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CHAPTER I

INTRODUCTION

An integral part of the work performed on this contract has
been the development of a spatially resolving electron density microwave
diagnostic technique useful in a range of electron densities infrequently
explored by other investigators, This techrique permits accurate
spatial resolution in plasma gradients for electron densities, orders of
magnitude below that possible, using a conventional microwave inter-
ferometer, After an initial calibration phase in which argon was the
driven gas in the shock tube, this microwave technique h.s been used to
measure electron densities and electron density profiles behind normal
air shocks in the range of Mach number 8,5-11 and initial pressure
conditions ot ~ 1 mm Hg., When the results of the measurements were
compared with the values of electron densities predicted on the basis of
the accepted semi-analytical rate chemistry program, an order of
magnitude diserepancy was found., Specifically, the measurements
indicate an electron density behind the shock which tends to the
equilibrium value at a rate which is about an order of magnitude faster
than the on« predicted by the numerical calculations. Since the shock

conditions where the measured discrepancy exists are relevant to the




150,0M0 ft. altitude range aerodynamic calculations, it is deemed
pertincnt to explore the reasons for the observed discrepancy. To this
effect an cxtensive program of measurements has been initiated with
diffcrent gas compositions and the sources of errors in the measuring
technique and the interpretation of the results have been analyzed. The
information presented in this report will not necrssarily represent the
chronolegical development of the expe imentation, but rather a summary
of the physical problem and the methods of solutions,

The second part of this report will deal with the properties
of an electromagnetic wave propagating through a plasma with random
or periodic spatial density variaticns, Of particular interest in this
problem are the conditions when the plasma is "under danse'' and the
period of the spatial variation is about equal to the half wavelength or a
multiple wavelength of the incident radiation. The experimental research
for this part of the program has been severely handicapped by the
inability to gererate experimentally a plasma which lL.as the required
fluctuation properties and is amenable to an analytical evaluation. Some

tentative results of this work will be presented,




CHAPTER 11

THE FACILITY

SECT. A-1 INTRODUCTION.

The explicit purpose of the following detailed description
of the GASL combined shock tube and waveguide facility is to enable
other investigators to duplicate any or all parts of this highly
successful experimental arrangemenut. Since it is the details rather
than the basic principles that are time consuming in the fabrication
of such a facility, great effort will be made to present all salient

features.




SECT. A-2 BASIC SHOCK TUBE

In this experimental facility, the driven seciior of the
shock tube is also used as a circular waveguide. Because of this
duplicity, some precautions rnust be taken as ‘v ihe choice of

material, the surface finish, and the method o’ connecting tubing

gsections.

A compromise material for the tube is seamless stainless
steel pipe. While this material is certainly not the best electrical

conductor as would be desirable from the waveguide point of view,

it offers the ad.antages of strengh, machinability,corrosion

resistance and availability, The stock material used for the driven

sections of the shock tube were commercially available,extra heavy .

three inch stainless steel vipe. This tube has a nominal inside

diameter of 2.9'" and outside dianeter of 3,5",

Highly desirable from the waveguide aspect is that the

tube's inner diamete1 be constant, For use as a shock tupe, the

inner surface should be smooth with no wall discontinuities at the

tube section junctions, To satisfy these conditions, each ten foot

length of pipe was reamed and honed by a specialist in thig field.
The resultant inside diameter for all four driven sections was

measured to be 2,917" + . 001",




The problem of coupling the tube sections is summarizefd
as follows: for use as a waveguide good and complete electrical
contact must be maintained at each junction, the sectinns should
join with a minimum angle between their axes, discontinuities in
the wal. should be minimized, and the junction must b« pressure
and vacuum tight and mechanically strong. Also desirable is a
connection that can be easily removed and reassembled, since the
ingertion of various test sections may be required at any junction.

In addition, each section, siould te able to be rotated and be locked
independently, This requirement originates from the fact that the
microwave radiation is polarized an: beth parallel and perpendicular
mewsurements are sometimes desirable.

To satisfy these requirements, the coupling assembly
shown in figure A-2.1 was devised. In this scheme, one end of each
tube section is machined with a right hand thread and cylindrical
surface concentric with the inner axis. On the other end of each
section,a left hand thread, an identical cylindrical surface, and a
partical "O" ring groove are machined. This "O'" ring forms the
seal between sections, and is held in place by the inner surface of

.ne coupling nut. These are relatively simple machining operations,

(6.3
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and if Jdone in the order stated,concentricity and diametric tolerances
are maintained without the usual distortion problems associated
with weld type coupling structures.

Bronze is used for the coupling nut to prevent galling of
the surfaces, and is available as standard unfinighed bronze bearing
stock, If the tolerances of the cylindrical surfaces are held to . 002",
the maiximum angular deviation between sections, excluding bending,
is approximately .1 degree.. Great care and patience should be
exercised in the agsembly of tube sections in order to prevent bend-
ing.

This coupling arrangement satisfies all of the conditions
previously mentioned. However, in order to assemble and dis-
assemble the tubes, the downstream sections must be able to slide
on their mountiig pads. Since the reaction forces on the shock tube
exert only axial stresses, there is no need to figidly restrain the
tube along its length, so long as the main reactionary forces are
absorbed at the diaphragm location. Since this is not only feasible
but desirable from the point of view of simple electrical isolation
from ground, the supports for ‘he driven section need carry only -
the compressional weight load of the tube. This being the case, no

extensive foundations or structure are rejuired. Since perfect




aligrznent of these supports to the accuracy dictated by the coupling
is not practically attainable, an adjustable set of "vee' jaws can be
mounted on simple ''['" beam structures to support the entire driven
tube. Such a se: of jaws are shown in Fig. A-2. 2.

These jaws allow independent adjustment of height and
horizontal position. '‘he vertical adjustment is achieved by rotating
the central screw which has right and left hand threads operating
though the respective threads in the "V' jaws. The vertical load
on the jaws is transmitted directly to the mounting plate on which
they slide. Horizontal adjustment is made by moving the angle
bracket, containing the center slot guide bearing, in the range
provided by the slots in the bracket. The jaws are finally clamped
to the angle bracket which is also slotted in the horizontal direction,
Satisfactory suppo t is accomplished with two sets of jaws for each
ten foot section of tube. With this basic mounting and coupling
arrangement the entire driven tube can be assembled in one day with
the help of a precision level, an inexpensive transit, suitable ''vee"
blocks which will fit on the cylindrically machined part of the tube

section, and a little patience and luck.
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SECT. A-3 FAST OPENING MECHANICAL VALVE

General Characteristies

This valve has becn developed and constructed to re-
p-ace the diaphragm in a small shock tube.
The conditions of operation are:
Driver pressure - 100 to 500 psi
Driver temperature - up to 200°C
Opening area - 7 8q. inches
Seal - vacuum tight
Additicnal conditions which should be satisfied are re-
mote operation and minimum of adjustment or replacement of parts.
The adopted solution has only one moving part, a piston, that

provides two types of seal: an '""O' ring seal for rracuum and a sleeve

valve for fast action.

Sequence of Operations

This sequence is shown in figure A-3.1.
{a) The valve is closed. Pressure in chamber A i:
equal to presgure in chamber B (driver). The

resulting force pushes the piston towards the seal.
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Venting: Pressure in chamler A goes down towards
atmospheric: the driver pressure remains constant.
The resulting force pushing the piston drops and
then reverses,

Vacuum seal opening: When the piston starts to
move towards the left the force pushing it increases
suddenly because the pressure starts acting over
the surface between vacuum seal and sleeve seal.
Fast opening: When the sleeve goes out of the driver
chamber the gas starts to flow from driver to driven.
The piston has been accelerated along a Jistance
equal to the length of the sleeve.

Stopping: The piston compresses the gas left in
chamber A, stopping and oscillating around a posi-
tion which is a function of the final pressure of the
tube.

Closing: After firing,the driver and driven are
evacuated; the gas left in chamber A expands and
closes the valve.

Charging: The gas is fed first into chamb- - A,
closing the valve if step (f) fails to do so, and then

the gas goes into the driver through a check valve.




valve are:

12

The two main facts to be considered in the action of the

(1) The valve behaves as an unstable system near the

(2)

firing pressure. The force pushing the piston
jumps from zero to a maximum value in a very
short time (< 10-4 sec)., This fast action cannot
be obtained by contro'ling the flow of gas with
conventional valves.

The fast seal: Only after the piston receives ite
maximum velocity is the communication between
driver and driven established. For a given
acceleration of the piston the opening time goes

down with the square root of the length of the sleeve.

The fast seal is not tight and the possible leakage

between the opening of both seals establishes a conipromirz between

length of sleeve, acceleration and quality of seal.

Computation of the Main Characteristics

effects.

The calculaticns are very easy if we disregard secondary




The main parameters are:
SA area of piston
SB area of the vacuum tight seal
SD transversal se-tion of driven
PA pressure in the chamber A
PB pressure in the driver
W  weight of the piston
e length of the sleeve
The pressure in the driven is , in normal working
conditions, in the order of a few millimeters of mercury and we
disregard it in the calculations. When charged it is Pp = Py, and
the force closing the seal is F = PB Sg: The Chamber A is vented
towards atmospheric; PB remains constant and PA gues down
reaching the firing pressure Pf corresponding to zero force acting
: SB ... : :
on the pist.. = 2. = P, (1-—=); if P, is equal to atmospheric
f B SA f
pressure, the corresponding PB is the minimum at which the valve
te f i tio 2B
can operate for a given ratio .
Sa
When the piston starts to move, the force pushing it

P S

backJumpstoFf= PB(SA-SD) - Py Sy

because of the volume

of the chamber A we can assume that PA= Pf during the fast seal

13




opening of the valve, so I"‘f =) PB (SB - SD) . With this force
we can compute the acceleration, velocity and opening time.
We consider that the valve is open when the passage
area of the gas through the fast seal equals the trangversal area
of the driven.
The corresponding values for the valve in operation are:
P_= 60 psi.

Pg= 300 psi.

- 3~¢3
SA- 16 in
sB= 13 in?

o w2
SD— 7 in

Fe = 1800 pounds

opening speed 120'/sec

opening time 300 microseconds

Figure A-3.2 presents the calculated shock Mach
numbers as a function of the pressure ratio between driver and
driven for air. This calculation assumes an infinitely fast opening
diaphragm and no energy loss mechanisms occurriag in the flow.

Experimental points ( + ) have been superimposed on the plot

indicating the behavior obtained using the mechanical valve. The

agreement equals or exceeds that obtainable using a bursting diaphragm.
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Modifications

One modification refers to the elimination of the
minimum firing pressure., The section SA is equal to SB’ and tk-~
valve remains closed after the total venting of the chamber A,

To fire, the chamber B is connected to the area SB - SD, initiating
the motion; in this way, a better synchronization is obtained and
PA is lower, increasing the accelerating force.

The gas left in chamber A is not enough te stop the

piston, go additional gas is injected after the valve ie open, This

is achieved with a bypass corduit whirh the piston uncovers on its

way back during opcning,
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SECT., A-4 SHOCK TUBE PLUMBING

The governing factor in the engineering of the shock tube
Flumbing is saiety. Since the driver gas normally used in the facility is
hydrogen, the possibility of explosion either internally or externally due
to a leak is omnipresent. While the basic tube is rated for over 1000 psi,
the various detectors and fittings are in general not designed for these
pressures. Hence, even a limited internal explosion is serious,

The replacing of the conventiuncl diaphragri system with the
mechanical valve has considerably reduced the hazards of cperation. With
the valve the use of the shock tube has become a closed operation., Since
th: tube need not be opened, the only air entering the system is introduced
during the -ontrolied filling cycle of the uriven. This air charging can only
be performed if the driver is not charged, the driven previously evacuated,
and then the air charge cannnt exceed on atmosphere. The driver cannot
be filled until the pressure in the driven is again reduced below 50 mm Hg.
Once the driver has been filled the only operat’on that can be performed is
either 'fire' or '"purge'. After firing, a pressure switch in the driven
starts the purging cycle automatically, venting excess pressure over
atmospheric to the atmospnere. Then the vacuum system is opened and
the tube evacuated. While it is possible to bypass these automatic opera-

tions to obtain unusual conditions, it is generally during the routine
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operation of such a system that a careless error is serious. Specific
details of tiie plumbing system are not warranted here due to thc fact that
the use of the mechanical valve instead of a diaphragm has permitted
additional simplifica‘ions. The basic system to be installed is outlined
below.

The combined driver-mechanicai valve as previously
discussed need have only one solencid type filling valve, and one small
mechanical vacuum valve to be used only if the assembly is to be opened
for cleaning or serv...1g. Another small solenoid valve may be used if
the possibility of a high pressure dump is desired. The driven tube is
equipped with two semi-automatic valves. The firs: is an over pressure
valve whic* will seal vacuum but will open a two inch pert if the static
pressure in the driven exceeds one atmosphere absolute. This valve
mechanically interlocks to the vacuum valve so that if the over pressure
valve is open, the vacuum valve must be closed. The vacuum valve is
pneumatically operated.

With thi <ystem a typical operating cycle would be as follows.
The driven trbe is pumped down by opening the pneumatic vacuum valve. The
tube is filled with the desired test gas which :s iimited in pressure by the
over pressure valve. The tube is now evacuated to the desired pressure,.

The driver is then ftilled, It may be noted that if the driver had
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been inadvertently tilled and fired during any of tiie above operations all
systems including the vacurm pump would have beea protected by the over
pressure valve. When the firing sequence is s arted, a relay is locked
so that the next pressure rise occurring in the driven will open the driven
vacuum valve. After firing, if the pressure exceeds one atmosphere, the
operation of the vacuum valve is blocked until a safe pressure in the
driven is reached, after which the system will be evacuated leaving it in
a safe condition and ready for the next test. For the above operation, it
was assumed that the main mechanical valve operating in place of the
diaphragm closed after firing. In the event that a malfunctioa occurs, no
further operation of the shock tube is possiole until the trouble is correct-
ed, but neither are any safety problems present.

Two basic static pressure gauges have been found to be
adequate in the system. To monitor the driver pressure a standard 250
psi Heiss gauge is used without vaives or restricting orifices. An effective
and accurate gauge for measure’ment of pre-firing pressure in the driven
is the Alphatror gauge. This gauge (an old model) has three linear
ranges, 0 100 microns, 0-1 mm. Hg., and 0-10 mm. Hg., with a zero
shift raising the upper range to 20 mm. Hg. Supriementing the Alphatron
gauge is a standard thermocouple gauge with cne probe in the driven tube

and another monitoring the preseire at the vacuum pump. Neither gauge
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system is electrically damaged by operating at atmospheric pressure. So

far, it has not been necessar; to p.otect any gauge systems by isolation
during firing. This is important from a safety standpoint, as well as an

aid in avoiding possible readout errors.
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SECT. A-5 VACUUM SYSTEM

A satisfactory range of initial pressures in the driven tube was
deemed to be from: 50 mirrons to 10 mm. Hg. To avoid the additional
complicatiun of a diffusion pump, a high quality, high capacity mechanical
pump is used. Though pumping speed is slow near ultimate pressure,
this range is seldom used for decontaminating the tube during firing. With
the tube clean enough to avoid excessive gassing in the operating pressure
ranges, the simplest and quickest way to achieve a contamination-free test
gas is by repeated filling with test gas and evacuating. For instance, with
the tube at atmospheric and full of hydrogen after firing, only two or thrze
minutes pumpiug will evacuate it to .1 mm. Hg. By refilling with testgas
and evacuating to test pressure, remaining hydrogen contamination is
approximately only one part in ten thousand.

With the addition of a liquid nitrogen trap, the gassing
contaminants important at low pressures ( including pump oil) are re-
moved. However, if the trap is used, a bypuss system should also be
employed since when pumping at high pressures, severe and wasteful
boiling occurs in the trap. With the system tight, pumping for twelve hours
with only the mechanical pump will reduce the pressure to a few microns.

Using the trap, one micron can be obtained in two hours,
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JECT. A-6 INSTRUMENTATION

The instrumentation discussed below are those devices and
recording instruments pertinent t, the general operation of the shock tube.
The microwave instrumention is discussed in Section A-7. The specific
problem under study requires a high degree of accuracy in all measuring
and recording instruments. ‘Lhree specific areas will be diecussed;
accurate location of the aerodynamic shock, measurement of dynamic

pressures and recording of fast rise, small amplitude electrical signals.

Location of Shock Front

Accurate estimates of the equilibrium properties of the gas
behind the incident shock can be made if the initial pressure and the shock
velocity are known, the latter parameter being the most sensitive.
Measurement of the shock velocity can be made by measuring the time
interval between two points along the tube where an observable property
associated with thc shock front can be detected. The difficulty in this
probliem is the measurement of a property directly attributed to the shock
front. Basically only three fundamental parameters are implicitly as-
sociated with the shock; a temperature change, a pressure change or a
density change. Measurement of parameters induced, such as electron

denrity and light radiation to locate the shock front, assumes that these
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properties abruptly change across the front. This assumption is never
strictly valid but may be satisfactory at high Mach numbers, when the use
of ionization gauges or photomultipliers may be acceptable.

If it is desirable to detect the actual aerodynamic shock front,
one of the fundamental propertiy changes must be observed. A direct
measurement of the density change can be made optically by measuring
the deflection of a light beam. However, even for moderate strength
shocks, this method is very deiicate.

A direct measurement of pressure is possible except that the
resporse time of the detector strongiy limits the possible resolutions.
That is, using a good quality crystal detector, a rise time of three
microseconds is typical. If the shock velocity is on the order of 3 mm/
Hsec (~M9), the spatial resolution is about 1 cm. Assuming the rise
time is consistent for two gauges and the shock pressure profile is constant
during the interval of the measurement, a velocity measurement is
possible with a spatial resolution of .5 cm. Hence, to measure velocity
to 1%, the distance between gauges should be .5 meters. It is clear
however that for the purpose of locating the shock as a method of cor-
relating events, the gauges have limitations. In addition, if measurements
are to be made over a wide range of conditions, continual adjustment of

sensitivity must be made. A more serious difficulty is the isolation of
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the gauge from the mechanical shock generated when the diaphragm breaks
(valve openg)., If the mechanical shock reaches the gauge prior to the
arrival to the aerodynamic shock, a spurious signal may render the
measurement useless, A discussion of pressure gauges and measure-

ments will be made in a following subsectior..

Heat Transfer Gauges

A satisfactory solution to a detector for locating the shock
front has been found to be a heat transfer gauge. The basic gauge is a
thin film resistance thermometer element bonded to a glass slug. The
gauge response is a function of not only the temperature, but also the
density. This combined response allows the useful operation from M~¢
to ~14 in this facility. The gauge is fabricated by painting a thin strip of
metallic silver coating less than 1 micron thick and 1 mm. wide on a glass
disk 1/4 inch in diameter, This film is then baked, and connecting leads
are fed through two holes in the glass disc and soldered to the film. The
entire front surface is then given a thin coating of magnesium flouride,
which aids in preventing the collection of the charge diffused in front of
the shock (Ref. 1). Unsatisfactory measurements are obtained without
the coating. In operation, a steady current of 10-50 ma. is passed through

the resistance element (thin film). The temperature change as the shock
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passes,creates a change in resistance which gererates a change in voltage
if the current is nearly constant.

An extremely simple method of generating an essentially
constant crrrent is to use a large voltage with a large series resistor
to the gauge as shown in

Fig. A-6,1. To be sure, N5 —

'
T 208 15K 4
oW S OU‘PLP“

300v F————
Re.gula.‘fd

this system is wasteful

of power, but its simplicity

over a suitable iransistor 75
son e Heot 4 s
stabilized constant current Iw % ! Transferd s0n
) A auge
supply for each gauge is "-."'
Fig. A-6,1
obvious. g

HTG Power Supply

To obtain a significant pulse ( 20 volts) from this circuit,
very large amplification (20 x 103) of the voltage pulse must follow. If
the fast response of the gauge is to be fully utilized, the amplifier should
have a rise time of .3 ysec.

To make the gauge useful as a standard and reliable shock
front detector the circuit shown in Fig. A-6. 2 has been designed and built.
The circuit is ‘intended to generate a sharp pulse and no attempt is made

to preserve the long term (10 y sec. or more) variations occurring at
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the gauge. That is, all the time constants are made conveniently small.
The grounded grid first stage vtilizes the low impedance character of the
gauge to simultaneously provide a very stable first amplifier and the
required bias current for the gauge element. The fol'owing two stages
of amplification are conventional RC pentode amplifiers utilizing an
extremely high transconductznce tube. The output ciathode follower
allows extended cabling without loss of response time which is typically
.3 microsec. The combination of series condensers and the normally
closed relay in the final output provides a simple method of avoiding
spurious trigger signals which occur from the various switching opera-
tions performed in the firing sequence. DBecause of poor grounding
practices in other nearby facilities, a common failing in many
laboratories, minor power line noises generated by switching transients
are amplified by the high gain amplifiers. To minimize this problem,
the first step in the firing sequence disconnects all unnecessary AC
components from the system ( fans, heaters, pumps, etc). The first
step also applies a DC voltage to the time delay circuit of the output
relay which opens a few seconds later. This system is not a replace-
ment for proper grounding procedures but rather an insurance to avoid

60 cycle pickup and line transients,




Care must be taken in the general circuit construction
because of the high gain. The general circuit construction utilizes
Vector turret type ¢ ockets. Separate filament supplies are used as a
precaution against high frequency oscillation. The scparate trans-
formers are practical if multiple units are to be constructed on the
same chassis. For one amplifier unit one supply is probably adequate.
The B+ supply can be unregulated with minor filtering. At 300 volts,
the current consumption is about 70 ma. per amplifier. No gain con-
trol is used since in general the purpnse is to provide a fast, large
trigger, For most of the shock conditions shown in fig. B-4.5, the
amplifier is saturated, thus generating a €0 volt. .2 microsecond
rise time pulse, independent of shock conditions,

With this heat transfer gauge and amplifier, spatial
resolution of the location of the front is cornparable to the actual
discontinuity in physical parameters occurring across the shock.
Typically, this resolution is 1 rnm, indicating that for a shock velocity

of 3 mm/microsec. the required distance between detectors in order to

determine velocity to 1% is about 10 cm, assuming the timer can resolve

.3 microsec or hetter,
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Pregsure Detectors

Measurement of pressures or pressure variations behind the
shock is extremely difficult if accuracy and space resolution are requir.d.
The only suitable g2uje elements for this purpose are piezoelectric
crystals. The basic problem in the design of a gauge for shock tulte use
is that the requirements of high natural resonant frequencies and high
sensitivities are contradictory. The second problem is the design of the
crystal mounting in the gauge so that the output is insensitive to external
stresses at righi angles to the measured stress.

If cre considers that the useful pressure information ir the
shock tube vccurs for an interval of a few hundred microseconds, there
‘e a partial elimination of the measuring problems if a gauge intended
only for dynamic purposes is used.

A precision calibrated crystal microphone with a natural
resonant frequency of about 200 KC is the Massa model M-213. 7This
microphone has good sensitivity and directional resolution, and can
‘vsithstand severe overloads. A typical pressure trace using this micro-
phone .s shown in figure A-6.3. A low pzss filter of RC constant 20
miciogeconds has been used to r2move the initial ringing of the crystal,

as shown in fig. A-0. 4.
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Upper Trace: Massa Microphone
with no filtering - gain15 db

5 volt/cm.

Lower Trace: Electric Field
Detector - 50 mv/cm.

Sweep Time: 20 pgs/cm.

Initial Pressure: 3 mm Hg - Air.

Shock Velocity: 3000 meters/sec.

Figure A-6,3

Upper Trace: Heat transfer gauge
current 10 ma, 5 mv/cm,

Lower Trace: Massa Microphone
with RC =20 us filter - gain 20 db
5 volts/cm.

Sweep Time: 50 us/cm.

Initial Pressure: 2 mm tlg - N2

Figure A-6.4

Shock Tube Instrumentation, Typical Traces
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Since this crystal microphone is only useful for dynamic
pressure measurements, its calibration is difficult. In general the
calibration supplied with the microphone is adequate. If doubtful, the
microphone can be mounted in an inflated balloon, the pressure
statically measured with regpect to atmosphere,, and the balloon
punctured. The resultant step rressure change supplies a positive
calibration point. Since the gauge and amplifier are relatively

inexpensive, their use is strongly recommended if similar dynamic

measurements are required.
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SECT. A-7 MICROWAVT. INSTRUMENTATION

Microwave circuit

The circuit is as shown in Figure A-7..1'includes a mricrowave
signal generator ( 2-4 kmc, 60 mw), a coupling device delivering this
signal to the shock tube, detectors of electric and magnetic fields, a
recording system, consisting of oscilloscopes and photographic
cameras, marker generators, wave shapers and delay generators.
Sometimes a counter is used to measure the time between markers
and consequently the speed of the shock.

The microwave signal generator is a reflex klystron with
external tuneable cavity. This klystron is pcwered by a power supply
which has the possibility to change reflector, grid and beam voltage.

The frequency stability of this generator was good enough for our
purpose, but the measurements being made were particularly sensitive
to changes in the amplitude of the signal. Normally the klystron is
switched on and off and the maximum tolerated short term change in the
power output should be below 2%. Among the various methods tested,
the one using negative pulses in the grid together with a Zener-gtabilized

bias power supply was found ‘o be the most convenient.




Fig. A-7.1 Microwave and recording circuit
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Coupling System

The output of the klystron is fed through an attenuator to a
coaxial cable, an isolator, and from this to the coaxial waveguide
transition. The shock tube equivalent to a circular waveguide operating
in the TE;) mode. The coaxial to waveguide transition is shown in
figure A-7.2. Matching is made by changing the penetration of the
antenna and the position of the short circuit piston., The additional
short circuit stub allows for adjustment of the bandwidth changing its
length. The shocktube must be vacuurn tight, and this is achieved by

using a phenolic tube around the antenna and a bellows on the piston.

Matc hing

The m atching of the coaxial line to waveguide is very
important. All the measurements are based on the fact that the
amplitude of the microwave signal coupled into the shock tube is constant,
This condition ig difficult to obtain because the plasma produces a strong
reflection; standing wave ratio of twenty is not unusual. This reflected
signal must be absorbed without reflection in the isolator. If reflections
take place, they superimpose on the incoming signal with a phase that
changes as the plasma moves. This r ffect is equivalent to a fluctuation
of the input signal. The standing wave pattern then becomes a function

of the position of the plasma or reflecting surface which is undesired.
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Electromagnetic detectors mounted on the waveguide surface
pick up the sum of both standing wave and fluctuation patterns, both
having the same periodicity. A detector moving with the reilecting
surface picks up the fluctuation only. The phase between the two
patterns may take any value: if it is coincident with one, for instance
E, the output from this detector will give a higher standing wave ratio
than the output from the other. If the phase angle between the two
patterns has any value the resultant pattern is not symmetric. In the
computation of the plasma properties, it is assumed that the
electromagnetic energy is perfectly coupled to the waveguide, hence
perfect symmetry must be obtained to utilize the measurement.

Several methods have been used to get the desired matching
but the only one acs .. . _.a simple enough is the following. A short
circuit piston is displaced along the shock tube, simulating a strong
reflecting plasma. Moving with the piston is a detector picking up the
magnetic field near the wall, where it is maximum. The output from
this detector gives the fluctuation produced by the mismatch only.
Successive adjustments of the antenna to waveguide transition are made
attempting to eliminate this fluctuation,thus giving a constant output

when t'.e piston moves.




In order to reduce the frequency sensitivity of the antenna,
the signal from the generator is altered slightly, The antenna short
circuit stub is then adjusted until a minimum change occurs in the out-
put of the piston detector during this frequency change.

The limit of this system of matching comes mainly from
incomplete contact between piston and wall. A typical value of the
fluctuation after the matching has been performed is 2%, but this
corresponds to a smaller value when the plasma is reflecting the signal
because of the significantly better reflecting properties of the metallic

piston.

Detectors

The electromagnetic wave propagated inside the tube has a
wavelength )‘g ‘which is a function of the frequency, mode of propagation
and diameter of the tube. Some of the radiating energy is reflected
from the plasma and the ratio of reflected to incident power 1s a func-
tion of electron density, colligion frequency and profile of the plasma.
The combination of incident and reflected waves combines to form a
system of standing waves along the tube. This pattern has a period of

A
8 . When the plasma moves the pattern also moves with the same

2
speed, provided the properties of the plasma remain constant.
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A device detecting the electromagnetic field and located in
a fixed position detects a signal whose amplitude goes from a maximum
value equal to the sum of incident and reflected fields to a minimum

equal to the difference between these two. For a plasma velocity v

2v
AB

this fluctuation has a frequency f =
Two types of detectors have been used, one for the electric
and the other for the magnetic field amplitude, as shown in figure
A-7.3. The electric field detector is located in the region where it
takes its maximum value, picking up the component parallel to the
antenna and using a small, flush mounted surface in order to avoid
introducing anything inside the shocktube which would disturb the tlow.
This surface is connected to a coaxial resonant circuit that matches
impedances to the crystal detector and short circuits the currents
produced by the flow of charges from the plasma to the tube walls. The
magnetic field detector ic a slot excited by the current flowing in the
wall. Because of the relation between magnetic field and current this
slot is equivalent to a loop locatéd inh a plane perpendicular to the slot.
The field to be checked is the transversal component of H. The slot
shouid be oriented in a transverse section of the tube and at the point

where the electric field is maximum. The signal induced in the slot

is coupled to a two line resonant circuit and to a crystal detector,
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For both E and H crystal detectors an output is obtained
whichis relate .othe amplitude of the respective field. The
characteristics of the crystals cannot be conjidered linear nor quadratic
and the required accuracy demands a calibration. The time response
of the detectors is less than 10'7 sec if their output is directly connected
to cathode followers. For simplicity's sake, AC amglifiers are used
exclucively hence the DC level is not present. However, switching
off the klystron gives this zero level reference,permitting the absolute
amplitude determination from the single trace. The markers are
equally spaced at known intervals providing a timing reference and a
means of compensating for nonlinearities in the sweep.

To perform the caiculation of the plagma properties the
electric and magnetic fields should be determined in the same
transversal section of the tube. A special section hat beea constructed
allowing the placing of the two detectors plus a shock front detector
in the same transversal section. In this arrangement, when the signal
from one detector is maximum the other is minimum and vice versa.
The oscilloscopes are triggered using various shock front detectors

as discussed in section A-6,
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SECT. A-8 DATA SECORIING

The only economically feasible method of recording
analegue data consistent with shock tube time is the oscilloscope,
although 1t is possible to record some data with video type tape
recorders. However, the cost and resolution favor the oscilloscope
and camera. While this basic technique is common-place, to achieve
sptimum fidelity of the data coasistent with the errors in the system,
each step of the process must be carefully analyzed. This errcr
analvsis s in many instances a functiou of the recording time. The
range of inte rest for ‘his facility are sweep times of frorn: 5 microsec.
to 500 microsec.

Two types of distortion can be delineated in the naver-all
process; these are amplitude and time distortion. Tou irace the source
of these and estimate their relative and absolute magnitudes, the over-
all recording procese is divided into the following categories: the input
amplifier up o the vertical deflection plates ol the CRT, the sweep
generea.dr and horizontal amplifier vp to the horizontal deflection plates,
and th~ distortion in the CR'T. Also, the photographic transfer of the
TRT face, and the subsequent extractiocn ¢f numerical data from the
photographic traces must be considered. By far, the greatest offendcr

in these distortion processes is that due (o the CRT itself. Whilz the
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other faciors are not always unimportant, each of the other parts of
the vrocess except nuriaerical data reduction can be maintained to an
order of magnitude better than the CRT distortion, if care is taken,
Even with the best selected tubeis, in order to obtain distortion levels
on the order cf .5% only the central region of the CRT screen can
be utilized. Of course by so doing,this also tends to reduce all the
other distortion causes listed. However, if these processes are
independently investigated it becomes clear that the C: T is the arch
criminal,

The specific procedure used to obtain the data for the shock
electron densgity profiie analysis dizcussed in section B-3 is outlined
below. The critical traces were made using selected CRT 's so as to
minimize distortion. 1'he photographic transfer of the trace was made
using a modified scope camera to reduce the image size. Polarc‘d
10, 000 gpeed film, extremely fast. enables the use of a small lens
aperture. With this arrangement no distortion of 2 precision grid
placed on the CRT was observable. The picture obtained was converted
to a iransparency by using a very small aperture on the enlarging
lens. The subsequent transparency was enlarged ina 3" x 4" slide
projector. In this projector, a 3/8'" aperture was placed inside the

standard iens assembly and a greern filier was added to reduce chromatic




abberation, The resultar. alargement of about 12 dianieters was
negligibly distorted. The projection screen consistcd of a layer of fine
frosted glass backed hy Plexiglass. The Plexiglass was precision
scribed with .1'" squares. The scribed lines were painted wiih
phosphorescent paint. By using a ''black lite' fluorescent behind the
screen, the s