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ABSTRACT 

An insfTumentation method, belonging to the fTacer technique class, 

is presented for the continuous measurement of supersonic air velocities. The 

air is periodically ionized by an alpha particle source and the 'flight time' of 

the ionized packet, befween fwo fixed reference positions downsfTeam from the 

source, is measured. The ions are detected, external to the airstream, by the 

induced potential on a capacitive transducer. The 'flight time' is determined 

electronically and recorded by a pulse width modulation technique. The ion

ization frequency determines the fTansient phenomenon tha t may be observed. 

Application of the measurement technique is demonsfTated in an intermittent 

wind tunnel with a mach 1.8 nozzle. The instrument had a discrepancy of 5% 

relative to the standard method over a 1 inch measuring length. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

ln recent years considerable interest has been generated in ex-

tremely high speed flight, of the conventional and non-conventional types. This 

has led to a phenomenal increase in the number of research, developmental and 

test centers to carry out the necessary investigations relating to the characteristics 

ci aerodynamic surfaces. Most of these investigations are carried out in a wind 

tunnel facility. The instrumentation required at these facilities for measuring fluid 

flow parameters, su ch as, pressure, temperature, etc., though much i mproved over 

the years, still leaves much to be desired with regard to accuracy, disturbance free 

dd
. 1,2,3,4 

measurement an ynamlc range. One such parameter of importance is the 

velocity of the gas. Ideally, the instrumentation for measuring gas velocities should 

he precise, disturbance free with infinite dynamic range and be independent of 

temperature, density and gas composition. 

A survey ·of available methods indicates that the techniques employed 

generally fall into one of the following categories: 

(a) Utilization of the gas stream's Kinetic Energy. The 

P· S· be . . 1 1,2,4 Itot- tatlc tu IS typlca . 

~) Uti lization of Thermal Energy transfer. The Hot Wire 

1,2,5 . 1 Anemometer IS an examp e. 
-~ , 



(c) . Utilization of changes in propagating waves within 

the gaseous medi um . The Acousti c Anemomete? 

is such a devi ce . 

(d) Utilization of Tracer Technique. luminous particles, ions 

or radioactive gas would be typical~' 6 

Considering the desired ideal characteristics of an anemometer 

for supersonic flow, it is obvious that the items listed in categories (a) and (b) 

2 

con be eliminated for identical reasons, namely disturbance free measurement and 

dynamic range. For example, with the Pitot-Static System, the pressure probes 

project into the free stream and while being more suitable for localized measure-

ments, create a disturbance in the flow field. Under certain conditions this 

imposes a severe limitation on their use. In particular, for a supersonic jet-stream 

shock waves are formed ahead of the probes and the velocity upstream will be 

higher than downstream, leading not only to disturbance in the flow pattern but also 

to measurement error. Furthermore, the Pitot-Static measurements ore quasi -static 

and th us have a long response tim/,4 This eliminates their use for observing the 

transient or high speed phenomenon found in these test facilities. Similarly, the 

W· Ali 5 . h .• f be . h d Hot Ire nemometer requlres t e proJection 0 a pro lOtO t e gas stream an 

ha:. (] relatively long response time. The third category can be dispensed with due 

to i ts temperature and density dependence . This leaves only the Tracer Technique 

os a valid avenue of investigation. 
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The purpose of the present investigation is to develop a method 

for measuring the velocity of a supersonic gas stream which is free From one or more 

of the above-mentioned deficiencies. That is, it should not require the projection 

of any probe into the flow field, it should not create any disturbance in the free 

stream but, it should be capable of larger dynamic range, and should be indepen

dent of temperature, density and gas composition. Having these objectives, it was 

decided to determine the feasibil ity of an Ion Tracer Technique for measuring the 

velocity of the gas and ta develop this into a suitable research tool for basic gas 

dynam i c measurements. 

t .2 The Tracer Technique 

There are numerous methods available which can be c1assified as 

Tracer Techniques in the measurement of velocity. However, each of these can be 

simply described as a 'time of flight' measurement involving only the following 

three basi c items : 

(A) The introduction into the stream of a 'tracer' element, 

assumed to acquire the same velocity as the f1uid, or 

to be directly related to that velocity. 

(B) The detection of this 'tracer' element os it passes each 

of two fixed stations separated by a distance, Il.;. 



(C) The determination of the time, Il t, taken by the tracer 

in traversing the distance between the twc stations. 

From the above, it is seen that the average velocity over the distance Il s is 

given by 

u = 
As 
At (1 ) 

Item (A) above can be broken down into two distinct classes : 

4 

(1) externally introduced foreign elements and (Ii) externally controlled modifica-

tion of a constituent element. Class (i) tracer elements, for example, radioactive 

90s, or luminous particles give rise to several problems. The two most formidable 

are the method of introduction to render them individually distinguishable from the 

actual gas, and the identification of their velocity with that of the host medium. 

This leads to c\ass (ii) elements as the more suitable choice since the latter difficulty 

is automatically eliminated and the former easily overcome. Further, since it is 

desired to modify the constituent element, which already has the desired ve locity 

characteristic, and since it is a gaseous medium, then the simplest method of tagging 

or modifying is by ionization. 

The specific methods that can be inc\uded within the framework of 

'Tracer Techniques' are the means by which A, Band C above-mentioned are 

accanplished. Applying the simple restriction that the tracer be an ionized consti-

tuent element, then Table 1 gives an outline of how each of A, B, and C can be 



TABLE 1 

METHODS FOR GENERATING IONS, DETECTING IONS AND DETERMING TIME OF FliGHT 

A 

Source of Ions 

1. Electrical Discharge 

2. Electron Gun 

3. 1 X-Ray Gun 

4. Ion Gun 

5. Radioactive Source 
a, p and,.. Emitters 

6. Photoelectric Emission 

7. Thermionic Emission 

8. Mi crowave Breakdown 
of Gas 

9. 1 Chemical Reaction 

10'1 Ultraviolet Illumination 

11. Laser Beam 

B 

Detecti on of Ions 

Collection of Charge 

Induction 

Gas Discharge Counters 

Ion Multiplication Devices 

Optical Observation 

Microwave Interaction 

Radiation 

Doppler Shift of R.F. 

f-

C 

Determining Time of Flight 

Pulse Delay on an oscilloscope. 

Frequency Counter which is 
triggered on and off. 

Numerous Electronic Methods 
e.g. Modulation Techniques. 

01 
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attained. If we combine only one element from each column, then Table 1 also 

indicates the various schemes possible. (l1 x 8 x 3). For example, ~ B
2 

Cl 

is a system incorporating an electron gun for ion generation, utilizes the induction 

principle for detection and -the pulse delay on an oscilloscope for the time determi-

nation. 

By various combinations of only A and B in Table 1 a consider

able number of schemes (11 x 8) could theoretically be devised without including 

C, which ob vi ously would offer a further multiplication to the number of methods. 

The work reported herein is limited to a system designated as AS B
2 

C
3

. A radio

acti ve source produces the ions ; these i ons are then detected by i nducti on ; and 

the timing is determined by a modulation technique. 

l .3 Previ ous Research 

Mellen
7 

and Lawrence 
8 

at the National Research Corporation 

have developed the methods utilizing the schemes Al B
2 

C
2 

and Al B
1 

C2 of 

Table 1. This system uses a spark source for the production of ions which is re

peatedly triggered by the arrivai of ions at the downstream station. The air velocity 

is then directly proportioned to the repetition frequency. More recently, Lienfeld 

et al
9 

has utilized a system identical to Mellen and Lawrence's for practical mecsure

ments at high altitudes. Lawrence 
8 

reports further that the method employing 

~ B
2 

C
2 

had been tried and appeared to be pcrticularly promising at low densities. 
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The work of Mellen and Lawrence was carried out under subsonic conditions and they 

speculated that it could be extended to supersonic flow. Obviously the inclusion 

of any probe or projection into supersonic f10ws is objectionable due to formation of 

shock waves which the discharge electrodes would create. Secondly 1 the discharge 

itself creates an extreme disturbance due to the very dense ionization taking place in 

a relatively large volume. Further 1 the induction detection scheme left wide latitude 

as to the exact arrivai time of the ions. The dynamic range is limited by the discharge 

and readout schemes • 

The methods designated as Al B1 Cl and Al B2 Cl have been 

described by Kunkel and Talbot
10 

at the University of Calfornia Institute of Engineering 

Research. Their method involves the use of a probe - discharge for the generation of the 

ion tracers and two electrodes one inch apart as detectors. The detection methods were 

either ion collection or induction. The signais from the electrodes were displayed on 

an oscilloscope whose sweep was triggered by the pulse discharge. The separation of 

thesE' signais as seen on the oscilloscope is the transit time of the ion cloud between the 

upstream and downstream e lectrodes. In this scheme as in the previous one 1 the neces-

sity of having electrodes within the flow boundary imposes a severe limitation due to the 

disturbances created. The detection by induction even though at'tempted was not 

successful and was used for qualitative rather than quantitative results. As it is a 

single event display, it is difficult to quantitatively determine the velocity transient even 

through repeated. discharges . 
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C 1 11,12 h f h 1 1 00 ey at Massac usetts Institute 0 Tec no ogy, deve oped 

a technique that can be listed as A
l
,5 8

2 
Cl. The source of ions is a corona dis

charge initiated by the passage of an a - parti cie near the tip of a positively charged 

electrode placed in the air stream. The ions are detected downstream by an induc-

tion probe. Here, the corona discharge is used to trigger the sweep of an oscillos-

cope and the output from the detector probe is then displayed as a delayed pulse. 

Cooley reports that the method is very good with accuracies of 2 % for a 1" measur-

ing length at speeds of approximately 1.700 fps. This scheme suffers from the sa me 

defect as the previous ones, namely, the inclusion of a probe within the flow boun-

dary. Further, his claim of a 2 % accuracy in the mach 2 range is open to 

question since the results are based on the implied supposition of an average velocity 

throughout the test section, whereas the measurements were carried out in a specifie 

measuring length having a different average velocity. Also, the measurement is 

somewhat irregular since it depends upon the singular chance of an a - particle 

travelling across the test section and coming sufficiently close to the tip of the dis-

charge electrode to cause a corona burst. As with the others his readout scheme leaves 

much to be desired. For example, a time reference was not defined for the detected 

pulse. Cooley also attempted to use a radioactive a - emitter as his source but was 

unsuccessful in this endeavour. 

8 
Lawrence and others, have attempted to use an electron gun for the 

generation of ions as a tracer element in velocity measurements. Very little hos been 

reported of this investigation except its usefulness at very low densities. The electron 
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gun certainly appears to be a fruitful avenue for investigation, except that it is only 

suitable for very low density tunnels due to the large beam dispersion at any pressure 

much above vacuum, and the high cost of the complete system. 

Aside from the above-mentioned work which is of direct interest, 

Wright
13 

at the California Institute of Technology used a method AS 8
1
- for the 

measurement of flame speed and turbulence in combustion studies. He suggested 

that a radioactive source could be used to generate ions as a tracer element for high 

velocity measurements, though his own work was at relatively low speeds. 

1 .4 Present Investigation 

The present approach to the problems of measuring supersonic air 

velocities has been influenced by : 

(i) the desire to have ail the necessary instrumentation 

outside the flow boundary, 

(ii) the necessity to exclude any radical disturbance within 

the flow field, 

(iii) the requirement that the response of the instrument should be 

extreme Iy fast. 

With respect to (i) the imposition of this condition is necessary in order to eliminate 

the formation of shock waves with their derlÏmental effects whether the probes are in-
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c1uded for either the production or detection of ions. Condition Oi) must be im

posed for the same reasons as 0), but also, to Iimit any f10w disturbance due to the 

presence of excessive numbers of ions. Since the gas velocities are high (supersonic) 

and in sorne instances of very short duration, the method must have incorporated within 

it a means of following rapid velocity fluctuations, which is Condition Oii). 

A solution to the first requirement may be obtained by using an 

electrodeless ion source, e.g. radioactive source, electron gun, etc. As ionizing 

agents each of these may be placed outside the f10w boundary. Similarly, the 

necessity of having the detector outside the boundary requires that the detector be 

of the induction type, for example, microwave interaction. For item Oi) a remedy 

would be to minimize the degree of ionization present, that is, by using a weaker 

source. The overall system should have a large bandwidth with good transient re

sponse in order to obtain a reasonable dynamic range. 

The basic characterization of the measurement system under investi

gation is described in Chapter Il. It serves as a unifying description to the component 

parts discussed in the succeeding chapters. Chapter III deals with the various aspects 

o5sociated with ion generation, such as, the source, its form and the physical processes 

involved. The mechanism whereby the ions are detected is discussed in Chapter IV. 

The circuitry for the detection and timing is given in Chapter V. The experimental 

arrangement and results are left to Chapter VI. Chapter VII is the concluding 

chapter. 
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CHAPTER Il 

THE MEASUREMENT TECHN (QUE 

2.1 General 

Th is chapter, intended as a broad outl ine of the method for 

measuring air velocity, has two objectives; to present the principle of operation 

and the basic error analysis of the system. The first allows the reader to place 

the balance of the work in its proper perspective, and the second indicates the 

reasoning and necessity for the particular direction taken and the basic limitations 

of the technique. 

2.2 Principle of Operation 

Referring to Figure 2.1, the airstream whose velocity is to be 

determined flows in a non-conducting cylindrical structure. A collimated beam of 

alpha particles is projected across the air perpendicular to the flow direction. The 

beom is periodically interrupted by a rotating shutter external to the flow. Each 

burst or pulse of alpha particles injected into the flow ionizes the air in the immediate 

vicinity of their path. The ions,being an integral part of the air flow, then proceed 

downstream with the velocity of the gas towards the detectors. 

The detectors are thin silver rings deposited upon the insulated 

tube wall together with a surrounding grounded metal shield. A polarizing voltage 

exists between the ring and shield supplied by the preamplifier. As the ion pulse 
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FIGURE 2-1 GENERAL SCHEME 
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approaches toward and recedes from a particular ring, a voltage pulse is generated 

befween the ring and the shield. These seme ions, at sorne later time, then generate 

a similar pulse in the adjacent downstream detector. This voltage pulse is measured 

and amplified by the preamplifier. It then goes to the transit time determination 

circuitry • 

Considering the chronological order of events of a single ion cloud 

from the time it approaches the first ring to the time it recedes from the second ring, 

the following results. The ions, upon approaching the first detector, induce a voltage 

into it which is amplified, shaped and then triggers a bistable switch. At sorne leter 

time, the ion transport time, a similar pulse induced in the second detector with 

id(~ntical circuitry causes the bistable switch to return to its initial state. This sequence 

of events occurs repetitiously at the interrupting frequency of the alpha partide bean. 

Consequently, the duration of the III state of the switch is the transit time of the ions 

over a known fixed distance. Hence, the output from the bistable switch is a series 

of pulses, whose width is the ion transit time and whose frequency is the injection 

frequency of the alpha particles. 

The pulse train is now passed through a low pass filter for demodulation. 

The demodulated signal is amplified and recorded by a chart recorder. The general 

arrangement is shown in Figure 2.2 for fwo measuring stations, also the corresponding 

waveforms are indicated. 
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2.3 Error Analysis 

2.3. 1 Digital System 

Consider an idealized velocity measuring system in which a-particles 

are used as a source of ions. An ion pulse train is generated in the f10wing air as 

follows: An a-particle beam allowed to project perpendicularly across the airstream 

creates ions within it. In order to obtain an ion pulse this beam is interrupted periodi

caHy. The selection of this interrupter is quite critical. It de pends upon two main 

factors. The first and perhaps the more important one is the interrupting speed, and 

second, the frequency with which it is carried out. Upon the first depends the essen

tial accuracy of the method,where~ the second determines the sampling rate. 

Let us assume that the following conditions prevail in this idealized 

system: 

(1) The free stream velocity, U is constant. 

(2) The air stream has the ion concentration, n, illustrated in 

Figure 2.3 generated as described above. 

(3) The ion pulses Figure 2.3 are an integral part of the air, 

having the same velocity. 

(4) The ion concentration is completely unaffected by diffusion, 

recombination, and coulomb or other forces are negligible. 

(5) Downstream from the ion formation point several ideel detectors 

are placed. By ideal is meant they are of infinitesimal size, and 
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n 

z 
I+-------w 

FIGURE 2-3 AIR STREAM ION CONCENTRATION 

their output at any time is directly proportional to the ion 

density existing with in the plane of the ring detector. 

If provision is made for observing the output From these detectors as 

a function of time, then it would appear as shown in Figure 2.4 for the propagation 

of one pulse past three such detectors. The woveform shown is a qualitative picture 

of the ion density, as the detector output is directly proportionol to the density. 

Also, under the ideal conditions assumed it is an exact replica of the a-particles 

injected. The transit time, T., the time token for the ion cloud to travel from de
I 

. h· 1th .. b tector 1 to tel + one IS glven y 

T. = 
1 

. + 1 
L~ 

1 

U 

·+1 
where L~ is the distance between the detectors and U is the air velocity. , 

(2-1 ) 
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FIGURE 2-4 OUTPUT FROM IDEAL DETECTORS 

The output of any detector is concentrated within the time interval 

(2-2) 

where t is the time at which the ion cloud is exactly centred in the detcctor ring 
m 

and T (T = ~w/U) is its width. That is, T is the exposure time of the air to the 

a-perticle beam. Obviously, a suitable reference time would be either the leoding 

Or troiling edge of the detector output. The error then would be twice the resolution 
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of this reference time. However, if one uses digital detection, that is, the presence 

or absence of ions, then the possible error in measuring T., is T. This digital 
1 

approach being relatively simple cou Id only be used if T were negligible compared 

to T.. The sign ificance of the last statement is that one uses short shutter times or 
1 

long measuring lengths in order to obtain a reasonable degree of accuracy. For 

example, if T. is 100 Ils and the desired accuracy is 1 % then the shutter opening 
1 

shou Id be jJS. 

If the detectors are less than ideal, which is the usual case, then 

the output is concentrated in the interval 

< t < t +..! + AI 
m 2 U 

(2-3) 

assuming that the detector reacts to the net ion density in its immediate vicinity, 

and Il 1 defines the influence distance of the detector. Onlyat t is the output 
m 

at a maximum having the possible waveform illustrated in Figure 2.5. For the digital 

stheme, the ~rror in T. would be 
1 

error = 
T 

= ±2("2 + TI) (2-4) 

ln order to minimize this error both T and TI should be negligible compared to Ti • 

80th of these are porameters of the system, the first associated with the shutter and 

the second with the detector. If TI is 0 then T, the shutter time could be obtained 

from the desired accuracy as above. T is a controlled porameter whereas TI is a 

fixed porameter. 
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The range of transit times for various velocities, with 

measuring length as a parameter, is shown in Figure 2.6. It is readily 

apparent from Figure 2.6 that an extremely fast shutter is necessary for a 

short (I") measuring length and small error (1%). Unfortunately, the electro-

magnetic methods of shuttering would require prohibitively large fields. This 

leaves only the mechanical means for which the most suitable dimensionally is 

a dental turbine. The particular turbine selected had the capacity to rota te a one 

inch diameter disc at 4,000 R. P. S. 

The inclusion of a shutter precludes the possibi Iity of obtaining the 

ion concentration in Figure 2.3. The actual computed ion density distribution is 

shown in Figure 2.7 for several typical expedmental values of K, the ratio of air 

to shutter speed. The derivation is given in Appendix 1. From Figure 2.7 it is seen 

that the maximum concentration increases with decreasing K, or, decreasing air speed 

as the shutter speed is constant. The higher the air speed, the w ider is the distribution. 

It should be noted that the K=15 and K=20 distributions are amplitude normalized with 

respect to K=IO, thus the K=15 and 20 values are scaled by Te (15) / Te (I0)and Te (20) / 

Te(lO) respectively. Hence, if the air velocity is kept constant and the shutter speed 

voried, then the maximum concentration for ail three K values is approximately the seme . 

For K=20, the distribution is 43 m.m., or I08.51-ts (U=1300 f.p.s.) wide. Thus, the 
J 

application of digital detection to such a waveform is impractical. Therefore, wave-

shoping circuitry was necessary to define a suitable reference measuring point - the peak 

of the ion concentration. This peak point is now associated with the arrivai time tm 

in the measurements. 



1000 

w 
~ 
t-

!:: 
Vl 

~ 100 
t-

10 

500 

MeasuringLLength a} 1.0 inch 
b} 1.25 Il 

c} 1.5 " 

1000 2000 4000 
VELOCITY - f.p.s. 

FIGURE 2-6 RANGE OF TRANSIT TlME 

21 



22 

40 

35 

30 G (K) = 
Mo ITe (K) dz 

8 rr L K (K + 1) 

25 G (K) = 1/0 Te (1<) 

G(K) 
G(IO) K (K + l)Te(lO) 

--x 
G(lO) 

20 

K 
Uair , a = 1 mm. = 
Ushutter 

15 
c 
c 

.2 .. 
c 
.l: 10 c 

CI) 
0 
c 
0 

U 
c 

..2 5 

~ ____ ~ __ ~ ______ ~ ______ ~ __ ~ __ ~~ __ ~~z 
4 8 12 16 20 24 

Distance in millimeters. 

FIGURE 2-7 ION DENSITY DISTRIBUTION IN AIR 



23 

2.3.2 Velocity Effects 

The main problem of interest here is to measure the velocity 

field. It is usually found that the velocity, to a greater or lesser extent, is a 

function of position in most test facilities. The possible effect of such a velocity 

field on the Ion Tracer Technique is twofold: It can effect the ion pulse fidelity 

during transport, thereby causing a relative shift in the defined reference, located 

at the peak ion density. The tracer technique gives the time average velocity, 

whereas the velocity required is the space average. 

A graph showing the velocity as a function of position for the 

system under investigation is shown in Figure 2.8. The velocity continuously 

decreases in the flow direction. Its effect on the ion pulse density distribution 

would be to continuously reduce the width and simultaneously increase its amplitude 

such that the total number of particles in any section is conserved. As a direct 

consequence, the reference peak point has a relative shift. Appendix Il examines 

this effect and shows the relative shift to be 

2 2 
z = -HTb /2U (2-5) 

and negligible for the experimental values. 

Simi larly, Appendix "shows that the difference between the 

time and space average velocity is negligible, being of second order. 

It would thus appear that this type of measuring system is particularly 

attractive for use in such test facilities. The accuracy is only limited by the resolution 

of the peak ion density arrivai tÎme. 
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CHAPTER 111 

ION GENERATION 

3.1 General 

This chapter is devoted to the detailed analysis of ion generation 

and the suitability of ions as a tracer element. In the course of this examination, 

it is necessary to consider the physical processes involved wh ich have an ordered 

structure. The arrangement of the topics follow this order. It begins with the 

means of ion production, it then deals with the actual creation of ions, and lastly, 

the processes of diffusion, attachment and recombination are considered. 

3.2 

3.2. 1 

Ion Production 

The Source 

The means whereby ions can be produced are listed in Table 1 

column A. The selection of a particular method from this list is governed by 

severa 1 factors, some of which have already been stated such as; it shou Id be 

electrodeless, capable of producing sufficient quan~ities of ions at medium gas 

densities, readily available, of reasonable size and complexity and economically 

viable. 

ln view of these requirements it is readi Iy apparent that the 

discharge technique is unsuitable. The electron, x-ray and ion guns are similarly 

eliminated, the first because it operates at IQIN densities, the second for its lew 

ionizotion cross-section, and the third, together with the first and second, for 

size, complexity and cost. Photoelectric emission, thermionic emission, chemical 

25 



reaction and ultraviolet illumination ail have too low an ion production rate. 

Microwave techniques are unsuitable as they produce fully ionized gases in 

fairly large volumes. The laser, on the other hand, is probably .he most 

attractive mathod; it can produce sufficient quantities of ions in a local ized 

volume and it is electrodeless. However, at the outset of the present investi-

gation the laser was not available. This leaves the radioactive sources, of 

which there are ex:, ~ and y emitters. The ~ and ryemitters not only have 

low ion production rates but also require considerable shielding. Thus the best 

source for creating ions is a radioactive c1-em itting type. 

Thel'e are numerous alpha partitle emitters in the collection of radio-
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active substances. At present, approximately one hundred alpha emitting elements 

are known, sorne of which are found naturally, and the others ·are artificial~y 

produced. From these, the element Polonium 210 was chosen as the source of alpha 

particles. The selection of Po-210 was made on the basis of energy, half-Iife, purity, 

availability in sufficient qu.antity and weil established properties. 

A d• J 114 f • • • •• d . bl ccor mg to esse, et a or IOnlZatlon, It 15 eSlra e to use 

CC-particles whose energy is in excess of 5 mev. The reason cited is that the average 

energy W required to create an ion pair in air is not constant forc(-particles having 

an initial energy less than 5 mev. Since W is not constant, this would add an 

undesirable nonlinearity. Furthermore, the range of the alphas, which is integrally 

re lated to the energy, must be sufficient in order to traverse the test section, or 

alternatively, penetrote suHiciently into the air stream to enable a meaningful 



measurement to be taken. In the present experimental setup the maximum width 

of the test section is 0.615" (1.56 cm.), consequentlYI the range shou Id exceed 

1.56 cm. which is the case for alphas having an energy in excess of 5 mev. 

Perlman, et al 15 in their Systematics of Alpha -Radioactivity 

Iist 79c(emitting nuclides. According to their Table 111, 14 of these do not 

meet the minimum energy requirement stated above. The remaining 65 have 

sufficient energy out various half-lifes. If the source selected is to have practical 

application, it must have a sufficiently long half-life. Otherwise, considerable 

time and effort will be consumed in ensuring the source activity. Hence an 

arbitrary cut-off was considered as one month, which reduces the number of 

nucl ides availab le to 45. 

ln the remainder, it is found that sorne emit ~ and '"Y as 

weI! as a-particles. Though the emission of small quantities of ~ and y may 

be tolerated from the ionization viewpoint (negligible ionization) they should be 

avoided due to the radiation hazard. This further reduces the Iist to 29. Now, 

applying a more rigid boundary, the accessabïlity of sufficient quantities, then 

the list is almost exhausted. The final selection of Po ... 210 as a source from the 

few remaining was made on the basis of its weil known properties. 

The properties of Po-210 have been established CJ)d'haV"e been 

catdogued(I6){17), (18), since its discovery by Madame Curie. It decays to lead 

'0 

upon the emission of an alpha particle with a disintegration constant of 5.8OxIO-8{sec. -1) 

giving a half life of 138.3 daysl9. The alpha is emitted with a velocity of 



1.6 x 107 m/s and an energy of 5.3 mev. having a mean range of 3.83 cm. in air 

at ntp20 • The alpha particles emitted from this source travel in straight lines to 

essentially the end of their range, at which point they might deflect slightly. 

This is weil illustrated in the Wilson cloud chamber photos of Rutherford, et a1 21 • 

For ail practical purposes they are not deflected by a moving airstream of 16 00 fps. 

as their own speed is very high, 1.6 x 107 rn/s. 

Initially, a standard Po .. 210 source of 100 mc. was used. This 

28 

source was in the form of a dise of 7 rrun. active diometer contained in an aluminum 

holder, covered with a thin mica window. The intensity was far in excess of that 

required, but was made necessary due to its geometry. Actually, a narrow rectangular 

beam of 1 x 7 mm. was collimated fro:n th;s source. In use, it was found that the 

mica window was extremely fragile and had a tendency to fracture. This left the 

source exposed and, although operative, made it hazardous because of its high 

toxicity • 

ln view of the above findings, the source structure and geometry 

were changed to that shown in Figure 3-1. The source holder is still aluminum, 

however, the geometry of the source as weil as the holder is rectangular. As is 

seen in Figure 3-1, the source is 1 x 10 mm. , its strength is 15 mc. at formation, 

and covering the source now is a stainless steel window of 3 mg. per square 

centimeter. 
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3.2.2 Beam Formation 

An alpha particle beam formed From the source projects across the air 

stream. The beam traverses the entire test section, being narrower at the entrance and 

widening thereafter. Its average width in the test section is approximately 3 millimeters. 

The beam intensity along the test section axis is shown in Figure 3-2, and its derivation 

Îs given in Appendix 1. 

3.2.3 Ion Generation 

Initially, the formation of ions will be treated as related to a 

single alpha partide injected into the air stream. There are approximately 15xl0
4 

ion pairs produced along the track of an alpha partide at ntp. These are not produced 

uniformly, but follow the Bragg curve. In the first two-thirds of its range, the rate of 

ion production is uniform, however, in the last third the rate begins to increase fairly 

quickly, reaching a maximum within a few millimeters of the end point. The alpha 

partide, in traversing this path, essentially loses energy only by ionization. The 

loss in energy is accompanied by a decrease in velocity. Hence, in the last few 

millimeters, the partide tends to veer away from its straight line path due to its 

lower velocity. TherefClre, the useful portion of the path should not include the 

extreme end of the range, where straggling takes place. Exduding this extreme 

range, h ·f· . . .• . 1 3 104 
t e average speci IC 10nlzahon IS approxlmate y x ion pairs per 

centimeter of path at ntp. The specific ionization varies directly with the density 

of the gas, whereas the range varies inversely. For exemple, if the density were half 
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that of ntp. the average specifie ionization wou Id be 1.5 x 104 ion pairs per cm. 

and the mean range wou Id be 7.66 cm. 

Assuming the useful portion, as specified above, of the Bragg 

curve is used, a detailed examination of a singlea:-particle track results in the 

following; the formation of a cylindrical column, containing equal numbers of 

electrons and ions centred on the a-particle track. The distribution of ions or 

electrons within this cylinder is not uniform, it is higher in the centre and declines 

exponentially with increasing radial distance. The distribution within the cylinder 

at formation, for either the electrons or ions is given by the function 

= 
2 

exp - (--..;...,r2~ 

b 
(3-2) 

where ni, e{r) is the number of ions or electrons per unit volume, No the number 

of ions produced per unit length of the column, r is the distance from the column 

axis and b is a constant related to the average displacement Ro of the 

distribution from the column axis by 

1 

b = 2/71' 2 Ro (3-3) 

ln Figure 3- 3a graph of this ion distribution is shown for both standard conditions 

as we" as for test conditions. 

That the ions are distributed as represented by (3~2) can b~st be 

understood in the following manneri the ionization is most intense adjacent to 
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A. Standard Conditions 
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the pa th of the nucleus of the ct-particle as the ions are produced by a coulomb 

action on the outer electrons of the atoms. Thus, atoms further removed From the 

alpha's path are much less affected. These electrons are freed with some initial 

energy, thereby causing additional ionization and increasing the width. A very 

small number of these electrons have sufficient energy to form their own ionization 

track which jut out From the primary track at random. These effects are weil 

illustrated in the photographs of Rutherford
21 

• The constant b was evaluated 

22 by Jaffe to give 

b = 1.79x 10-
3 ~ cm. (3-4) 

p 

where is the pressure ratio taken at normal tempe rature • However, the 

ion distribution depends upon density rather thon pressure and since at normal 

temperature the density ~ is proportional to the pressure p so (3-4) con be written 

as 

b = 
-3 

1.79x 10 

3.3 Diffusion, Recombination and Attachment 

The ionic cylinder formed From the free air stream is bodily 

transported with it. Simultaneous with this directed motion the ions in the 

column undergo sorne change due to diffusion, recombination and attachment. 

(3-5) 

These processes are somewhat involved and interacting. A suitable starting point 
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would be the consideration of the electrons. The electrons in the column tend to 

diffuse outward according to the relation 

= (3-6) 

w here ne is the e lectron density and De the diffusion coefficient for e lectrons. 

They also recombine with the positive ions to form neutrals according to 

dne 

dt 
= -~ ni ne (3-7) 

where Oe is the coefficient of recombination of electrons with positive 

ions and ni is the density of positive ions. Electrons attach to 02 molecules 

to form negative ions. The loss of electrons by attachment is given by 

= (3-8) 
dt 

and ~ is the coefficient of attachment. 

Combining these three effects and using a coordinate system 

cen~red on the column axis, the differential equation for electrons is then 

(3-9) 

SinCe~))=<eni as shown in appendix 3 for the experimental values, then the 



electron distribution at any time t is detennined from 

(3-10) 

Using a cylindrical coordinate system due to the symmetry, 

equation (3-10) becomes 

2 
d ne = De (.~_1!~ + L 
~t d r2 r 

dne ) - ~ne 
()r 

(3-11) 
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This equation is to be solved for ne, with the necessary boundary and initial 

conditions. The method used to solve equation (3-11) follows that of Jaffe 2~hd (12). 

A solution is assumed as the product of two functions 

ne (r,t) = N(t) ni (r,t) (3-12) 

w here N'(t) is a function of time t only and ni (r, t) is the exact solution of 

(3-11) for diffusion alone, i.e. ~ = O. Hence (3-12) becomes 

n (r, t) e = 
, 2 

_,L.;Nu.(t~) _____ exp -(.......:...r __ _ 
'H' 2 4D t + b2) 
l , ( 4 De t + b ) e 

(3-13) 

Substituting (3-13) into (3-11), (3-11) is transformed into an ordinary differential 

, 
equation for N(t) namely 

, 
dN(t) = (3-14) 
dt 



which is readily solved to give 

NI (t) = 9 exp - ( ~ t) 

As ne for t = 0 is given by equation (3-2), the constant 9 is No. 

The complete solution of (3-11) is 

ne (r, t) = 
No exp - ( f3 t) 

exp-
2 

(4De t + b )11 

If (3-16) is rearranged into the form 

2 
(_..---;.r ____ ) 

4De t + b
2 

= exp - ( f-> t) No exp _ (_-:.r_2 ___ » 

l1' (4Det + b
2

) 4Det + b
2 

(3-15) 

(3-16) 

(3-17) 

Then the loss factor of e lectrons by attachment is exp - ( p t), where r is the 

coefficient for attachment. Assume for the present that the tt~rm enclosed in 

brackets is constant, which is a 'worstl case condition as actually it is decaying, 

then at the end of t = 1~ sec. (equivalent to 12.85 joO- ) approximately 2% of the 

e lectrons remain, or at the end of t = 7 (22.5 v. ) less thon 1% are left. For 011 
I~ 

prccticcl purposes it con be stated that from t .- 30~1 o' no electrons exist and that 
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they have been lost by attachment to form negative ions. 

At this point it is advisable to have some indication, or estimate 

of the spatial dispersion of the ions. The reason is to determine the time when the 

individual expanding columns merge to form a larger distribution. The average 

column separation is readily obtained from the beam intensity and shutter speed. 

As the negative ions are created by attachment, then an estimate of the e lectron 

displacement in the absence of attachment gives an upper bound to the negative 

ion displacement 1 and the lower bound by assuming the electrons attach instantaneously. 

The root mean square displacement due to diffusion only is, 

d (rms ) = V4Dt (3-18) 

2 
Since the estimated distance between columns is .014 cm., De = 477 cm /sec. and 

Dneg. ion = .0995 cm. 2/sec. , then the columns overlap in less than 123 r- 5 

forming a larger distribution of positive and negative ions. This distribution is shown 

in Figure 2-7, and its derivation given in Appendix 1. 

The only items associated with the positive and negative ions to 

be considered are diffusion and recombination. Assum ing that both the diffusion 

constant and density distribution for positive and negative ions are identical, then 

the following equation applies for either the positive or negative ions 

dn 

dt 

2 
- 0( n (3-19) 
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where n is the ion density, 0 the diffusion constant and 0( the recombination 

coefficient. Equation (3-19) is a nonlinear partial differential equation for which 

a solution is not readi Iy avai lable. However, the overall diffusion and recombination 

effects con be obtained by examining each individually. Thus, (3-19) for diffusion 

and recombination separately becomes 

é>n 
0\7 

2 
(3-20 a) = n 

'dt 

and ()n 2 
= - 0< n (3-20 b) 

~t 

The solution of (3-20 a) for the one-dimensional case is 

n (z, t) = No 1 exp - ( z2/(4Dt + b2 )} (3-21) 

( TI (4Dt + b l ) "2 

where n ( z, o) was assumed to be 

n (z, 0) = 
2 2 

exp - (z / b. ) (3-22) 

2; -4 Substituting the experimental values (0 = .0995 cm sec., t max. = 6 x 10 sec., 

2 
bmin. = .5 cm. ) for D, tond b into Equation (3-21) results in b being approximately 

4 x 103 Dt. Thus diffusion has negligible effect upon the ion distribution in the observation 

time. 

Equation (3-20 b) has the solution 

n ( t) = (3-23) 
+ 0( "ot 
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where no, the initial ion distribution was assumed to be constant. This latter 

assumption is more stringent than the actual case. A conservative value for 

no, 10
7 

ions / cm. 
3

, is obtained from (3-16) for ~ = r = 0, t = 30 ï S and 

-6 
replacing De with Dneg.ion. If this value for no togetherwith 0(= 1.4x10 ionper 

24 -4 
sec • Non Enge 1 ) and t = 6x10 sec. are substituted into (3-23), then the total 

change in ion density in the measurement time is only 0.84%. Therefore, recombination, 

like diffusion, can be neglected with little error. 

Since diffusion and recombination are negligible, the ion distribution 

is identical for ail practical purposes to that formed in the initial period. The entire 

distribution is electrically neutral on a macroscopic scale containing a mixture of 

equal numbers of both positive and negative ions. It can be concluded that the ion 

distribution is a suitable tracer element for velocity measurement as it is transported 

with almost perfect fidelity. 
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CHAPTER IV 

THE DETECTION SCHEME 

4. 1 Introduction 

ln the last chapter an ion tracer was generated within the moving 

air stream by irradiating the flow intermittently with an a-particle source. This 

tracer was shown to be electrically neutral. it consisted of two equal but oppositely , 

charged superimposed ion distributions. The present chapter is devoted to the task 

of explaining the mechanism whereby this neutral ionic cloud is detected. 

Initiallya brief review of the author's earlier detection theories will 

be presented in order to show the necessity for a more complete consistent theory. 

These will be referred to as the 1 net charge' and 1 dielectric' models. As will be 

shown, each in tum proved to be inadequate in explaining the anomalous experimental 

behavior. For example, in one instance not only was a predicted characteristic not 

observed but it resulted in the complete loss of signal. It is for this reason that these 

models are inc/uded and, to indicate the various stages of reassessment necessary, with 

the accumulation of "misinformation bits"* 1 to bring theory into line with practice. 

Hopefully, in a broader sense it may help to explain the confusion that often arises 

through simple errors in physical interpretation. 

The section pertaining to the analysis of the present scheme divides 

conveniently into two independent parts. The first .part relates to forming a net 

* "misinformation bit" - coined to describe information available that was missed, 

misinterpreted, misunderstood, or inadequately explained at the time. 



charge density by the action of an electric field on the neutral ionic distribution in 

a region adjacent to the detector probe. In the second section induced current 

theory is applied to the developed space charge to compute the voltage betweeH 
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the shield and the detector probe. By comparing the latter predicted charac-

teristic with experimental results, the agreement is particularly favourable. 

A few preliminary remarks regarding the type of presentation is in 

order. The theory develops from the grossest assumptions and finishes on one devoid 

of mathematical and physical vigor. In particular, it treats a case which is much 

simplified and abstracted from the real physical situation. It was made simple in 

order thet the mathematics associated with the problem be simple and tractable. 

Otherwise it would pose a most formidable and difficult task and, in ail probability, 

could be considered as a thesis topic in Îts own right. It is the euthorls opinion that 

these simplifications are suHicient to understand the main characteristics which are 

important in the detectors use. The final justification lies with experimental verifica

tion. 

4.2 Review of Detection Theories 

4.2. 1 Net Charge Model 

At the outset of the present investigation, based on the assumptions 

of that time, computation indicoted that a net positive charge density existed in the 

ion cloud. \t was shown that such a charge moving past the detector probe would 
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induce a potential on it. Several different standard AC coupled amplifiers having 

high input impedance (up to 400 meg. Il 2pf)* connected to the detector probe 

were found to be inadequate to measure this voltage. A cathode follower operating 

with an open grid, and an 'infinite' input impedance amplifier (see Chapter 5) 

specially designed for this purpose proved to be sufficient to measure the signal. A 

typical signal detected by these amplifiers is shown in Figure 4-1. The signal levels, 

somewhat below that expected, were in the range of 1 to 10 millivolts. Also, it 

should be noted how the signal is broad-based and lacking in a weil defined peak. 

At this juncture the first "bit of misinformation" entered the picture: An attempt 

to sharpen the detected pulse by using a driven shield (electrostatic) around the 

detector probe failed. It fai/ed completely, primarily by reducing the signal level 

such that it was almost, if not totally, obscured by the noise and secondly, it did 

not reduce the width. Another and perhaps more significant "misinformation bit" 

was the signal inversion From that predicted. 

The problem of reduced signal levels, From that expected, was 

readi Iy resolved by examining the original assumptions and making the neccssary 

corrections. Thot is, it had been assumed that ionization produced electrons and 

ions From which couple the electrons were def/ected out by the earth's field leaving 

only the heavier ions. The correction involved the realization that vacuum condi

tions do not prevail and that the attachment mechanism had to be included. However, 

* Il signifies "in parallel with". 
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~I' =, =-Cl 
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this still left a small net positive charge and did not help to resolve the additional 

"misinformation bits". 

The entire ion generation theory was then examined in more detail 

leading to the results and conclusions of the last chapter. This, together with the 

unexplained results, proved conclusively the inadequacy of the so-called 'net 

charge model'. 

4.2.2 Oielectric Model 

ln the search for a suitable detector tneory, a "dielectric model Il 

to represent the electrically neutral ion tracer appeared to be more promising. The 

rationale behind this model is as follows: Firstly, the AC coupled amplifiers did 

not detect a signal, whereas, both the cathode follower and 'infinite' input im

pedance amplifiers which are OC coupled did. Secondly, it was found that both 

these amplifiers had a OC potential at their input terminais, thus applying a voltage 

to the probe with respect to ground. Hence, the detector probe together with the 

surrounding shield constitute a capacitive transducer deriving its polarizing voltage 

from the amplifiers. The dielectric of the transducer is the streaming air wh ich has 

as a modulating signal the ion cloud. The experimental data already obtained was 

in good agreement with th is model's predictions. 

Using this model and a carefully adjusted experimental setup to take 

full advantage of its characteristics - the last "bit of misinformation" fell by way 
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of signal inversion. That is, a negative signal was predicted for a positive polarizing 

voltage and vice versa, the result was opposite. In other respects, such as amplitude 

and waveform, it was in good agreement. The main adjustment involved neutralizing 

the transducer's capacity by the 'infinite ' input impedance amplifier leaving a net 

impedance of approximately 0.3 pf Il megohms. Having learned the lesson from the 

net charge model, it was concluded that the dielectric model was invalid. 

4.3 Present Theory 

The detection mechanism can be explained in the following simple 

manner. The neutral ion cloud moves towards the detector region with a velocity 

U . After entering the detector region the ions are acted upon by an electric field o 

and they perform a non-collective drift in this field. As a result the negative and 

positive ion distributions move in opposite directions in th is interaction region and 

their densities deviate from one another at any point in this region. A direct con-

sequence of th is result is the formation of a space charge density in the region adjacent 

to the probe. This charge density grows with deeper penetration of the cloud in the 

detector and then decays as the cloud exits. The space charge mey then be considered 

as a source for voltage on the detector. 
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4.3. 1 Field Considerations 

The magnitude for the applied electric field con be estimated from 

the Debye Length, (25), (26), (27). Here, the random thermal forces acting on 

the positive and negative ions in the gas are balanced by electrostatic ones for dis-

tances and beyond the Debye Length, 

D = (41r J. 
!-J 

(4-1) 

s 

For this case the positive and negative ion densities are equal at every point on a 

macroscopic scale. 

When the ionized gas is subjected to a strong externally derived 

electric fie Id this ideal behavior is destroyed. The charged particles drift in th is 

field, i.e"., positive ions with the field and negative ions against the field. This 

results in the production of a space charge region due to positive and negative ion 

densities deviating from one another at any field point. 

ln order to derive the space charge density the behavior of the ions 

in an external electric field is analyzed. The treatment is for a simple geometrical 

case abstracted from the actual detection system. If assumes the ions have been 

creafed prior to entering the interaction region which is bounded by the electrode 

system. It is necessary that the external field be larger thon the space charge field (28), 

expressed as, 

(4-2) 
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where, 

o [ 1 Esc I} = max. [4w e L n 1 (4-3) 

L is the electrode spacing, and n is the ion density. 

4.3.2 Space Charge Generation 

The problem first considered is to find the distR.bance produced in the 

neutral ion cloud by the field of the detector probe. A cylindrical gaseous beam, 

having the spatiafly periodic ion density (positive and negative ions) iflustrated in 

Figure 4-2, flows through the detector region. The detector is assumed to extend in-

finitely in the Z-direction and is partitioned into sections, one such section is shown 

in Figure 4-3. It has three thin circular metal plates with small holes at their centers. 

A, P and B, seperated from each other by a distance L. Through the hole in A 

the beam enters the detector region. It then continues axially through the probe P 

to exit via B. B now acts as the entrance to the succeeding section. 

ln the calculations it is assumed that across the beam a" the perticles 

have the same velocity, i.e., the beam has a uniform cross-section. In addition it 

is assumed that the potentials on the electrode system A, P and B cause a field to 

exist throughout the region directed para "el to the axis of the system and uniform over 

the entire cross-section. The field being 

E (z) = - E o 
'II'Z sin T 

These assumptions reduce the analysis to be one-dimensional. 

(4-4) 
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The neutral ion density distribution (Figure 4-2) consists of two equal 

but oppositely charged superimposed distributions. Let eithe~ of these be represented 

by 

(z + b) 
no (z, 0) = K [ 1 + cos 'Ir -b- ] -2b < z < 0 (4-5) 

ct time, t = 0, when the leading edge is just about to enter the interaction region 

(Z = 0 at A) in Figure 4-3. At some later time, t l
, in the absence of an electric 

field, the amplitude at the entrance plane is 

2b 
(4-6) 

When exposed to the electric field the ions have a drift velocity determined by their 

mobility, the magnitude and direction of the field. For the positive ions the drift 

velocity is given as 

+ 'Ir z+ 
Ud == - ~+ Eo sin -L-

this results in a total velocity of 

+ 
U 

where 5 = 

dz+ 'Ir z+ 
= --= url - 5 sin l 

dt 0 - L 

~+ Eo 
U . The solution of (4-8)for 5 < < 1 is 

o 

z - U t 
+ 0 

2J:.§.. . 2 
Sin 

11' 

(4-7) 

(4-8) 

(4-9) 
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Since the partides must be conserved, it is necessary that 

(4-10) 

Uti li zing (4-6), (4-8), (4-9), and (4-10) resu Its in the new positive ion amplitude 

+ 2 1T (U t
l

) 

n (z +' t) = 2K [sin °2b 
1T z+ 

] [ 1 + 5 sin -L- ] (4-11 ) 

A similar development for the negative ions leads to 

z = U t + 2L5 
o 1T 

. 2 
sm 

1TZ 

(4-12) 

2 1T(U t
l

) 

= 2K [sin 0 2b 
1TZ 

] [ 1 -. 5 sin T ] (4-13) 

The net charge density, p (z, t) is then determined from 

. + -
P (z, t) = e (n (z, t) - n (z, t) ] (4-14) 

To evaluate (4-14) requires the utilization of (4-11) and (4-13) but, the field points, 

Z's, must be identical. Examing (4-9) and (4-12) it becomes apparent that 

z > z+' Let t in (4-12) beretQrded to t - T such that z_ = z+ i.e., 

7' = 
4 L5 

1TU 
o 

. 2 1TZ 
sm 

2 L 
(4-15) 

Applying a Taylorls series expansion to ~(z, t) about t l + 7' and neglecting terms 

r 2" 
o t ô J and h igher, leoves 
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~ (z, t) 
2 'Ir (U t l ) 

= 2K [ 1 - fi sin 'Ir ~ ] [sin ~b 
2l.5 . 2 'Ir Z • 'Ir (U 0 t 1 ) 

+ b sm 2L sm b 

(4-16) 

Nowevaluating (4-14) by way of (4-11) and (4-16) yields 

p(z, t) = 
1T(U 0 t

l 
) 

4- fi Ke ( sin 'lr
L
z 

sin
2 

2b 
L 2 'Ir(Uotl ) 

. 'Ir Z b sm 2 L . sin b 

(4-17) 

A particular case of interest, L = b, which approximates the experimental situation 

1 
gives the space charge density as (note Uot = U t-z) 

o 

p (z, t) = 4 fi Ke [sin 
o 0 0 

'Ir(U t - 2z) 'Ir (U t - 2z) cos1iU t J 
2 L ] C cos 2 L - ~ (4-18) 

Equation (4-18) is graphically displayed in Figure 4-4. It should be 

noted that the spa ce charge has odd symmetry about z = U t /2 and length Ut. 
·00 

These aspects are of some importance in succecding section dealing with the voltage 

and current of the detector circuit. From eCJ.Iation (4-18), i t is found that p (z, t) 

has a maximum amplitude at t = 2 Liu , i.e., when the ion cloud fills the entire 
o 

detector region. Further, at this time ail the positive charge is located in the region 

o < z < L and ail the negative charge in the region L< z<2L. 

4.3.3 Calculation of Voltage 

) 

As the spoce charge distribution is known, theory permits an exact calcu-

lation of its eHect on the probe circuit. Therefore, any errors in the following results 

J 
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should arise from the detector system mode!. The approximate method which 

is offered permits reasonable quantitative estimates of the voltage in the detector 

circuit. The key concepts used here are borrowed from the description of micro-

wave tube behaviour, (29), (30), (31). 

4.3.3.1 Voltage Computation 

With reference to Figure 4-3, consider that A and B are connected 

to ground and that A or B then act as one plate of a parallel plate capacitor with P 

being the other one. The voltage across this capacitor is given by 

L 

V (1) = - r 0 E (z, 1) dz (4-19) 

w here E (z, t), the space charge field, is determined from the divergence relation 

~ E (z, t) = 
~z 

~ (z, t) 

Substituting (4-18) and (4-20) into (4-19) one obtains 

V (t) - -
S 2 li U tUt - L 2 U t ~ '; L -TI sin "1' ~}+( ___ o __ ) (1 + 2cosl1( 0 )) 

Eo L L 2L 

(4-20) 

(4-21) 

Equation (4-21) is plotted in the graph of Figure 4-5. Here only half of the voltage 

waveform is shown due to the symmetry. The waveform is negative, falling slowly, 

becoming almost linear, and finally peaking. 
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FIGURE 4-5 DETECTOR VOLTAGE WAVEFORM 
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4.4. Discussion 

The results of the simple onalysis of the detector mechanism 

are particularly encouraging. However, the calculations deal with a very 

simple approximation to the real system; it considers the case of a uniform 

beam, a uniform electric field and a simple elecfrode system. In order to 

pursue this problem more completely, each of these restrictions should be relœed. 

Much useful information has been gleaned from these calculations 

oside from the favorable verification of experimental results. To begin with, there 

is the total dependance of the output signal upon the detector amplifier input im-

pedance. Of equal importance, as a measurement technique, the calculations 

show that the peak of the detected signal is in synchronisn with the peak of the 

ion distribution. In addition, the calculations give estimafes of both the signal 

amplitude and width. 

ln considering the assumption of a unÎ:orm beam much can be said. 

For example, there is the possible spreod in thennal velocities with which to contend. 

Similarly, the assumption of uniformity across the bean is open to serious question. 

However, no justification will be given for these cssu:mptions. 

The problem of the uniform field does warrant further discussion. 

For the electrode system postulated, it is easy to visuclize that the field would be 

uniform between the plates and if the holes were sufficiently small, it would also 

be un iform over the cross sec tion. The fie Id would he 9iven by 

E (z) = - Eo 0 < z < l 

= + Eo l < z < 2l 
(4-22) 



Since the field is periodic in z, with period 2 L it can be represented by a 

Fourier series, 

E (z) = - -±"E ~ _I_sin 
'li o~n 

n odd 

n 'l1' z 

L 

The analysis was carried out for the fundamental only, as the harmonics vary 

as l/n
3 

in V (t) add httle ego the first would be 1/27 of the fundanental. 

More important than the harmonics is the postulated electrode 
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(4-23) 

system. The real electrode system, see Figure 4-7, has axial symmefTy and gives 

rise to a two-dimensional field. To determine this field requires the solution of 

Bessel's equation with mixed boundary (32) conditions. In order to effect a solution, 

sorne simplifying assumptions would be made and in the limit would involve a numerical 

technique (33), (34). The z variation of this two-dimensional field would be expo-

nential and hence could be approximated by a saw tooth waveform. The Fourier series 

for this saw tooth is 

E (z) -'- sin 
n 

nTTz 
L 

(4-24) 

Hence, in the main the analysis would be identical to that carried out. Since the 

express purpose of the deve lopment presented was to describe the gross behaviour, 

the assumptions are justified. 
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5. 1 Introduction 

CHAPTER V 

ELECTRON IC CIRCUITRY 

Chapter four dealt with the transducer for translating the 

presence of ions into an electrical signal. Now that an electrical input signal 

is available, the remaining system can be examined in detail. This entails 

the problems associated with signal measurement, signal conditioning and 

signal recording. It is these topics that will be discussed in the present 

chapter. 

A block diagram of the electronic system is shown in Figure 5-1. 

The system operates as follows: The input signal S(t), From the detector, is a 

sequence of round topped pulses whose peak time must be accurately determined. 

To do this, the signal is first measured and amplified. The amplified signal is 

then differentiated - wh ich transforms the peak time to the zero crossing time. 

The zero crossing detector generates a narrow standardized pulse at the zero 

crossing which is applied to an R-S Flip-Flop. For example, signal Sl (t), from 

detector 1, would set the Flip-Flop and S2(t), from detector 2, would then reset 

the Flip-Flop. The output from this Flip-Flop is a train of equal amplitude 

rectangular pulses whose width is the ion transit time between detectors 1 and 2. 

These pulses are now filtered by a low-pass filter and the result recorded. A 

continuous recording of the ion transit time is thus obtained From which the 

velocity can be determined. 
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5.2 Signal Measurement 

Chapter four indicated that the detector can be represented 

electrically by a high impedance voltage source. The signal from the source 

can have a high rate of rise. Hence, it is imperative to have an amplifier with 

an effective impedance in excess of the transducerls and a risetime less than that 

of the transducer. 

5.2.1 General Considerations 

ln order to ensure the faithful reproduction of the signal at the 

amplifier output, it is necessary that -

1. The amplifier be linear. 
2. The amplifier input impedance be much greater than the transducerls. 
3. The amplifier bandwidth berexcess of the signalls. 
4. The amplifier risetime be considerable less than the signalls. 
5. The amplifier input noise, forever present, be less than the signal amplitude. 

Amplifier circuits are available (3S), (36), which can meet fwo or more conditions 

but not ail five. One such amplifier is the simple cathode follower shown in 

Figure 5-2. It was utilized initially but had to be replaced because of micro-

phonies activated by vibrations during wind tunnel operation. A replacement 

circuit was developed to meet ail five conditions. 

The development originated with a high input impedance 

anplifier to which positive feedback was applied. The effect of the positive 
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feedback is to neutralize the in put impedance of the amplifier. If sufficient 

feedback is applied, then not only is the amplifier's input impedance neutralized 

but also, any additional impedance attached to the input, such as the transducer's. 

This latter aspect results in what may be called a bonus. Furthermore, the DC 

polarization for the detector can be easily included in the design. 

5.2.2 Neutralization - Negative Admittance Generation 

The theory for neutralization and negative input admittance 

generation are identical. The general circuit applicable in the present case 

is shown in Figure 5-3. With reference to Figure 5- 3, av is the voltage gain 

of the ideal amplifier which has infinÎte input impedance, zero output impedance, 

infinite bandwidth and zero phase shift. Ri and Ci represent the total resistance 

and capacitance From the input terminal to ground, which includes the actual 

input impedance of the amplifier. Rf and Cf together make up the feedback 

network between the output and the input. The transducer is mode lied here 

by es in series w ith cs. 

Summing the CUïrents at the amRlifier input "node, 

where s is the complex Laplace transformer variable. 

Using (5-1) and (5-2) for the closed loop gain A , 
v 

• 
S + 

S 

G i - Gf{ov - 1) 

Cs + Ci - Cf(av - 1) 

(5-1) 

(5-2) 

(5-3) 



and for the input admittance Yin' 

There are three cases of particular interest: 

Case a 

If, 

and, 

then 

G f ( av - 1) = G i 

Cf ( av - 1) = Ci 

(.5-5) 

(5-6) 

(5-7) 

That is, the amplifier circuit presents an infinite impedance to th'e source 

and the output voltage Vois 

(5-8) 

This case is suitable for measuring the voltage V (t) derived in chapter four 

as is the next case. 

Case b 

If equation (5-5) is valid and 

(5-9) 

then Yin = - 5 ( Cf (av - 1) - Ci) = - SC (5-10) 

64 



65 

Here the amplifier supplies a negative susceptance to the source which tends 

to reduce the source susceptance, SCs• The overall voltage gain becomes, 

(5-11) 

This situation results in signal enhancement at the input to the amplifier. 

There are practical limits for this case associated with the amplifier system 

stabi lity. 

Case c 

Here we se lect (5-12) 

and Cf (av - 1) = Ci + Cs (5-13) 

which results in Yin = Gi - Gf (av - 1) - SCs (5-14) 

The negative input susceptance then completely neutralizes the source 

susceptance leaving a net input impedance somewhat smaller than Gi • 

This case is not ideal as it loads the source es with the conductance of (5-14). 

Similar to case b, there are stability limits on the reduction of Gi in addition 

to noise limits, that is, noise increases with a reduction in Gi . 

ln the above analysis it was assumed that av is frequency 

iAdependent.Since practical amplifiers have a finite bandwidth, its effect 
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must be taken into account • This is best do ne by considering the actual amplifier. 

5.2.3 The Amplifier 

Since high input and low output impedance are desired, then 

·the amplifier should be a series-shunt feedback amplifier (37). Conceptually, 

this would be as illustrated in Figure 5-4. The gain of such an amplifier (41j is 

Vo av 
= = 

v. 
(5-15) 

1 

w here, av is the open loop voltage gain and fb is the feedback factor. 

+ 

+ 
v. v 

1 o 

FIGURE 5-4. SERIES - SHUNT FEEDBACK AMPLIFIER. 
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Neglecting the bias network, such an amplifier circuit is 

shown in Figure 5 - 5. Practically, this is the simplest as it has the two stages 

required for a positive voltage gain in excess of unity. The FET input stage is 

used in order to realize high input impedance without feedback and to prevent 

loading of the feedback network made up of RI and R2. 

T, R2 
+ + 
y. 

1 
Vo 

RI 

~ 

FIGURE 5-5 SIMPLE POSITNE GAIN AMPLIFIER 



For the purpose of analysis both the FET (Tl) and bipolar 

transistor (T2) may be represented by the incremental model of Figure 5 - 6. 

Substitution of this model into the 'OPEN lOOP' amplifier determined from 

Figure 5-5 results in the circuit of Figure '5-7(0). In Figure S-7(b) is the 

feedback network for the amplifier and its parameters. 

+ 
v. 

1 

- C· 1 

r il = 
ri2 = 
r fi = 
rf2 = 
roi = 
ro2 = 

rf 

r. 
1 gmVj 

r 
0 

Cil = 
ci2 = 
cfl = 
cf2 = 

18 pf 
3S0pf 

7 pf 
8 pf 
4 pf 
2 pf 

c 
0 

~I = 

700 M.r'L 
5.1 k;-L 

700 M;.i.... 

14 M.:;-
125 k.:.:.. 
32.7 k.=·· 
0.5 m""t.T 

col = 
co2 = 
9 = 

m2 
00.5 mu 

m = 10-3, p = 10-12, 

t = fC1.~a.J.~ .0_ = ohms, -5 = mhos J 

FIGURE 5-6 TRANSISTOR MODEl 

+ 
Vo 
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The circuit in Figure 5-7(0) is reduced to that in Figure 5-8 

by assuming the following: 

3. CT = ci2 + <12 (1 + ~2RL) 

4. ~2~)RL 

5. rf2»h 21J L 

6. s (co 1+ Cil) is negligible. 

7. cfl and 91 are dom i nant w ith respect to r fl and ril • 

The OPEN LOOP gain, a.., , computed from Figure 5-8 is 

Cf (1 + gm l RE ) 
V o gml ~2 R L Rn 1 - s --------

a = v V· 
= x 

gml 
(5-16) 

l + s Rl1' CT 1 

The CLOSED LOOP gein At ,.-

At (0) ( 1 - shp "'(0) 
Av 

'-""' = ........... 

( + s/p ) 1 + s/p 

w here A.,(o) = 
R1 + ~ , P= 9ml and 

Rl 2cf2 ( 1 + gm 1 RE) 

the zero has been removed as the pole is dom inant. The h igh frequency cutoff 

determined by P was computed to be 2.5 x Hl rad ./sec. 

(5-17) 
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c· 1 
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FIGURE 5-8 AMPLIFIER OPEN lOOP MODEl 
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The amplifier frequency response is shown in Figure 5-9.lt should 

be noted that the computed response via (5-17) compares very favourably with that 

obtained experimentally. 

5.2.4 Neutralization with a Finite Bandwidth Amplifier 

Incorporating (5-17) into (5-3) and (5-4) the gain Av, 

A = v = 2 (5-18) 
Gi -Gf + S(Cs + Ci - Cf + Gi + Gf ) + S (Cs + Ci + Cf ) 

P P 

and the input admittance Yin, 

2 
Yin = Gi - Gf + S ( Gi + Gf + Ci - Cf) + S (Ci + Cf) (5-19) 

P P 



o 

-1.0 

-2.0 

db 
-3.0 

-4.0 

-5.0 

1" ~-.c::t. 

+ 
~+ 

~ Theory + 

+\ 
+\ 

+ 

\ 
\ 

t 

\ 
\ 
\ 
+ 

0\ \ 

Measured 0 

-6.0 1 1 1 1 1 1 1 1 1 1 1 1 

.3 .4 .5 .6.7 .8.9 If 2MH requency - z 
3 4 5 6 7 8 9 10 

FIGURE 5-9 AMPLIFIER FREQUENCY RESPONSE 

20 30 

'J 
~ 



Case a 

2Cs 2 
A = ~ -------_ (5-20) 

v Cs + 2 G j+ S(Cs + 2Cj ) 1 + S( Cs + 2Cj ) 
p p 

2 
Yin = S2Gi + S 2Ci ~ 

S2G' 1 (5-21) 

P P p 

The amplifier banc:lwidth has been decreased but the input admittance is small 

and effectively susceptive. 

Case b 

(1 + S ~ + Ci + Cf) ) 

P(Cs + Ci - Cf ) 

"in!;:;' ~ S (Cf - Ci ) 

(5-22) 

(5-23) 

Here the midband gain has increased, the banc:lwidth decreased, but the input 

admittance is negative and susceptive. 

Case c Cf = C· + C 1 5 

The input admittance which now includes Cs is 

Yin = G i - Gf + S(Gj + Gf) + S2-2( Ci + C~ ) (5-24) 

p P 

This input admittance can be modelled by a small conductance in para Ile 1 with 

a very small capacitance, where the conductive compone nt is dominant. The 
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gain Av for this case is 

2SCs 
Av = ----------------------~---------

Gi - Gf + S(Gi + Gf} + S22(Cs + Ci} 
(5-25) 

p p 

(5-25 a) 

H ere the amplifier behaves like a differentiator, which is unsuitable. 

5.2.5 The Circuit 

The complete amplifier circuit is shawn in Figure 5-10. From 

the circuit it is readily apparent that the input terminal has a dc potential. 

This potential consists of fwo parts, the one from the biasing nefwork for the FET, 

and the second, the external polarizing potential Vp. These fwo sources act in 

series to supply the detector polarizing potential. The potentiometer is the adjustment 

for Gf , it accomplishes this by changing the gain associated with the conductance of 

(5-4) • Cf on the other hand is directly adjustable. 
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5.3 Signal Conditioning 

Due to variations in amplitude, arrivai time and rather broad 

shallow curvature of the detected pulses from the transducer, signal 'conditioning' 

is required. Further, the amplifier input impedance is extremely high, thus 

susceptible to noise. The noise manifests itself in severa 1 ways. Firstly, there 

is the low frequency noise or drift, composed of frequencies somewhat below that 

of the fundamental signal frequency, particularly at the line frequency and its 

harmonies. Then there is the standard noise associated with the components and 

circuitry. Lastly, there is that noise associated with the signal itself. 

The problem therefore is to develop some technique for determining 

the time at which the peak of the signal is reached without noise, or at least a 

minimum of noise interference. There are of course numerous solutions or partial 

solutions to this problem. For example, extreme care in the shielding of the 

detector and amplifier. The use of a bandpass filter may prove valuable. Since 

the signal is almost periodic, sampling, averaging, or one of statistical processing 

techniques can be used to good advantage. However, these methods are either too 

costly, complex, insufficient, or require a considerable processing time. Figure Il 

illustrates a relatively simple, economic and effective system for 'conditioning' the 

detected pulses. The purpose of this section is to present that system and the re

quired circuitry. 
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5.3. l System Design 

Referring to Figure 5-11, the basic idea is as follows: The input 

signal, S(t) is a sequence of pulses. In practice it is found that there is sorne 

randomness associated with the amplitude, duration and spacing. It is the purpose 

of the system to obtain a narrow « I\,"~) pulse of fixed amplitude whose leading edge 

bears a known fixed time relationship referred to the signal peak, with a minimum 

of noise. In order to accomplish this the signal is split fwofold. Both paths the 

one through a delay line and the other through an attenuator, lead to a differential 

amplifier. The differential amplifier together with delay and attenuator oct as a 

quasi-differentiator. This 'differentiated' signal, is then applied to 

a zero crossing detector from which a pulse is obtained at the zero crossing of the 

'differentiated' signal. This latter pulse is then fed to a monostable multivibrator 

for standardization. The standardized pulsethen has its leading edge delayed by 

'l'/2from the signal peak, where'i is the time delay of the line. As the amplitude 

of any component of S(t), including noise, after 'differentiation ' is approximately 

AuYr'where A is the amplitude andwthe angular frequency, then it is readily 

apparent that noise much below the signal frequencies is attenuated by the factor 

wn/J.ls relative to the signal. The noise much above that of the signal frequency, 

on the other hand, is reduced by the amplifier high frequency cutoff. 

To summarize, in the absence of the desired signal, the 

differential amplifier is presented with approximately equal signais and produces 
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a stable c de level at the output about which sorne high frequency noise is present. 

The drift caused by low frequency noise is reduced by a factor of r , the delay time. 

The high frequency noise is reduced via the low pass amplifier characteristic. When 

the signal is present the differential amplifier is presented with unequal signais in 

sueh a manner that it yields the approximate derivative of the signal pulse at the 

output. The zero erossing of this latter signal is delayed by 'r /2 From the signal 

peak and upon detection in the zero erossing detector generates a pulse at Y /2 

from the signa 1 peak. 

5.3.2 Design Considerations and Circuit Realization 

The signal From the detector's amplifier is low level, millivolts, 

which after 'differentiation' would become microvolts. Hence, it is advisable to 

additionally amplify the signal prior to 'differentiation' • In this manner the 

differentiated signal is less susceptible to noise. A high gain amplifier, Keithley 

mode 1 I02BR, with a bandpass characteristic having a high frequency cutoff at 

either 150KHZ or 1.5MHZ, is placed ahead of the quasi-differentiator. 

ln order to implement the signal splitting it was neeessary to 

eonsider the amplifier loading as weil as the delay line terminations. The maximum 

amplifier locding is 4k.0-for full output. The delay line has a eharacteristic im

pedance of Ik.:-_. As the differential amplifier likes to see balanced sources, then 

the arrangement i lIustrated in Figure 5-12 was used. The 500 ohm potentiometer is 

ea.efu Ily adjusted to assure equal amplitude signais at el and e2, otherwise proper 

'differentiation' will not take place. 
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The differential amplifier was a Texas Instrument SN525 operational 

amplifier arranged to have a gain of 2, and being frequency compensated, shown in 

Figure 5-13. The zero crossing detector {see Figure 5-1~ is made up from a high gain 

limiting amplifier, or clipper, followed by a differentiator and clipper. The Iimiting 

amplifier is a three stage non saturating differential amplifier as shown .in Figure 5-15. 

The transistors were carefu lIy se lected in pairs for matching with respect to both hFE 

and YBE 50 that the Iimiting of the basic unit wou Id be symmetrical. The overall 

amplifier then had dc shunt feedback applied to maintain the proper bias levels for 

symmetrical Iimiting. The overall gain is approximately 35xl04. A millivolt change 

at the input gave rise to 3.5 volt swing at the output. The bias was arranged such 

that the maximum collector swing was less than ± 5 volts, otherwise the maximum Y BE 

wi Il be exceeded for these transistors. 

Limiting 
Differentiai Clipper Amplifier , 

el e 2 e 3 e 4 

FIGURE 5-14 ZERO - CROSSING DETECTOR 
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The differentiator was a simple Re network with diode clipper 

as illustrated in Figure 5-16. The additional transistor switch was used to amplify 

the pulse in order to drive the monostable pulse standardizer shown in Figure 5-11. 

The monostable is a Wang Laboratories type 5204. 

Four identical stages were required to complete the measurements 

over three intervals. After constructing the second unit, the selection of additional 

matched transistors for the limiting amplifier became impossible for lack of additional 

stock. This led to the Texas Instruments SN525 operational amplifier with its 

intrinsic large gain, that is, 5xl04 which was not being fully utilized. It was 

found that with only dc feedback, as shown in Figure 5-17, almost the full loop 

gain could be utilized. The only change necessary was additional gain before 

differentiating and clipping. The arrangement for this circuitry is shown in Figure 5-18. 

200 pf 

~J.--.---~ 
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FIGURE 5 - 16 DIFFERENTIATOR 

+IOV 

820..Q 
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The system performance was reasonably satisfactory. A 50 mililivo/t 

signal level at the amplifier ( Keithly 102BR) output was more than ample to repetitiously 

generate a 0.5v.E.pulse at the signal peak. However, a slight frequency dependance 
1 . 

was observed; it was particularly noticeable in the 0.5 kHz to 1 kHz band. Once 

adjusted for a particular operating frequency, then providing the frequency did not 

vary by more than ten per cent it was weil within the accuracy limitations. 

5.3.3 Signal Recording 

The recording system is straightforward and simple as i lIustrated 

in Figure 1-19. The transit time information is contained in the pulse width of 

the Flip Flop output. The output From the Flip Flop is filtered, amplified and then 

recorded. 

SI (t) - R-S L. P. 

Filter Amplifier Recorder 
- Flip Flop 

'-

FIGURE 5-19 THE RECORDING SYSTEM 



The R-S Flip Flop is a Wang laboratories type 5201. The filter 

incorporated into the unit was a Burnell Tel 10K, with a 200 Hz cutoff frequency. 
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A 1kHz low pass filter was also utilized. The amplifier is a Sanborn model 656-3400 

and the recorder is a Honeywell model 906B visicorder. 

The output from the Flip Flop is equivalent to pulse duration 

modu lation (38) (39). The signal that is modu lated is the average transit time and 

the modulating signal is the variation in it. The simplest and most common method 

for deriving the signal is the one used here, a low pass filter. Hence, variations 

in transit tirne to 1kHz can be detected. 

Sorne difficulty was experienced in using the recorder particularly 

prevalent at low writing speeds. The record was rather broad, which reduced the 

readout accuracy considerably. The recording system was calibrated by using a 

test circuit to generate known transit times at various frequencies. The scheme is 

shown in Figure 5-20and the calibration curves in Figure 5-21. Additionally, the 

signal frequency was recorded on one channel of the recorder. 
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CHAPTER VI 

EQUIPMENT, OPERATION AND RESULTS 

6.1 Introduction 

A simple intermittent wind tunnel was specifically constructed 

to investigate the Ion Tracer Technique for measuring supersonic air velocities. 

The details and calibration of this wind tunnel are described, and the equipment 

and its arrangement for the tracer method are simi larly set forth. This is fo"owed 

by a description of the operating procedure and the resu Its thus obtained are given. 

6.2 Wind Tunnel Description 

The wind tunnel used in the tests was of the intermittent type {4~. 

The vacuum intermittent system used has one end open to the atmosphere and the 

other connected to a vacuum tank. The advantages with this type are found in fts 

simp li ci ty, high pressure ratios and constant stagnation conditions (atmospheric) • 

The main disadvantage is the short running time. 

The schematic diagram for such a system is shown in Figure 6-1. 

Atmospheric air is drawn into the system by the vacuum tank. The air passes through 

a convergent-divergent nozzle where it is speeded up From the intake to the test 

section speed. The nozzle mach number determines the speed in the test section. 

The flow remains supersonic providing the ratio of vacuum tank pressure to atmospheric 

pressure is less than the critical ratio (4" . 

The test section is a constant area cylinder. This cylinder is 

connected to the vacuum receiver by a fast opening valve. In addition, the vacuum 
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tank is connected to a vacuum pump through a shutoff valve. 

The actual experimental system operation is considerably more 

complex thon just described. The complexity arises from the friction present' in 

the system. With friction in the test section, the requirements for supersonic 

shockless flow are that, (i) the test length be less thon Lmax., the length for 

* which the exit mach number is l, (ii) the test section exit pressure be less thon p , 

the pressure for mach l, (iii) the vacuum tank pressure be less than the tube exit 

pressure', and (iv) the inlet mach number be sufficiently large that the exit mach 

number is greater thon 1 ( 41) • 

N ozzle Constant 
Area Section Acting 

Valve 
Vacuum 
Tank 

FIGURE 6 - 1 WIND TUNNEL SCHEMATIC 
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The nozzle was consfructed from polystyrene. Two units were 

made, the one designed for mach 1.8, and the other for mach 3.0. The mach 1.8 

nozzle has an area ratio of 1.439 and the other 4.234, corresponding to isentropic 

mach numbers of 1 .8 and 3.0 (42) respectively. The mach 3.0 nozzle was rarely 

used because of its poor design (short, sharp expansion characteristic), and to avoid 

possible condensation problems • The complete inside dimensions for the mach 

1.8' nozzle are 1 isted in Table 6-1. The exit diarnefers of both units were 0.615 

inches to match the test section diameter. 

The test section was a length of polystyrene tubing with nominal 

dimensions - 7/8 "0 . 0 • by 5/8" 1.0. Its length was arrived at only after determining 

the most suitable length free of shock waves. This was accomplished experimentally 

through a preliminary test series using successively shorter lengths and measuring the 

static wall pres~res. This length was found to be 8.5 inches. 

The arrangement of wall pressure tops for calibrating the test 

section is shown in Figure 6-2. The wall static pressures were measured using the 

multiple mercury manometer, iIIustrated in Figure 6-3. The readings were frozen 

by a c1amping device for ease in recording the results. The stotic wall pressure 

measurements for the 8.5 inch length are given in Table 6-2. From the table, it 

will be noted that the first tap pressure for the mach 3.0 nozzle is inconsistent 

with the remainder. This can be attributed to its inodequate expansion characteristic. 

Utilizing the pressure measurements in Table 6-2, the velocity in 

the test section was computed. This required determining the test section inlet 



CONVERGING 

x in. 

o 
0.1536 
0.2564 
0.3588 
0.4613 
0.5637 
0.6665 
0.7655 
0.8407 
0.8818 
0.9225 
0.9838 
1.0443 
1. 1088 
1.1693 
1. 2298 
1. 2902 
1.3548 
1.3950 

y in. 

0.5126 
0.5139 
0.5165 
0.5200 
0.5250 
0.5322 
0.5423 
0.5568 
0.5709 
0.5806 
0.5919 
0.6129 
0.6387 
0.6713 
0.7132 
0.7637 
0.8213 
0.8818 
0.9225 

CONTRACTION 

-----

TABLE 6 - 1 

xx = 0 

l 

DIVERGING 

x 

o 
0.0512 
0.1024 
0.1641 
0.2153 
0.2564 
0.3468 
0.4717 
0.5927 
0.7177 
0.7983 
0.9233 
1.0443 
1. 1693 
1.2902 
1.4959 
1.6612 
1.8144 

EXPANSION 

y 

0.5126 
0.5127 
0.5134 
0.5153 
0.5181 
0.5213 
0.5302 
0.5431 
0.5556 
0.5677 
0.5750 
0.5846 
0.5935 
0.6004 
0.6060 
0.6120 
0.6144 
0.6150 

-
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TABLE 6-2 TEST SECTION - STATIC WALL PRESSURE MEASUREMENTS --- in. Hg. 

1 2 3 .4 5 6 7 Ref. 
L 5.65 5.40 5.20 4.60 4.10 3.80 3.65 -17.95 
2. 5.65 5.40 5.20 4.65 4.10 4.00 3.75 -18.00 
3. 5.65 5.40 5.20 4.70 4.15 3.90 3.70 -18.00 

4. 3.85 3.63 3.24 2.97 2.58 2.35 1.87 -19.85 
5. 3.83 3.60 3.23 2.97 2.58 2.37 1.90 -19.85 
6. 3.85 3.60 3.23 3.00 2.60 2.40 1.90 -19.85 

7. 6.90 7.10 6.85 6.68 6.40 6.10 6.10 -19.85 
8. 6.93 7.10 6.85 6:.70 6.35 6.20 6.15 -19.85 
9. 6.93 7.10 6.88 6.70 6.40 6.30 6.20 -19.90 

1 

10. 7.00 7.20 6.95 6.83 6.50 6.35 6.15 -19.88 1 

Il. 7.00 7.20 6.95 6.83 6.55 6.37 6.17 -19.85 
12. 7.00 7.20 6.95 6.83 6.55 6.37 6.15 -19.85 

0 
NOTES: For Runs 1 - 3 Po = 29.600 in. Hg., T = 80.7 0 F., M = 1.8 Nozzle 

4 - 6 Po = 29.732 in. Hg., T = 71.0 F., M = 1.8 Nozzle 
7 - 9 Po = 29.745 in. Hg., T = 70.5 0 F., M = 3.0 Nozzle 

10 - 12 Po = 29.788 in. Hg., T = 70.1 0 F., M = 3.0 Nozzle 

~ 
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conditions. The inlet pressure, synonymous with the nozzle exit pressure, was 

found by extrapolating the Iisted pressures. The tube inlet mach number for the 

mach 1.8 nozzle was computed by assuming the flow is isentropic to the nozzle 

throat and the f10w is adiabatic in the entire system. However, for the mach 

3.0 nozzle isentropic f10w was assumed throughout and the mach number then 

deterrnined solely by the pressure ratio. This appeared to be the only valid 

approximation in keeping with the experimental evidence. The resu Itant 

longitudinal velocity profile for each nozzle is shown in Figure 6-4. The ve locities 

in Figure 6-4 have been standardized to an ambient temperature of 71°F. and the 

vertical lines shown indicate the spread in values. 

The velocity profile for the mach 1.8 case, including the spread, 

indicated a Iinear relationship with distance. This result is in good agreement, 4%, 

with 

dU2)dUI _ -- ---
U2 UI 

(6-1) 

derived from Shapiro·~FEquation (6-13). U is the velocity, M is mach number, 

and the subscript is the measurement point. 
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FIGURE 6-4 VELOCITY IN THE TEST SECTION 



6.3 Ion Tracer Technique Equipment 

The general arrangement of equipment specifically used for 

the measurement of air ve locity by the ion tracer method is shown in Figure 6-5. 

The following are indicated in this illustration: On the extreme left is an 

oscilloscope for monitoring and measuring any signal voltages in the system. 

Adjacent to the oscilloscope is the wind tunnel consisting of the nozzle and 

constant area test section contained in a lucite enclosure. Next to the tunne 1 is 
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the rack cabinet which supports the electronic circuits and apparatus for the shutter. 

The compressed air cylinder for the shutter supply can barely be seen through the legs 

of the lucite enclosure. On the right hand si de is the recorder with its amplifier. 

Last but not least is the vacuum tank, making up the entire background. 

6.3.1 Test Section 

Starting with the first item of consequence, the tunnel, it is 

better illustrated in Figure ,6-6 and 6-7. The lucite enclosure, in the main, serves 

as an added safety feature for the Po -210 source. The auxi lIiary functions are to 

support both the test section and the three-dimensional platform. The constant area 

section is modified from that shown in Figure 6-2 to that of Figure 6-8, and shown 

pictorially in Figure 6-9. Mention should be made that test sections with 1.5 inch 

and 1.25 inch detector probe spacing were also used. These changes were necessary 

in order that the alpha particles could be injected, and the silver detector probes be 

deposited on the machined wall edges. 
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TEST SECTION 
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FIGURE 6-8 TEST SECTION PROBES 

The test section area containing the detector probes is surrounded 

by a 2 inch diameter brass shield, 5 inches long. The test section is held in the 

shield by two supports, one at the front and the other at the rear. However, these 

supports are isolated from direct contact with the shield by rubber Il ()II rings, as seen 

in Figures 6-10 and 6-11. The Il 0 11 rings were used to reduce the transmission of 

vibrations to the shield, which is physically connected to the preamplifiers. The 

rear support, a 2 inch 0.0. aluminum coupling, is joined to the fast acting valve 

extension by a piece of trygon tubing as seen in Figure 6-7. 

6.3.2 Alpha Partic le ln jection and Interruption 

The Po -210 source slides into the dental turbine support block, 

which in turn is attached to the three-dimensional platform, as shown in Figures 

6-6 and 6-12. 
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FIGURE 6-9. CONSTANT AREA TEST SECTION - FAN NO TUBE. 

FIG(!RE 6-10. nETECTOR SHIELD A'D A\IPUFIERS. 
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FIGURE 6-11. COUPLING WITH '0' RINGS AND SHIELD. 

FIf;('RE 6-1~.·\I.I(;\\IE\T OF :-:OrRCE. ~III'TTEn Y'i[) SUT. 
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The collimated alpha particle beam from the Po -210 source is 

in jected into the test duct through the slit shown in Figure 6-8. The slit was 

milled out on one side only of the constant area tube. The outside wall around 

the slit was mi lied fiat to better accomodate the shutter. The slit is sealed with a 

-4 
1.5 x 10 inch mylar film glued to the tube wall with epoxy. This arrangement was 

found more than adequate to maintain the prevailing pressure conditions, and to allow 

the free passage of alpha particles into the du~tÂlignment of the beam and shutter 

with the slit, Figure 6-12, is carried out with the three-dimensional platform iIIust-

rated in Figure 6-6. 

The beam is interrupted by a rotating shutter. The shutter is a thin 

aluminum disc driven by a Siemens Sirona D dental turbine. The disc is 3.0 cm. 

in diameter, having either 2 or 4 equally speced slits 1 x 10 mm. The disc is 

attached to a mandrel and held by a friction grip sleave to the turbine rotor. The 

complete air system for the turbine is shown in Figure 6-13. The compressed air for 

the unit is obtained from a high pressure air cylinder. A coarse reducing valve limits 

the supply pressure to 60 p.s. i., the maximum allowed. Following this valve there 

is a fitter, another reduction valve, oil nebulizer and oil separator. The filter 

removes any dust or moisture remaining in the air. The fine reduction valve controls 

the pressure between shutoff and 60 p.s. i. The nebulizer mixes the air with a light 

oil required for the turbine bearings. Lastly, the oil separator removes any residual 

oi 1 From the returning spent air before allowing it to escape. The system is mounted 

on a panel and located at the top of the rack in Figure 6-15. 
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FIGURE 6-13 TURBINE DRIVE SCHEMATIC 
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The preamplifiers are situated directly below the detector shield 

and housed in an integra"y connected aluminum case, as i"ustrated in Figures 6-10, 

6-11 and 6-14. Their physical arrangement is shown in Figure 6-10. It should be 

noted that the amplifiers are fixed to an aluminum plate which is firmly held in 

two rubber lined grooves to reduce vibration. These amplifiers are powered by 

individual 5.4 volt mercury batteries contained in a plastic case at the bottom. The 

probes are connectcd to the amplifier with No. 44 wire through holes in the sh ie Id. 

The amplifier impedance adjustments referred to in Chapter V are made through the 

holes shown in Figure 6-14. The outgoing signal is taken from the four BNC connectors 

seen in Figure 6-14. The additional connector shown is for supplying the polarizing 

voltage. 

The rack cabinet, Figure 6-15, contains the major shore of electronic 

components. Starting from the bottom, there are two D.C. power supplies for the 

signal conditioning circuits. Directly above, and occupying approximately half the 
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cabinet, are four Keithly Model I02BR amplifiers. Their respective input signais 

are supplied by coaxial cables From the detectors. After amplification, the signal 

moves up one level on the rack for signal conditioning. Following this, it goes up 

another step to where the monostable multivibrators are located for pulse standardization. 

Interleaved between the monostables are the R-S Flip Flops for the transit time deter

mination. Also, a simple four stage binary counter for signal frequency division is 

located at this stage. The next level up consists of the filters. From this stage, the 

filtered signais, together with the frequency infonnation, are fed via coaxial cables 

to the recorder. 

6.4 Operating Instructions 

The experimental procedure to carry out a measurement using the 

Ion Tracer Method will now be given. There are two parts to consideri the one 

relates to the wind tunnel, and the other to the measuring technique. 

6.4.1 The Tunnel Operation 

Referring to Figure 6-1, the quick opening valve is closed, the 

shutoff valve is opened and the vacuum pump turned on. Air in the vacuum tank 

is thus exhausted. Once the pressure in the tank is reduced to the desired value 

indicated by a vacuum gauge, the shutoff valve is closed and the vacuum pump 

turned off. The lower the pressure in the tank, the longer will be the running 

time, usua Ily it was reduced to near vacuum conditions. The w ind tunne 1 is now 

operational. 

6.4.2 Equipment Operation 

Ali the e lectronic equipment is switched on and allowed to 



stabilize. A quick circuit test is carried out by placing a single wire lead from 

a IKH~ rectified sinusoidal source in the test section and monitoring ail the re

sultant voltages on the oscilloscope. 

The Po.-210 source is placed into the turbine block and aligl'led 

with the slit using the three-dimensional platform~· Referring to Figure 6-13, the 

compréssed air supply for the shutter is turned on and adjusted to 60 p.s. i. wah 

the coarse reduction valve. The shutter is now rotating at near the desired speed, 

as the fine control valve located on the top front pane 1 in the rack cabinet was set 

pr~viously. Additional adjustments to shutter speed are made during a trial run. 
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The recorder paper drive is now switched on. The room temperature 

and pressure are noted. At this stage the experiment is ready to proceed. The final 

step is to operate the fast opening valve of Figure 6-1, and watch the results. 

6.5 Results 

ln this section there will be reported sorne results obtained by the 

method described. It must be emphasized at the outset that considerable improvement 

cou Id have been realized if the detector mechanism had been better understood. For 

this reason, these results are presented to show the nature of the results that may be 

expected and the difficulties encountered, rather than to report a large body of dota 

that has been reliably and accurately measured. Partially to blame was the manner 

in wh ich most of the work was carried out, channeled in the direction of developing 

an instrument bosed on the Ion Tracer Method, rather thon the more ail inclusive 

approach associated with an investigation of the method. 
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While the experimental work was being done, it became apparent 

that the results could not be considered compatible with the accepted detector theory. 

The principal suspicion naturally fel! on the theory. Normally, unexplained 

inconsistencies would make the whole technique suspect. However, the resu Its were 

found to be in reasonably good agreement with those obtained by pressure measurements. 

It is these that will be presented. There are two separate phases associated with the 

presentation. The first is the system characterization, and the second is the "more 

specific measurement data. 

6.5.1 System Characteri zation 

The detector voltage waveforms taken during the early period of 

the instrumentation development are shown in Figures 6-16 and 6-17 for the mach 1. 8 

and 3.0 cases respectively. These are for a 105 inch detector probe spacing with a 

mean distance of 5 inches from the tube inlet. Their general features are typical of 

ail the waveforms independent of probe spacing, whether 1.5, 1. 25 or 1 inch, providing 

the velocity exceeds 500 f.p.s. A major aspect of these waveforms is their negative 

voltage polarity. Next is the rather broad ill-defined minimum point. The pulse 

appears to be symmetrical about this minimum, and tends to increase linearly towards 

the baseline. Near the baseline the increase is considerably slower, giving a wide 

based pulse. The right hand side is the leading edge, which is faster than the trai ling 

edge. The voltage ripples on the baseline are caused by vibration. 
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The overall waveform characteristic shown in Figure 6-16 and 

Figure 6-17 is in accord with that" predicted by the Voltage Mode 1 in chapter 4. 

However, specific differences lie in the magnitudes of the quantities considered. 

For example, the pulse width is greater than that expected. This wider width can 

be related to the shutter, which is a rotating one rather than the linear one assumed. 

That is, the bottom of the slit on the rotating disc gives a longer opening time. The 

broad minimum can only be due to a more complex detector field pattern, as the 

expected ion concentration (Figure 2-7) is weil re",.esented by the 'cosine' 

concentration used in the theory. The almost linear portion adjacent to the minimum 

is as expected. The variation in shutter speed did not affect the quality, only the 

quantities associated with the waveform, for example, amplitude and width. 

The fact that the voltage pulse was negative, together with sorne 

additional information as described in chapter 4, led to the re-examination of the 

detector mechanism. In attempting to resolve the detector problem, an external 

polarizing source was applied befween the probe and ground, as shown in Figure 5-10. 

The resu Itant detector waveforms for positive and negative polorizing voltage are shown 

in Figure 6-18 and Figure 6-19. Figure 6-18 has been touched up to remove sorne back

ground caused by false triggering of the oscilloscope. These waveforms were taken at 

subsonic flow and low shutter speed. These conditions were necessary in order to obtain 

observable signol levels above the noise. The author is unable to explain why in this 

instance it did not work at ~upersonic speeds, except to comment that it may rest with 

either the new lower intensity source, 5 me., or with the different adjustments to the 
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'infinite' impedance preamplifier. The source range was checked and found to be 

ample, however, the intensity could not be checked. 

The particu lar feature worthy of note in these figures is the signal 

dip (or ri se) at both the leading and trailing edge of the pulse. As the flow is speeded 

up, these clips tend to disappear. This behaviour is identical to that found earlier 

under similar conditions, except that no external polarizing voltage was used. One 

could say that if the detector responded to charge that the waveform is indicative of 

ambipolar diffusion. 

Aside From the fact that Figure 6-18 has been 'touched up', positive 

polarizing voltages gave sharper, less noisy, pulses than the negative ones. The noise 

was caused by flow conditions and was lowered by reducing the preanplifier input 

resistance. This was accompanied by a reduction in signal level, requiring readjustment 

upwards. 

The effect of the polarizing voltage amplitude on the signal level 

was found to be 1 inear. With subsonic flow and a fixed shutter speed, the polarizing 

voltage was varied between 0 and 100 V • D. C., first for positive voltage and then 

repeated for negative voltage. The measurements were taken with the oscilloscope 

and the results are shown in Figure 6-20. Identical flow conditions could not be 

obtained for the positive and negative polarities, as the flow had been shut off while 

the polarity was reversed. Thus the slopes shown in Figure 6-20 are different in the 

first and third quadrant. However, on a normalized scale they would be the sarney 

giving the linear variation of signal level with polarizing voltage. 
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The initial data obtained was found to be in considerable 

disagreement with the pressure deduced velocities. This is illustrated in 

Figure 6-16 and Figure 6-17. It was discovered that the major share was 

contributed by the oscilloscope used in the measurements, which had an 

inaccurate time base calibration. Thereafter, this calibration was carefully 

maintained. It was also noted that the most reliable and reproduceable data 

was taken at the beginning of a run. There still remained approximately a 5% 

discrepancy for which an error analysis was developed. Unfortunately, in the 

end this analysis proved to be incorrect. 

6.5.2 Data 

It was intended to take the final data for presentation after ail 

the encountered difficulties were eliminated. The detector mechanism had been 

a major problem, and to a minor extent, the recorder resolution. The recorder was 

replaceable. Unfortunately, the actual portrayal of the expected results did not 

materialize. The Po-210 source was too low an intensity. It is weil to mention 

that this final 5 mc. source was expected to be more than ample as there was 

supposedly a better understanding of the detector mechanism. Thus the results are 

sparse and leave much to be desired. 

The velocities measured with the Ion Tracer Technique are shown 

in Figure 6-21 and Figure 6-22. These are computed From the transit time measure

ments taken directly with the oscilloscope. Figure 6-21 is for the 1.5 inch probe 
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FIGURE 6-22 LONGITUDINAL VELOCITY MEASUREMENTS - mach 1.8 
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spacing located a mean distance of 5 inches from the tube inlet plane, and 

illustrates the spread in measurements for the mach 1.8 and 3.0 cases. Comparing 

the mean measured velocities in Figure 6-21 with the pressure deduced velocities, 

results in a discrepancy of 7.7 % and 1.3% for the mach 1.8 and 3.0 cases 

respectively. There is little confidence in the mach 3.0 case. Figure 6 ... 22 

shows the results obtained in three adjacent regions using 1 inch probe spacing and 

the mach 1.8 nozzle. This data was taken under similar conditions, that is, during 

the initial period of a rune Hence the difference between the mean measured and 

pressure deduced velocities lies between 5% and 6%. The data shown in both 

Figure 6-21 and Figure 6-22 has not been standardized to any ambient temperature, 

however, any deviation due to this should not exceed 2%. 

6.5.3 Conclusion 

As mentioned previously, the expected resu 1 ts to be LJsed for 

publication did not materialize with the new 5 m.c. Po-210 source. The choice 

of a 5 m.c. source was based upon a desire to use as low a source density as possible, 

yet sufficient for the measurements. The low density specification was set in order 

to reduce the possibility of source leakage, prevalent at higher densities, with its 

attendent hazards. In addition, the assumed better understanding of the detection 

mechanism supported this supposition. Prior to ordering this last source, the supplier, 

The Radio Chemical Center, in the United Kingdom, as weil as others, had stopped 

production of Po-210 due to its unsafe nature. A special appeal had to be made to 
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obtain this source, wh ich in the end proved inadequate. 

However, in spite of this above-mentioned setback, the earlier 

results proved the measurement technique to be good. The existing discrepancy 

in relation to the pressure deduced velocities stands unresolved, whether fundamental 

to the measurement technique or arising from the static wall pressure measurements. 

The ion tracer technique gives a continuous measurement of the average velocity 

under dynamic conditions. 



CHAPTER VII 

CONCLUSION 
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An instrumentation technique has been presented for the continuous 

measurement of supersonic air velocities. The method involved the periodic production 

of an ion density distribution as a tracer element in the air stream. The ion tracer was 

detected by induction external to the flow boundary, thus the transit time between two 

fixed positions downstream is determined by a .pulse width modulation technique. Ali 

the pertinent detai Is of the method are given. 

The thesis has demonstrated that ions produced by alpha particles 

from Po-210 are suitable tracers for measuring supersonic velocities. It was shown that 

the 'i~ns are unaffected by diffusion and recombination for the times under consideration. 

However, they are affected by an electric field which separates the ions of opposite sign, 

rendering them detectable. The detection system is particularly suitable; its output 

signal is directly proportional to the ion density present and the magnitude of the 

polarizing voltage, and its output is in synchronism with the ion de"sit1es. The intrinsic 

errors in the method were shown to be neg1igible. The errors incurred are measurement 

errors per se. 

Since Po-210 is no longer ava:j lable as a source for creating ions, it 

is imperative to look for an alternative. There are other rodioactive alpha em itters 

available, however, one should look beyond these to the laser. The laser offers 



advantages aside From the safety features. One is the small localized volume 

ionization enabling the velocity measurement of a particular streamline, not 

possible with a radioactive source. Thus the entire cross-section velocity 

profi le cou Id be measured. Additionally, it wou Id generate sharper ion pu lses 

stahilny 
with a much better frequency~. It is therefore recommended that any future work 

involved in the measurement of supersonic speeds uti lize the laser de vi ce • 
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APPENDIX 1 

DETERMINATION OF ION CONCENTRATION 

The prob lem is to determ i ne the ion concentration in air. Effective Iy, 

this reduces to calculating the total number of alpha particles impinging upon any 

element of air during its exposure to the beam. The ion concentration is then deter-

mined by a scale change given by the number of ions produced per alpha particle. 

ln the absence of the shutter, the beam intensity along the axis 

in the air stream is that shown in Figure A.I-I. This characteristic was computed 

using the configuration shown in Figure A.I-2. The assumptions were that the 

source, l, can be subdivided into elemental sources Idz/a and each source emits 

alpha particles isotropically. Thus the number of alpha particles per second impinging 

upon the element dz at z is 

1 (z) = Idz + a - z ) 

JI + (a-Z!2l)2 4 TI al 

a 
! <z < a (A.I-Ia) 

= Idz 2(z - a) ) 

JI + (z - qll) 2 4 1T al 

a <. z < 2a (A.I-Ib) 

and z = 0/2 is the symmetry axis. These expressions reduce to 



1 (z) ~ Idz 

411 L 

Idz ---=--- ( 2a - z ) 
4 If la 

a - < z < a 
2 

a < z < 2a 

as ( 7/2L)2, ( a - Z/2L )2 , ( z - qlL)2« 1. Equation A.I-2 is 

the characteristic displayed in Figure A.I-2. 

The intensity characteristic is altered both in magnitude and 
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(A.I-2a) 

(A.I-2b) 

width during the time the source is being interrupted. The interrupter is assumed 

to move with uniform velocity Us and to be in such close proximity that its only 

effect is to expose the source. With these conditions the intensity at time tl is 

1 (z, tl ) 1 Ustl dz 
~ = 

411 La a- < z < 2a - Ustl (A. 1-30) 
2 

= Idz ( 20 - z) 2a - Ustl < z < 2a (A.I-3b) 
4 11 L 

o < Ustl < a 

Each alpha particle incident on the flowing air produces Mo ions per 

unit volume per unit path length. These ions being an integral part of the air move 

with the air velocity U. Therefore, the ion concentration generated at tl and 

moving with velocity U is 



n (z, t l ) = Moldz 

4 TI La 
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u ( z + ( U + UJ tl - Ut) (z + ( U + Us) t l - Ut ) 

-u ( z + Utl - Ut) (z + Utl - Ut) 

-u ( z - 2a + ( U + UJ t l - Ut) (z - 2a + (U+UJ t l - Ut) 

+ U (z - 2a + Utl - Ut) (z - 2a + Ut 1 - Ut ) 

The ion concentration as a function of position is 

tl 

n (z) = l n (z, l,) dt, 

o 
C arrying out the integration, the result is 

n (z) = MoldzTe 

4Tf L K(K +I} 

T - a K=.ll...-e - --, 
Us 

2K - .25 - z2/ a 2 

2 (K + .5 - z/ a ) 

2 
0.5 ( K + 1.5 - z/a) 

o < z < q/2 

1.5a ~ z < (K-.5) a 

(K-0.5}a < z <(K + 1.5) a 

n ( z) is plotted in Figure 2-7 for several values of the parameter K • 
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APPENDD< Il 

THE EFFECT OF A VELOCITY FIELD 

This section examines the measurement errors caused by a 

longitudinal variation in velocity. 

Assume the ion concentration n, 

2 
n (z) = ym;r exp -

z 
(-'-) 

b 

is centered about the first detector (z = 0), and this signifies t = O. 

Mo is the number of ions per unit depth and b is a measure of the distribution 

width. Let the velocity variation in the flow direction be Iinear and given by 

u =.4L.. = Uo - Hz 
dt 

128 

(A. 2-1) 

(A. 2-2) 

w here Uo is the velocity at z = 0 and H is the change in velocity per unit 

length. 

Equation A.2-2 has the solution 

exp - (Ht) + (1 - exp - (Ht) ) (A. 2-3) 

z is the position at time t = t of a particle which started From zi at time t = O. 

Thus the position of the maximum ion concentration at ony time t is 



Uo 
z = - (1 - exp -(Ht) ) 
P H 

This peak concentration moves a distance L in a time T to reach the second 

detector. The resultant average velocity is UM 

L = ---- = 
T 

Uo 

TH 
( 1 - exp - (Hl) ) 

129 

(A. 2-4) 

(A. 2-5) 

A.2-5 is valid providing the relative position of the peak concentration remains 

fixed in spite of velocity modulation during the transport time. 

The effect of velocity modulation on the concentration is 

determined from particle conservation, that is, 

nid zl = ndz (A. 2-6) 

Utilizing A.2-2, A.2-3, A.2-5 and A.2-6, shifting the coordinate reference 

to the second detector and sorne algebraic manipulation including neglecting terms 

r 2 2 2 i ct ( ~ Q» , (Hl) Z i and higher, the new ion concentration is 

n (z) 
H

2 
T z 2 

+ HL) (1 ) - z -- exp - (-) (A. 2-7) 
Uo Uo b 

The maximum concentration From A.2-7 is located at 

Z = (A. 2-8) 
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For the experimental values H = 35 f.p.s./in., T = 70 r s, b = 0.25 in. 

and Uo = 1300 f.p.s., z is -2.5 x 10-5 inch, which is negligible. 

The second source of error relates to the difference between 

time and space average velocities. The space average From A.2-2 is 

U -o 
Hl 
2 

Replacing Uo and l in terms of UM From Ao 2-5 gives 

-1 
UA = U M TH ( (1 - exp - (Hl') - ~ ) 

$ubstituting the first three terms of the series for the exponential gives 

(A. 2-9) 

(A. 2-10) 

(A. 2-11) 

1 -1 Expanding (1 - HT 2) and again retaining only the first three terms leads to 

as HT is small. 



A.3.1 

A PPENDIX III 

EVALUATION OF CONSTANTS 

To show ~/> D{ e ni 
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~ the fraction of electrons lost by attachment per unit time according 

to (12) is 

(A.3-1) 

where fco is the electron collision frequency at known conditions, '! is the 

attachment probability per collision, ~ 0 and To are the density and temperature 

at known conditions ~ and T their values at test conditions. Th us, 

~ = 5 x 10-6 x 2·15 x 10" x 0.3557 x 0.6613S! 

5 = .3.11 x JO per sec. 

The maximum value of 0( e = 10-7 cm. 3/ (ion • sec.) and the maximum value 

of ni = J.36x lOS iomVcm. 3 , which yields :<eni = 13.6/< r~ =3.IIxI05 . 

A.3.2 Evaluation De, D+ and D_ 

According to Lc!g the diffusion coefficient varies inversely with density 

and directly with the square root of absolute temperature. Therefore, the coefficient 

may be written as 

D = D o 

w here the subscript 0 refers to known conditions. 



De ct OOC. and 760 mm. is 200cm. 2/seC!:. Attestconditions 

De = 200x( 530.7 )! 
491.7 

( 1 ) (.66138)! 
.35573 

= 477 cm. 2/ sec. 

1 

0+ = .029 ( ) (.66138)2 
.35573 

= 0.0663 cm. 2/sec. 

0434 1 1 
D_ =. ( ) (.66138)2 

.35573 

= 0.0995 cm. 2/ sec. 
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