 1 to 5), no systematic
study has yet been made concerning the applicability of this method to
low-density aerodynamics in the region below 1 mm Hg static pressure.

An instrument cepsble of msking direct velocity determinations would be
particularly desirable in this field of research where interpretation of
results obtained by the conventional methods, that is, utilizetion of
impact and static pressure probes, is rendered difficult because of large
viscosity effects and departures from continuum behavior of the gas.

In this report a study has been undertaken of the aerodynamic and
production-detection problems associated with ion tracer veloeity meas-
urement techniques, with particular emphasis on those aspects unique to
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low-density ges dynemics. A critical survey has been made of the various
techniques which have been employed, and some specific suggestions are
offered relative to the successful use of ion tracer velocity measuring
methods at low densities,

Appended to the body of this report is a description of some experi-
mental work which was carried out with an ion pulse airspeed indicator
developed by the Ames Aeronautical ILeboratory Low Pressure Group of the
Netional Advisory Committee for Aeronautics for use in low-density wind
tunnels. In addition to the evaluation of the performance of this spe-
cific instrument, these experiments provided certain more general con-
clusions which have been incorporated in the main portion of the report.

This work was conducted at the Unilversity of California under the
sponsorship and with the financial assistance of the National Advisory
Committee for Aeronautics,

AERODYNAMIC REQUIREMENTS

In order to gain a better insight into the problems involved in the
design and operation of an ion cloud airspeed measuring device, it will
be instructive to review here some of the aerodynamic requirements of
such an instrument with regard to precision of velocity determination
and probe geometry.

Precision of Veloclity Measurement

The aercodynamicist 1s usually more interested in determining the
Mach number of the flow than the absolute velocity. The Mach number
can, of course, be calculated directly from the messured airspeed if the
sound speed is known. In the case of wind tunnels, it should be remem-
bered, however, that the velocity of the flow asymptotically approaches
g finite limit as the Mach number increases to infinity. Consequently,
the accuracy of velocity determinations required to yleld a given accur-
acy in the derived Mach number increases rapidly with the absolute value
of the Mach number. The relationship between the relative errors can
eaglly be expressed mathemstically since u 1s a known function of M:

1/2
PRI
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(1)
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where

M Mach number

R gas constant

To stagnation temperature

u stream veloclty.

4 ratio of specific heats, 1l.40 for air

To express the error in Mach number in terms of the error in velocity
one writes:

Bu _ Qu M _ MoulM_ ey BM (2)

The function f(M) +turns out to be Independent of the stagnation tem-
perature T.:

£(M) = % du _ ‘ 1 _ du/u (3)

oM l+7;lM2 SM/M

For air, teking 7 = 1.40, f£(M) is plotted in figure 1. In terms of
the time of transit t of an ion packet between two points spaced a
distance s apart the allowsble absolute error becomes

e S £(M) 1%4-[ = sg(M) 15_1\1;4! (%)

The function g(M) = £(M)/u expressed in microseconds per inch is
plotted in figure 2 for the case of T, = 535° R, using 7 = 1.L0. Tt

is seen that even for a measuring distance as large as 1 inch the time

of transit at M =3 must be determined accurate to about 10'7 second

1f the error in the calculated Mach number is to be less than 1 percent.
These considerations are eppliceble to wind-tunnel testing at all density
levels, though they do not apply to free-flight testing, where the Mach
number increases linearly wlth the absolute velocity at a given altitude.
But the above limitations on the accuracy of airspeed determinations are
particularly serious in low-pressure wind-tunnel work, inasmuch as pre-
cise transit-time measurements become more difficult when the density of
the gas stream 1ls reduced.
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It may be pointed out in this connection that the fundamental assump-
tion in the ion tracer method is the ldentificetion of the velocity of the
ion cloud with that of the gas stream. Strictly spesking, such an assump-
tion can be made only for the central concentration maximum of a spheri-
cally symmetric ion packet in the absence of external electric fields.

Any error introduced by the unavoideble assymetry of the charge distri-
bution and the presence of external electrical fields, and through the
difficulty in locating the maximum concentration, will be ephanced at
low gas densities where both the diffusion coefficient and the ionic
mobility are high. These aspects will be discussed more fully later.

Localization of Measurement

From the foregoing discussion 1t is also clear that it is impossi-
ble to make exact polnt velocity determinations with any time-of-transit
method and that a campromise must be sought between the desired sccuracy
and the localization of the wveloclty measurements. The least count of
the timing device is ususlly a fixed quantity; hence, as the measuring
distance 1s decreased, the relative error must increase. On the other
hand, if the separation between reference points is increased, nonuni-
formities in the velocity within thls distance can no longer be detected
and only an average speed is found. Moreover, change of shape of the
ion distribution by diffusion, self-repulsion, and minute external elec-
tric field becomes lncreasingly more significant as the time of transit
between the two measuring points is made longer. Agein, these last con-
slderations are of partlicular importance at very low pressures.

Interference With Flow

In any measurement technique it is desirable to keep to the absolute
minimum the interference of the measuring device with the flow. In the
case of lon tracer measurements, interference wilth the flow could be
caused by the presence of the ion cloud itself and by probes used to
detect the cloud. Fortunately, it can be asserted that the effect of any
not too violent or concentrated ionization within the gas on the mass
motion of the gas is, in general, entirely negligible. The necessary
presence of lon generating and detection electrodes or probes mey present
serious problems, however. For some studies it may be possible to util-
ize electrodes mounted flush with the walls of the wind tunnel so that
disturbance of the flow 1s avoided entirely. This technique has been
applied with some success by Boyd, Dorsch, and Brodie (ref. 4) in sub-
gsonic and superscnic wind tunnels gt pressures upward of 5 mm Hg. Dis-
tortion by the nonuniformity of the streem near the boundary, difficul-
ties 1n meklng measurements of ion clouds which are well inside a large
channel, or the resulting limitation to rgther narrow chennels detract
from the merits of this method and probably render it entirely impracti-
cal for gas presgssures below 1 mm Hg.
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Electrodes which project into the channel, while more suitable for
localized measurements, suffer from the objection that a disturbance in
the flow is produced. In a supersonic stream shock waves will be formed
ahead of the electrodes and the velocity of the gas passing the detec-
tion probe will be less than the velocity shead of the shock. In par-
ticular, the disturbance produced by the ion generating system (spark
gap, corona points, etc.) must be of limited size if useful data are to
be obtained. Electrodeless ion production is, of course, to be preferred
if sufficient intensity of ilonization can be obtained. At low gas densi-
tles the disturbance of the flow by production and detection electrodes
can be minimized if the dimensions of the electrodes are made sufficiently
small (of the order of a mean free path or less). The effect of the shock
waves shead of the detection probes can be canceled out 1f a single pickup
electrode is used in successlve positions along s streamline and the dif-
ference in times of flight is taken for the evalustion of the velocity
(cf. ref. 5). This method, however, requires extremely high reproduci-
bility of the ion production mechanism or averaging over & large number
of readings, since measurements on different ion clouds are required for
each stream velocity determination. Whenkver it is not possible to cir-
cumvent large fluctuations in the ion generation process, and in particu-
lar in the time teken for the charge build-up, each time of flight meas-
urement should be performed on one individual packet by means of two
simulteneously opersting detectors. In this case disturbance of the flow
can be minimized only by using very small detection probes. As will be
shown later in this report, such a procedure introduces new problems
which seriously limit the wvalue of the method.

DETATIS OF METHOD

Production of Tons at Low Pressures

A summarizing table of methods of ion production is glven in ref-
erence 5. The following section reviews the importent facts with ref-
erence to low pressures.

The three chief mechanisms by which ion packets can be created in a
gas are: (1) Electron impacts, most efficient at energies of the order
of 100 electron volts (i.e., somewhat higher than the ionization poten~
tials of the ges), (2) positive ion collision, efficient only at high ion
energies (above 10,000 electron volts), and (3) photoelectric effect,
efficient only at photon energies slightly exceeding the ionization
potentials.

The cross sections for these processes usually are considersbly
lower than those for elastic kinetic collisions between like gas mole-
cules. The copious production of ions in a gas at low density therefore
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requires a high concentration of the ionizing agency. For this reason
the photoelectric and positive ion collision mechanisms are not very
suitable for the present application. A positive ion gun used to form
an ionizing beam would require a rather large current density and a very
high asccelerating voltage. Radloactive sources would have to have an
excessive strength to yield a narrow beam of o particles of sufficient
intensity. Similar arguments apply to the use of soft X-rays for photo-
ionization at low pressures. It is very difficult to produce a well-
collimated ¥-ray beanm of suffliclent intensity. -

The simplest method for producing a relatively high ion density,
makes use of en electrical discharge in the gas itsgelf. Such discharges
involve chiefly ionization by electron collisions and emission of elec-
trons from the cathode. The large productlion rate is brought about by
the fact that the newly freed electrons themselves are utilized to ion-
ize in turn, thus causing an accelerating cumulative liberstion of charge.
The velocitles acquired by the electrons must be such that a sufficient
fraction of them exceeds the minimum energy needed for the action.

The technique has several disadvantages, however, because an elec-
tric field is required. Conductors must be introduced to supply the
necessary high voltage and electrode surface. Therefore, special care
must be taken to avold aerodynamic disturbances of the flow and elec-
trical coupling with the detector. A more serious handicap is the dif-
fuse nature of electric discharges at low gas densities; sparks or
coronas cammot be produced. The mean free path is too long to permit
the existence of high space charge concentrations, as those found in
sparks and arcs at higher pressures, so that it 1s not possible to pro-
duce strong fields in confined regions at some distance from any metal
surface. Only in the immediate neighborhood of very small conductors
such as fine points and thin wires can high fields of smell extent be
maintained and even then the associated charge cloud of elevated con-
centration will have a radius of 10 or more electron mean free paths.

It is clear that in order to obtain a relatively well confined dis-
charge of adequate intensity a smell conductor with a high negative
potential should be used as cathode, The anode is less jmportant except
for defining the initisl predischarge field. Any grounded conductor will
serve to receive the negative charge current. In this configuration a
brushlike glow discharge is set up which will concentrate the positive
ion packet near the cathode, while the liberated electrons will drift in
all directions along the lines of force in the low field region. Given
enough time, these electrons will attach to oxygen molecules and form
negative lons.

In a stream of fast-moving gas as in a supersonic wind tunnel the
ion distribution will be drawn out in the dlrection of the flow and some
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positive charge will be lost downstream. If the discharge is pulsed,
this oblong distribution with a nucleus of positive charge and a broad
fringe of negative charge will drift with the stream as a whole,

spreading by diffusion as time goes on. At low gas densities of 101k

0 1016 molecules per cubic centimeter (static pressures of the order
of 102 4o 1 mm Hg at room temperature) the initisl charge density can
be estimated at 109 ions per cublce centimeter or more at the center,

falling off rapidly to perhsps 107 ions per cubic centimeter within a
few mean free paths. The high charge concentration at the center will
decrease rgpldly by diffusion and self-repulsion after the field is
removed. Since the detector wlll have ©to have some least distance from
the discharge cathode to reduce the direet current plckup and minimize
initial cgpacitative coupling, the unavoidable spreading during this
minimum time of flight adds to the already large dismeter of the cloud.
If high accuracy is required, therefore, s pulsed discharge does not
seem suitable at pressures below 1 mm Hg.

It may be possible to use an electron beam of sufficient energy and
intensity to produce a narrow traill of lons of adequate density. Elec-
trons of 10,000-volt energy are not apprecisbly scattered during 6 inches
of flight through air at a pressure of 100 microns. Under these condi-
tions there is one ion palr created on g 10-centimeter path for each

electron in the beam (ref. 6). To liberate 107 ion palrs per centimeter

path in a 2-microsecond pulse, the latter should contain 108 electrons,
representing a current of 8 microamperes. This beam could have a cross
section of several square millimeters in the test region. This method
would have the great advantage that no obstacles need be introduced into
the stream and no high-voltage pulse has to be brought into the test
chamber of the wind tummel. The equipment required would be somewhat
more camplicated than that for the dlscharge pulse. The technique seems
feasible if the width of the channel ionized in this manner does not turn
out to be too large. Some of these proposed methods are discussed in the
appendix.

Motion of Ions

The charges produced 1n the manner described before are mainly
8ingly jonized molecules and electrons. Negative lons will be extremely
rare because the probaebllity of electron attachment to oxygen is too
small to be effective at pressures below 1 mm Hg within times of 1 milli-
second or less. Because of the large differences in maess the behavior
of the positive and neggtive charge carrliers will differ widely. In
genersl, the motlon of these particles can be divided into three parts
to indicate the different nature and cause of the various phenomena.

Inasmuch as the constituents will belong to the gas, they will
drift with the body of the stream as any neutral molecule provided that
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there sre no electric fields present. This behavior, which might be
called convection, is the property to be exploited in the present appli-
cation. The situation is complicated, however, by two additional effects
influencing the motion of the charge particles.

When an electric field is present, ions and electrons will drift
wilth respect to the gas in the direction of the force at a velocity more
or less proportional toc the field strength. The drift velocity divided
by the field strength is called the mobility of the paerticle in the given
ges. (The mobility of electrons is several hundred to several thousand
times larger than that of ions, depending on the electric field strength
and the gas density.) The drift of these charged particles, particularly
the electrons, will cause the gas to become a conductor. Since positive
and negatlve charges drift in opposite directions in the fleld, a sepa-
ration ls effected which may or msy not be desirable in any glven case.
The drift of air ions (nitrogen or oxygen) in air is given approximately

by (ref. 7, p. 76):

v=m~2xlo5% (5)
where
v drift velocity, cm/sec
P air pressure at room tempersture, mm Hg
E electric field strength, v/cm

Here K 1s the mobility provided E/p does not exceed a few hundred.
Clearly E/p must be kept low in any region where it is required that
the electric drift be negligible compared with the gas veloclty. Near
a metallic surface the induced charges on the conductor will set up a
field attracting the moblle charges in the gas. While these forces
usually are rather wesk, they often are sufficient to affect the motlon
of the extremely mobile electrons. This is one reason why the suitabil-
ity of the latter as tracers might be doubtful even if great effort is
made to elimingte external electric fields.

The other complication arises from the fact that these tracers,
being part of the gas, will be subject to diffusion. Since the pesrti-
cles are charged, this action will be accentuated by two factors. In
an electric field, and in particular in a discharge, the kinetic energy
of the charged particles (i.e., the temperature and therefore also the
diffusion coefficient) will be higher than that of the molecules of the
neutral gas and some "cooling" time will be required before equilibrium
is reached when the field is removed. Seccondly, sny concentration gra-
dient of charges creates itself an electric field in such a direction as
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to ald diffusion so tnat the latter never is purely due to random motion
alone, but is increased by mutual repulsion. These effects are much

more pronounced for electrons then for ions because the former, with their
smaller mass and size, have higher velocities, longer mean free paths, and
poorer momentum exchange with the gas molecules. TIf electrons and posi-
tive ions are present simultaneously and in equal number, as would be the
case along the path of an ionizing beam, the fast radial diffusion of
electrons will be retarded by the attraction of the more slowly moving
positive ions which would be left behind. If the ion concentration is
high enough, hardly any of the electrons can escepe and the net diffu-
sion of the cloud proceeds almost as slowly as 1f only massive ions

were involved. This phenomenon is termed ambipolar diffusion. A purely
qualitative sketch of the charge distribution along the dlameter of such
an ion cloud is shown in figure 3. The diffusion coefficient of ions is
somewhat smaller than that of the neutral molecules in the same gas. 1In
alr at atmospheric pressure the diffusion coefficlent for positive ioms

is of the order of 0.03 cm?/sec; at 0.1 mm Hg 1t is roughly 200 cm?/sec
(ref. T, p. 165).

These considerations will have to be kept in mind In the interpre-
tation of gas speed measurement particularly since the method of detec-
tion also must utilize the motion of ions with respect to the receiver
for the creation of an electric signal.

Detection of Charges

Inasmuch as the accurate time measurement desired for the present
application involves an interpretation of the pulse shape, a detailed
analysis of the origin of the received signal must be carried out. Also
the possible effect of the method of detection on the time of flight of
the ions themselves should be investigated. In connection with this
aspect much confuslion can be avolded 1f a few general principles are
well understood.

The macroscopic phenomena associated with electric charges are com-
monly divided into several distlnct groups. The two of interest here
are the presence of separated positive and negative charges causing
fields and potentisls (statlc electricity) and the motion of charges
representing real currents and causing displacement currents {quasi-
static electricity). The two are related, of course, by the condition
of continuity (conservation law) and by the laws of motion.

While the two effects can never be entirely separated (for example,
accumulgtion or separation of charge In itself requires or represents a
current), the detecting device can be designed to emphasize one or the
other aspect. Basically, an electrometer is sensitive to voltage. If
the potential of an isolated conductor (e.g., one side of a capacitor)
is measured, the amount of charge on it cen be derived; and, 1f the
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voltage drop across an impedance (e.g., a resistor) is utilized, the
current through it can be determined.. In Ppractice, some capacity C

and some leakage resistance R are alwsys present simultaneously, giving
the instrument a certain time constant characterized by the product RC.
If the time of charging of the capacitor is short compared with RC, the
instrument will indicate the amount of charge accumulated or induced.

On the other hand, if RC is much shorter than the charging time, the
instrument essentlally will measure the ccllected or induced current.

In the intermediste region the response is a mixture and generally very
difficult to interpret. 1In designing an ion cloud detector amplifier

it 1s therefore importent to have some previous knowledge of the expected
pulse rate of rise, amplitude, and decay.’

In the alrspeed measurements it is essential to locate accurately
the point in time at which a concentration meximum of positive lons
passes a glven point in space. The following sections discuss the pos-
sible methods by which this can be achleved in the case of low gas
densities.

Detection by induced effects.- Most of the previous work avoided or
neglected the collection of charge by the detector probes and utilized
the induction effects for the locating and timing of the ion packets. A
fairly complete analysis of the phenomena involved 1in this method can be
found in reference 3. At low gas densitles, however, several difficul-
ties appear. First of all, the ion clouds are usually spread out over
a rather large region so that the signals received are very brosd. It
should be realized in this connection that the induced voltage is highest
or the induced current is zero when the total charge on the probe,
Induced by the whole cloud (induction effect integrated over all space),
is largest. This instant need not coincide with the moment at which the
point of highest charge concentration 1s closest to the probe., In any
ion packet whose distribution is strongly dominated by diffusion, how-
ever, the deviation will be very small, h

A more serious problem is caused by the unavoidable distortion of
the signal due to the collection of charge by the detector probe wire
or plate at low pressures., The ion clouds are so large that it does not
seem possible to place the induction pickup electrode entirely outside
the trajectory of the charges as was done in some of the studies at
higher densities (refs. 3 and 4). Any exposed conductor projecting into
the path of the lons will collect charges unless it is given a retarding
potential of sufficlent magnitude (probably of the order of 1 volt posi-
tive for the suppression of the ion curreat). Such a procedure would
introduce electric fields distorting the ion cloud trajectory, however,
and, what 1s worse, would make the probe an efficient electron collector,

thus introducing new and probasbly even more serious distortions of the
recelved signal. S -

A third difficulty arises from the fact thst the induction pickup

responds only to the net charge of any given volume element in its neigh-
borhood. Since ion production by e€lectrodeless means, as for lnstance by
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an electron beam, creates essentially neutral ionized regions in the gas,
poor induced pulse amplitude will result with this method of detection
unless the discharge-type ion generation is employed.

Detection by ion collection.- The collection of ions itself can, of
course, be used as & means of detecting the arrival of the concentration
meximum. High efficiency can be guaranteed if a negative potential is
given to the pickup probe so that ions will be attracted. Certain pre-
cautions must be teken, however, to aveid two sources of error. As
pointed out in the section "Motlon of Ions," the electric field associl-
ated with a probe at negative voltage with respect to its surroundings
should not be permitted to penetrate appreciably into the ilon drift
space. Acceleration of the ion packet would result and unrelisble meas-
urements would be obtained except, possibly, if the difference method
mentioned in the section "Interference With Flow" is employed. More
seriously disturbing is the fact that any charge-collecting action by a
detector is always associated with a certain emount of Induction effect.
The relsted phenomena can best be illustrated by a few sketches shown in
figures 4 and 5. The instant of actual collection of an lon by an elec-
trode is the point in time at which the ion hits the metal surface and
is neutralized, that is, at which the ion reaches the end point of its
trajectory. The associated current registered by the electrometer is
the rate of change of induced charge immediately preceding this instant
of ion collection. If ell ions in a given packet were caught by a cer-
tain electrode, the signal could probably be properly interpreted. Inas-
much as & small collecting probe in the present application will presum-
ably catch only a fraction of the passing ion cloud, a distorted and
shifted signal will result which will, in general, not be suitable for
the detection of the ion density maximum.

The only possible way to avoid both the difficulty of the drift
disturbance and the sigral distortion is the introduction of & small,
screened collecting probe as indicated in figure 6. A few volts nega-
tive potential on the central collector with respect to the grounded
shield will, in general, be sufficient to insure rapid, complete collec-
tion of all positive lons entering the cage. No apprecisble electric
fields can penetrate to the outside and disturb the lon motion there and
very little induction effect due to the motion of ions outside the probe
is felt by the inside conductor. The pulse shapes received by such a
shielded probe are sketched in figure 6. An additional sdvantage of
this arrangement is the selectivity as to sign of the charged particles
in the tracer packet. 'The negative screened probe will respond almost
exclusively to the positive ions in the stream and the signsl will be
relatively little distorted by the accompanying electron distribution.
The only serious difficulbty in the shielded-collector method of detec-
tion is the unavoidable disturbance of the flow by this necessarily
bulky probe. If a single detector can be employed, however, this dis-
turbance can be canceled out in the mammer described in the section
"Interference With Flow."
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CONCLUDING REMARKS

On the basis of the preceding discussions it can be concluded that
there 1s reasgonable hope that the ion tracer technique can be applied to
low-density gas velocity determinations, in particular if well-localized
electrodeless ionization turns out to be feasible. The details involved
in the actual time-of-flight measurements to be performed need not be
explained here, since they are the same as those at higher pressures and
have been described in the various previous publications referred to
before. Moreover, a specific example is given in the appendix.

It might be polnted out, however, that if an asccurately pulsed, well-
collimated trensverse electron beam is used for the ion production there
is little doubt that sufficient reproducibility for a single-detector
method can be obtained. In such a case the most relisble date will be
obtained when the shielded collector detection probe is kept fixed for
a given velocity determination and the pulsed electron beam is moved
along a streamline. 1In this way any possible effect of the probe on the
flow is kept absolutely constant and the times of flight of the ion clouds
can be used to map the stream veloclty shead of the obstacle. Or better
still, if sufficient resolution can be obtained, it would be most con-
venient to employ two simultanecusly pulsed parallel electron beamsg trans-
verse to the stream so that the interval in the times of arrival at the
probe can be used directly to indicate the velocity of the flow in the
region between the two beams.

Considerable experimentation will probably be needed before the
electrodeless ionization technique can be incorporated in a useful labo-
ratory instrument.

University of California,
Berkeley, Calif., February 20, 1953. ~
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APPENDIX
INSTRUMENTATION AND EXPERIMENTAT. WORK
NACA INSTRUMENT

The Natlonal Advisory Committee for Aeronautics Low Pressures
Research Group at the Ames Aeronautical Iaboratory, Moffett Field,
California, has constructed an ion-pulse true-airspeed indieator for
low-density supersonic wind tunnels. The Instrument utilized a pulsed
discharge for the generation of ion clouds and as originally constructed
was equipped with two unshielded collecting electrodes spaced about
1l inch apart. The debtector preamplifier could be comnected to either
of the two probes by means of a manually operated switch. The pulse
generating and timing circuits included in the complete unit are indi-
cated schematically by means of & block diagram in figure 7. Details
of the circuitry and operation of this instrument sre contained in an
internsl Ames Isboratory memorandum.

The device was tested in the small low-density wind tunnel at the
Ames Iaboratory (unpublished work). The measured velocities seemed to
be in reasonasble agreement with the calculated ones, but careful checks
could not be made because the reglon of uniform flow was too limited in
the small test section of the tunnel. Subsequently, the equipment was
shipped to Berkeley where further investigations could be carried out in
the large low-density supersonic wind tummel (ref. 8).

Adaptation for Work at Berkeley

For the tests in the large wind tunnel at Berkeley certain modifi-
cations were desirable. The preamplifier carrying the plckup probes was
detached from its battery power supply and inserted as a whole into the
test section and was mounted rigidly on the remotely controllied trav-
ersing carriage so that the probe position with respect to the nozzle
could be changed. The masnual selector switch connecting the probe wires
to the preamplifier was replaced by en electrically opersted one. Fif-
teen feet of low-capaclty coaxial cable was used to lead the high nega-
tive voltage pulse into the test section to the 0.010-inch-diameter
tungsten dlscharge wire which protruded through the nozzle wall into the
center of the stream. Shielded microphone cables connected the preampli-
fier output signsls to the remainder of the timing circuit outside the
tunnel. Because of the long connections needed the pulse epplied at the
discharge gap as well as the received signals suffered a certain unavoid-
able attenuation and distortion.
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In the original tests conducted at the Ames Lsboratory 1t was
possible - because of the small size of the alr jet - to shield the
detection probes from the discharge. This was not feasible in the
Berkeley wind tunnel.

To facilitate time measurements with a calibrated Tektronix synchro-
scope the differentiated multivibrator signal of the NACA instrument was
brought out separately and fed into the external trigger input terminal
of the synchroscope. The time elapsed between the discharge pulse and
the starting of the synchroscope sweep could thus be varied by means of
the multivibrator controls. Since it was expected that time of flight
measurements in the Berkeley wind tunnel would extend over intervals of
geveral hundred microseconds, corresponding to distances up to 10 inches,
the range of the first multivibrator was increased 10 times to a maximum
period of 800 microseconds. The intervalometer provided in the original
design was not used. A schematic diagram of this modifled arrangement is
shown in figure 8.

Measurements With Unshielded Probe

Attempts to determine the airspeed in the Berkeley wind tunnel with .
this instrument using unshielded probes were nQt successful. The peak
voltage which could be applied to the discharge electrode was estimated
from oscillograms to be about 2,500 volts. This was not sufficlent to
cause reproducible impulse breakdown in the fast-moving alr at pressures
below 0.10 mm Hg. Above this minimum pressure the pulsed discharge
appeared as a dlffuse purple glow of about l-inch diameter surroundings
the tungsten wire sometimes along its total length. The current spread
in all directions, presumably returning to ground through the tunnel
walls,

The signal received by the detector was not suitable for transit-
+time measurements. Excessive interference from the discharge both by
capacitive coupling and by direct current was noted (a strong negative
signal deflection, the time of arrival of which was essentlally inde-
pendent of the probe position but having an amplitude which decreased as
the distance from the nozzle was increased). The portion of the signal
which could be clesrly associated with the positive ion drift was too
broad to operate the peak selector. Crude measurements made using the
apparent shift of certain points of the ion signal gave erratic results,
presumably because the wave shepe was caused by a mixture of collected
and of pure induced current.

Measurements With Shielded Probe

In line with the discussions of the section "Detection of Charges,"
it was believed that many of the difficulties encountered could be
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elimingted by proper shielding of the probes. As an attempt to verify
this interpretation and in the hope of obtalning better results, the
tips of the probe wires were surrounded by grounded cylindrical screens
constructed of 0.00l-inch-diameter tungsten wire (see fig. 9). It was
found that this screening attenuated the outside field signals by a
factor of sbout 20. The remainder of the circult was left unaltered.
This shielded probe system was mounted in the test sectlion of the wind
tunnel as before and a plastic nozzle with design Mach number 3.1 was
selected for the velocilty measurements.

The signal received by the improved probe differed from that of the
unshielded detector as expected. The induction effect due 1o outside
electric flelds and charge motion was reduced considersbly, while the
response to positive lons entering the detector was stronger than before.
The direet discharge current from the pulsed high-voltage wire, however,
turned out to be still considerable. Apparently the electric field of
the strongly negative pulse still penetrated far enough to drive elec-
trons from the dlscharge into the shielded probe. For this reason it was
not possible to use the signal when the detector was less than 2 inches
downstream from the high voltage wire. In order +to mske measurements
closer to the nozzle exit, the discharge wire had been bent so that 1ts
tip was located on the axis about 1 inch upstream of the exit of the
nozzle,

The positive ion current collected by the probe appeared in pulses
300 to 400 microseconds long. Unless these pulses were considersbly
broadened by the amplifier, they must be interpreted as associated with
ion clouds 8 to 10 inches long, which would indicate that these clouds
extended 6 to 8 inches upstresm into the nozzle during the discharge.
This is surprising, since in the cross-stream directions the ion clouds
were clearly limited to a diameter of about 2 inches. It must be con-
cluded then that the discharge mainly took place between the negative
wire and the grounded metal wall surrounding the nozzle entrance.
Undoubtedly a wlde grounded region on the inside of the nozzle wall
immediately upstream of the discharge wire would have improved the situ
ation considersgbly.

Unfortunately, the preamplifier belonging to the detector umit of
the NACA instrument was not designed to handle pulses of such a long
duration but acted more or less as a differentisting circuit for the
signal (simultaneously yielding poor amplification). This partially
differentiasted signal appeared on the low-level output line of the pre-
amplifier (connected to the input of the third stage). Because long
shielded leads with considersble capacity had to be used in these tests
the last stage of the preamplifier had an integrating action such that
the high-level output of the detector system reproduced the original
pulse slthough undoubtedly in a somewhat distorted shape.



16 NACA TN 3177

Freehand sketches of the signals received by the upstream detector
probe as they appeared on the synchroscope are shown in figure 10, where
A signifies the statlonary part of the pulse, clearly caused by direct
negative discharge current, and B marks the section of the signal asso-
clated with the collected ion current. Both parts decreased in amplitude
as the distance between the detector and the nozzle was increased. The
length of pulse A did not change, as expected, and pulse B spread only
slightly as the distance of flight was increased. The signal received
by the downstream probe was always considersbly attenuated and differed
somewhat in shape from the pulse received by the upstream probe. A
shadowing and flow-distortion effect was clearly indicated.

All signals were very steady and reproducible as long as the dis-
charges were stable. The gas flow veloclty could thus be measured by
noting the shift in time of the collected pulse for a given displacement
of the detector.

Again, unfortunately, the signals from the last stage of the pre-
amplifier were much too broad to operate the "peaking circuit" (pulse
shaper) in the proper fashion. It was therefore decided to utilize the _
differentiated pulse sppearing on the low-level output for the time-of- -
flight measurements. Two points on the oscilloscope trace could be
located easily: The point of zero signal or crossing point a and the
negative peak b as indicated in figure 10. Point a was considered to be -
relatively closely associated with the maximum concentration of the ion
cloud. Moreover, point a could be located more accurately (0.5 micro-
second) than point b (1 microsecond) on a 100-microsecond synchroscope
sWeep.

In practice, the measurements were carried out in the following
manner. When the airstream was stabilized, the pulsed discharge was
started and the upstream detector probe was moved into position. The
signal put out by the preamplifier was fed into the synchroscope, the
calibrated sweep of which was triggered by the variable multivibrator
pulses (variable delay synchronized with the discherge pulses). The
gate of the coarse multivibrator was adjusted to bring point & or b into
the fileld of view of the 100-mlcrosecond sweep of the synchroscope. The
gate of the fine multivibrator was adjusted to line up point a or b accu-
rately with one of the marks on the oscilloscope screen. The detector
wes then moved 1 inch in the direction of the flow, and the shift of
point & or b on the screen was recorded. Subsequently, the multivibra-
tors were readjusted to shift the signal back into the first position on
the screen and the detector was moved another inch, and so on. This was
carried on over a total length of 6 inches along the axis of the super-
sonic Jet and was repeated at a level 1.50 inches below the exis. All
measurements were done using both points & and b. The results are shown bd
in figure 11. The reproducibility of any given measurement (scatter)
was within about 3 percent. The difference between the velocitles of
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point a and point b is seen to have been less than the probable error,
indicating that the effect of diffusion was negligible in this part of
the ion cloud. Apparently the ion cloud was spread over too large &
volume and was too uniform in density to show rapid diffusion in the
center portion. Moreover, the differentiated signel probably was so
badly distorted that it was not possible to be certain of the exact
location of points a and b within the cloud.

Comparison with the velocity corresponding to the measured Mach
number as determined by impact and stagnstion pressure messurements and
assuming isentropic flow revegls & consistent discrepancy. Because of
the rather limited accuracy of all these measurements, coupled with some
uncertainty in the isentropic-flow assumption, the lack of agreement
should not be regarded as too serious. In addition, it should be pointed
out that a systematlc error in the ion cloud transit-time determination
could have been introduced by an insccuracy of the synchroscope sweep
speed which is guaranteed to only 3 percent. For rellable measurements
calibration with an absolute standard such as & crystal controlled signal
genergtor would be needed.

In spite of the rather sketchy results so far, it should be quite
clear from the preceding discussions that the shielded detector probes
are conslidergbly more suitable for ion cloud detection in a low-pressure
gas stream than the unshielded: ones. -

SUGGESTTIONS FOR FURTHER DEVELOPMENT

Detection Amplifier

For relilsble measurements 1t is of considerable importance that the
amplifier for the ion current pulse does not distort the signal. Tt is
necessary, therefore, that the detector be provided with a wide-band
pulse preamplifier which can readily be inserted intoc the test sections
of wind tunnels. A relisble pesk selector or a good differentisting

circuit should be Included to facilitate locatling the time of meximum
ion current.

Electron Beam Ton Source

It is clear that a pulsed electric discharge is not a suiteble
means for well-locallzed ion production at gas pressures in the neigh-
borhood of 0.1 mm Hg. It is advised, therefore, that a suitable electron
gun for the production of ions by.a pulsed electron beam be developed.
Several methods seem possible for the present application (see also
refs. 2 and 3). An auxiliary pulsed discharge could be produced at
test-section pressure in a well-shielded side tube. A small hole in the
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anode would permit the electrons to leave the gun, and it is known that
many electrons will fall through the total potential without notilceable
loss in energy. For relisble operation 1t would probably be best to
maintain a steady weak glow discharge at about 500 volts and lOOpa/cm?
in this side tube to keep it filled with conducting plasma, so that a
desired electron beam without any loss in time for breaking down the

gas. The anode and shield of this gun could be kept at ground potential
at all times. The only remaining problem then would be the introduction
into the tunnel of a sufficently short and strong potential wave to force
the pulse through the discharge.

The difficulties involved in producing a high-voltage pulse can be
gvoided 1f a conventlionsl-type electron gun is employed. Here the accel-
erating potential may be kept constant and the electron beam could be
suppressed and released gt will by a shutter grid at the low-voltage end.
This method would have the added advantage that electrostatic focusing
of the beam could be obtalned without much effort. The chief objection
to this method 1s the fact that a rather fast additional pump 1s needed
for the continuous evacuation of the gun chamber. The pressure in the
gun should be 0.01 miecron, while the collimsting hole through which the -
beam passes and geas from the test section enters may have to be 0.1l square
miliimeter in area to obtain sufficlent ionization. For a test-section
pressure of 100 microns the pump speed would have to be at least 1 micron- . -
liter, that is, at least 100 liters at a pressure of 0.0Cl micron. While
cumbersame, such an arrangement is definltely possible (in a large free-
Jet wind tunnel, for instance, a diffuslion pump can be mounted totally
inside the test chamber). The rear end of a suitable cathode-ray tube
could be used to great advantage to form the electron beam if an addi-
tional accelerating electrode is added. If it were not possible to
reactivete the oxide-coated cathode of such a tube with sufficient ease,

a thoristed tungsten filament would be used. Several millismperes total
emission current would probably be needed for the manufacture of an ade-
quate electron beam.

Eventually, a double-beam electron gun should be designed, since it
appears likely that the best results will be obtalned with a two-pulse
single-detector method as described previously, as long as the clouds can
be kept sufficlently well separated. It may turn out that even a colli-
mated energetic electron beam produces very diffuse ion clouds at low gas
densities because most of the ionizing is done by the few strongly
scattered electrons. In this case it would be necessary to lnvestigate
the possibility of adding a longitudinal magnetic field to the electron
gun to keep the electrons in the narrow beam. A field of LOO gausses
will keep 600-volt electrons on a 2-millimeter radius while having only
e smsll effect on the massive positive ione (in spite of their low ¥
kinetic energy, since they have a much shorter mean free path). Such a
method would permit the use of lower energy electrons because of the
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reduced loss by scattering. Softer electrons, however, have a higher
lonizing probability, so that a less intense beam would have s sufficient
yield. Moreover, the lower voltage in the electron gun will permit oper-
ation at higher gun pressure so that smaller pumps could be employed.
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